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INTRODUCTION

The name "Zint1l phase" was proposed by Laves! to recognize the con-
tributions of Eduard Zintl in this field. The original definition of
Zint1 phase was limited to those compounds composed of alkali or alkaline
earth elements with other main-group elements from IIIA to VIA groups.
There are two common characters for the Zintl phases: a) they crystal-
Tize in "nonmetallic" and typically salt-like structures (antifluorite,
anti-Mn,0,, anti-La,0,, anti-tysonite and LiaBi), b) they are always that
phase of a binary system which contains the greatest amount of the active
element. According to this definition, the upper limit of the alkali or
alkaline earth metal in such a compound is determined by the maximum
negative valence of the more electronegative element. However, this has
proved to be inapplicable in such as NaTl or most ternary Zintl phases.

Later, Klemm and Busmann2 expandéd this concept to those compounds
in which the active metal transfers electrons to the more noble component
of the alloy, the "anion former" forming atomic arrangements that corre-
spond to that of the element having the same number of valence electrons.
The Zint1-Klemm-Busmann concept is the same as the general valence rule
proposed by Pearson.3 According to this rule, phases made up of elements
on opposite sides of the Zintl line comply with the condition:

8 (ne = total number of valence electrons; nj

(ng*ba-b¢c)/ny

number of electrons required for formation of

of anions; by

anion bonds; be = number of electrons required for formation of cation-



cation bonds including all valence electrons of the cations not partici-
pating in a bond). For example, in KSi (ng = 5; ng = 1; bec = 0),

a value of 3 for by bonding electrons is obtained, i.e., a coordination
number of 3 for the anion partial lattice. Generally, the role of the
(8-N) rule for a Zintl phase is equivalent to the 18-electron rule in
transition metal chemistry. The source of both rules is the same and
from simple valence bond concepts.

In our laboratory, the bonding and structures of Zintl anions,“
which are always incorporated with organic ligated cations, have been
studied for several years. Recently, we started to study the solid Zint]
phases due to the attractiveness of the amassing data on structure varia-
tions and less known physical properties of these compounds.5s6 During
the research, a couple of systems of ternary Zintl phases have also been
examined and promising results found.

There were not any ternary compounds reported in K-Si-As system
before we started to study it. Two compounds in the system were found
and structurally characterized during the research. K,SiAs, is isostruc-
tural with K,SiP,7 with infinite [SiAs,]2” chains parallel to the c-axis,
while puckered layers of [SijAs,]™ was observed in KSizAs,. Both fulfil]
the Zint1-Klemm-Busmann concept.

Work on interstitial elements of ZrySb, (MngSi, structure) was
initiated in our laboratory® and showed that the properties of Zr Sb,X
(X = interstitial elements including transition metal and main-group
elemets) were quite dependent on interstitial elements.® Thus, the study

of interstitial elements in M;X, (M = Ca, Sr, Ba, Ce, Yb; X = Sb, Bi)



which aiso have Mn.Si, structure (except Ca5813) was stimulated. From
the result of studies, it is concluded that the pure binary M;X, with

Mn Si, structure can exist, although they violate the simple Zint]
valence rule. Also, they have been speculated to contain impurity
oxygen.10 When interstitial elements were introduced, they followed the
valence rule strictly and only halogen can be put in successfully. More-
over, three different structures, filled-MngSi,, filled-g-YbsSb,1! and
anti-Th,P,,12 have been observed on changing interstitial elements from
Cl or Br to F or I, It is believed that an anion size effect causes
this.

During the study of CagSbyX, a new compound was observed with
stoichiometry of Ca/Sb close to 3/2. Since the stoichiometry of it was
close to CazSb, and it sometimes was even observed in attempts to syn-
thesize the high temperature phase of CaSSbB, we studied th structure of
it to broaden the basis of pure binary phases in the Ca-Sb system. The
structure was solved by a model based on W.Si, structure. The real
structure was confirmed by single crystal study and the stoichiometry
turned out to be Ca, Sb,,. The structure of Ca,.Sb,, was a new member of
RontgTan+s (R = rare earth metal; T = transition metal).13,1% To
rationalize this series, the relationship between rp/ry and AV within
the series was studied too. Based on this relationship, the Sr, Bi,,
analogue was also synthesized.

Finally, the mixed cation effects in Zint1l phases also attracted our
attention, because it has been shown that mixed cations can yield unique

and unusual structures such as LigNaSig,15 LigMgSig, 16 LiK,;Si,,17



Cs,NajyGe, , 18 Nag p5Rbg Gayg, 2519 NaygK,Ba,g 57520 LigNagGa, g, 5q,21
LigK36a,4 g5,22 LigNaSn,,23 and LigNa,Sn,.2% None of these phases is
observed in a pure binary compound. Thus, we started the study of mixed
cation in Sr-Mg-Ge system where there was only one compound reported —
SrMgGe. In the research, we found two nonstoichiometric compounds —
Sr,+yxMg,,-xGe, and Sr‘5+yMglg.yGe12 which are isostructural with
Ir,Fe,,P;25 and HogNi 4P,,.26 Also, SrMg;Ge, and SrMg,Ge, were dis-
covered to be new compounds with new structure types. Based on powder
patterns and reasonable postulates, the structure of SrMg,Ge, might be

related to that of Rh,P4.27



EXPERIMENTAL

Materials

Most of the starting elements and reagents were from commercial
sources. In some cases, they are pretreated to satisfy the experimental
requirements. The sources and purities of these elements and reagents
that did not need further treatments are summarized in Table 1.

Reagent-grade alkaline-earth-metal halides from commercial sources
(CaCl, (Fisher Co.), SrCl, (Baker Co.), BaCl, (Baker Co.) and BaBr,
(ROC/RIC Co. 99% purity)) were dried from room temperature to 200°C —
400°C under high vacuum to eliminate the absorbed moisture. The halides
were stored in sealed glass ampoules outside the dry box or in glass
vials with tightly fitting plastic stoppers inside the argon-filled dry
box where reaction vessels were usually loaded.

Some of the halides such as CeCl,, SbI, and BiBr, were selected from
the previous products synthesized in this laboratory and kept well pro-
tected since in sealed glass ampoules.

Bil, and Sb,S; were prepared by loading stoichiometric amounts of
elements in glass ampoules, which were then sealed under vacuum and
heated at 750° or 850°C for a couple of days. The high purities of them
were confirmed by the Guinier powder patterns.

BaF, was formed by adding BaCO3 powder to the HF aqueous solution
(35%), then drying the white precipitate. The precipitate was further
heated under vacuum at ~400°C in a glass ampoule for a couple of hours to

remove the moisture. The glass tube was sealed and transferred to the

dry box.



Table 1. Source, purity of starting materials

Starting Source Appearance Purity
Materials

Li Alpha Products rod purified

Ne J. T. Baker Chem. Tump purified

K J. T. Baker Chem. Tump purified

Mg Fisher chip reagent grade
Ca Ames Lab gem distilled

Sr Ames Lab gem distilled

Ba Ames Lab ' gem distilled

Ga Alpha Products chunk 99.999%

In Ames Lab chunk distilled

C Union Carbide powder spect. grade
Si Ames Lab chunk zone refined
Ge Ames Lab chunk zone refined
Sn Ames Lab granular distilled

Pb Ames Lab granular distilled

P J. T. Baker Chem, powder technical grade
As Algha Products chunk 99.,999%

Sb Ames Lab chunk zone refined
Bi Oak Ridge Lab chunk reactor grade
S Alpha Products powder 99.5%

Ce Ames Lab chip 99.999%

Yb Ames Lab rod 99.999%

Lil Alpha Products powder 99.9%

Nal Alpha Productsts powder 99.9%

RbI Alpha Products powder 99.8%

Csl Alpha Products powder 99.9%

CaF, Fisher powder reagent grade
Cal Dr. McCarley's group powder ACS grade

Ba0 Dr. McCarley's group powder reagent grade




The synthesis of BaS was made by flowing a mixture of H,S and H, gas
into a fused silica jacket which contained BaCO3 (~2g) powder in a fused
silica boat. The whole jacket was kept in a furnace at ~930°C for a
couple of hours. During the cooling process, only H, gas flow was intro-
duced to remove excess HZS. The whole procedure was modified from the
reaction described in Brauer's handbook.28

For alkali metals, the dirty oxides on the surface were removed with

a scalpel to ensure the cleanness of the alkali metals.

General Synthetic Methods

Due to the hydroscopic and air sensitive characteristics of the
reactants and products, all the transfers and manipulations were made in
the dry box or on a vacuum line. The dry box was constantly purged with
dry nitrogen or argon which was circulated through separate vertical
columns of Molecular Sieves and the oxygen scaveﬁger Redox. This and a
tray of P,0,, in the dry box typically reduced the moisture content to 1
— 5 ppm. The amount of oxygen was not quantitatively determined, but as
a regular check-up, a 60-watt light bulb without glass burned for 30 — 50
minutes. A Pyrex vacuum line with a mercury diffusion pump was used for
evacuation of sample tubes, sublimation, etc.

The syntheses of the Zintl phases needs to overcome a high energy
barrier, thus a high temperature reaction condition is required. The
container should be inert during the reactions. Generally, Ta tubing was
a good container. Sometimes, fused silica ampoules were used as the

containers, when it was observed that Ta tubing was not inert to some of



the nonmetal elements, especially for As. However, the weak point of
fused silica ampoules is their poor resistance to alkali and alkaline
earth elements at high temperature. To compensate this, slow heating can
reduce the attack of alkali and alkaline earth metals to the fused silica
ampoules, because the heat released can be slowed down and the binary
compounds formed instead. A better way to solve the above problem is to
use a two step reaction. First, alkali or alkaline earth element was
prereacted with a nonmetal which does not react with Ta tubing, then the
products transferred into a fused silica ampoules for further reactions
with other components.

The cleanness of the container is an important requirement, because
"everything reacts with everything at high temperature”. Ta tubing (5-cm
x 0.95-cm 0.d.) was placed in cleaning solution (55% concentrated HZSOM,
25% concentrated HNO,, and 20% concentrated HF, by volume) for a few
minutes until the tubing was judged to be sufficiently clean. The tubing
was then rinsed with distilled water several times and was dried in an
oven at 100°C. A quartz ampoule connected to a ball joint at one end
first was filled with 10% HF aqueous solution (by volume) for one hour.
Then, it was emptied and rinsed with distilled water a couple of times
and dried in an oven.

After drying, one end of Ta tubing was crimped in a vise and was
then welded under helium atmosphere. The reactants were weighed in the
dry box on an electronic balance (*1 mg) and loaded into the tube; then
the open end of the tubing was crimped closed with a pair of Vice-Grip

pliers. The tube was then placed into a sample bottle, which was tightly



closed and rapidly transferred to the arc-welder. After welding, the
tube was subsequently sealed into the silica jacket, and the latter
attached to the vacuum line, strongly flamed with a gas-oxygen torch to
remove traces of water absorbed on the surface of the fused silica and
was then sealed.

As mentioned, a high temperature is required for the synthesis of
most Zintl phases. Five different types of furnaces were used during the
research. Tube and Marshall furnaces were used for most reactions. They
functioned similarly; the only difference is that the insulation of the
latter is better than the former so that the temperature gradient was
quite small in the Tatter. A Lindberg furnace was used when a tempera-
ture gradient was required such as for chemical transport reactions. An
induction furnace was adopted when fast heating and quenching were
needed, for such as the syntheses of CagX;F (X = Sb, Bi). Also, a high
temperature furnace connected with programmable temperature controller
was used in attempts to grow single crystals. The temperature of reac-
tions was monitored by attaching a chromel-alumel thermocouples on the
outside of the fused silica jackets. The temperature of the reactions
was regulated by a temperature controller. Both on-off and proportional
controllers were used. The reaction time varied depending on demands for
different reactions. Usually, two weeks was enough for most reactions.

After the reactions were completed, all the containers were opened
in a dry box equipped with a nearly horizontal window that allowed for
careful microscopic examination of reaction products. If appropriate

size crystals (<0.3-mm) were observed, they were mounted in 0.2-mm or
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0.3-mm o.d. capillaries with the aid of glass or fused silica pickers.
The open end of the capillary was temporarily sealed by Vaseline or
silicon grease. Once outside the dry box, the capillaries were sealed
with an oxygen-gas microtorch, and both ends were covered with black wax.
Samples of products were ground in a mortar and mounted between layers of
Scotch brand tape for Guinier powder diffraction. The rest of the prod-

ucts were stored under vacuum in sealed glass ampoules.
Characterization

Powder X-ray diffraction

Powder X-ray diffraction is the main tool to characterize reaction
products so that information on the identity, relative yield, and the
precise lattice constants could be obtained. Two different Guinier
cameras were used during the research. Although a Hagg-Guinier camera
could cover wider range of 20(~90°) than Enraf-Nonius (Delft) Guinier
camera (<85°), the latter proved to give sharper lines in the patterns
than the former. Thus, most of the patterns were collected by the
latter. Both cameras have silicon monochromaters to give Cu Ka, radia-
tion free of Cu Ka,. National Bureau of Standards silicon was added to
samples as an internal standard.

Patterns were read using an Enraf-Nonius film reader. The readings
from the film were converted to 20 values by applying a quadratic equa-
tion obtained from the least square fit of the five silicon lines to
known diffraction angles using the program GUIN.29 The accurate lattice

constants of the products could be further derived from LATT30 program
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after assigning the proper structure type and indices to the
reflections.

PWDR3! is a very useful program for calculating the powder patterns
of known or postulated structures. It is followed by PPPLOT32 program to
generate the powder patterns with the same scale as the experimental
ones. Therefore, comparison of the intensities as well as positions in
the calculated with those in the experimental powder patterns allowed
many products be identified. However, it should be noted that the
intensities sometimes depend on either grinding damage or preferred
orientation which are commonly encountered in layered compounds with weak
interactions between layers. Also, the intensities of the reflections at
high angles always were weaker than calculated ones. Moreover, whether a
single powder pattern can represent the whole product is the important
questions that needs to be considered before reaching any conclusion.

If the known compounds already have been collected on ASTM file, the
calculated pbwder pattern can be generated by PLOT32 program directly by
imputing d spacings and relative intensities of the reflections without
PWDR.

The output of GUIN may also be indexed by TREOR33 program to obtain
the cell constants of an unknown, single phase. For a mixture, the real
cell constants sometimes could be found after carefully excluding those
reflections of known phases. The reliability of the result from TREOR
program are determined by how many lines are input, the accuracy of those
lines, and how many lines can be indexed. The more lines input and

indexed, the more the result is trustable. An accurate reading is
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important since the tolerance of the program in 2¢ is around 0.03°.
Generally, ten lines is the minimum required, and the figure of merit
should be larger than 6 if the result is to be considered a reliable

one.

Single crystal X-ray diffraction

The powder X-ray diffraction only serves as a preliminary identifi-
cation of the products. If accurate distances and the atom positions of
products are desired or if a new structure is formed, then single crystal
X-ray diffraction is an invaluable tool to study the structures of the
products. Especially, it is the only way to determine the compositions
of compounds if they are minor products and their powder patterns can not
be obtained due to the low yield.

Since all the Zintl phases are air and moisture sensitive, crystals
loaded in 0.2-mm or 0.3-mm capillaries for study for single crystal X-ray
diffraction. Before putting the crystals on the diffractometers, pre-
liminary film work should be done to confirm the quality of the crystals
and to provide important information on cell constants. Usually oscilla-
tion photographs were used to identify the singularity of the crystals
and to derive one axis. The zeroeth and first level Weissenberg photo-
graphs can give the systematic absences and the lengths of the other two
axes. Also, they can provide information on the cell such as super-
structure or disordering.

In this research, the three diffractometers used were SYNTEX P2,,

DATEX, and CAD-4. For SYNTEX P2,, the software for indexing and data
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collection are available from the company, but that of DATEX is provided
by Dr. Jacobson's group and is called ALICE.3% The software for struc-
ture determination with data collected by the SYNTEX P2, and by DATEX are
provided by Dr. Jacobson's group too, namely CHESCAT. For CAD-4, it has
its own software called SDP (Structure Determination Package)35 to
execute the jobs.

Although three different diffractometers were used, the procedures
for the data collection and structure determination are all similar.
First, 15 to 25 reflections from Polaroid oscillations photographs are
input to determine a cell. There is another option called SEARCH for
CAD-4 which scans the reciprocal space randomly for up to 25 strong
reflections.

After a cell is obtained and confirmed by axial photographs, the
data collection was always of the w-scan type, because it was much faster
than other modes such as ©-20 scan and less critical of the quality of
crystals, i.e., w-scan should be adopted if the crystals do not look
very good. Usually, the 2o(max) collected was set at 50° — 55°.

To correct for absorption, ¢-scan method was used by which diffrac-
tometers scanned a peak every 10° in ¢ to collect the intensities. The
typical 20 value for the ¢-scan was 20° — 30° and at least three ¢-scans
were carried out (one of them in the high angle range >30°). Before data
reduction and averaging, an absorption correction program such as ABSN36
or EMP37 was applied.

After finishing data reduction, the Lorentz and polarization effects

were corrected by REDDAT38 or DATA37 program, and redundant data averaged
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according to the proper space groups by FDATA39 or PAINT37 program so
that the data were ready for refinement.

Before proceeding with a refinement, a couple of programs can be run
to derive the atom positions such as PATTERSON, SUPERPOSITION, ALCAM,
MULTAN and SHELEX. The first three programs were well developed by Dr.
Jacobson's group based on the Patterson method, while the last two based
on direct method can give solutions after the right space groups and
compositions were input. However, they always created some ghost solu-
tions too. Therefore, the user should have some ideas about the bonding
and the real components in the structure before using them, or he might
be mislead by the results,

Block matrix and full matrix Teast-squares were both used to refine
the data. Usually, a block matrix was used in the initial steps and the
full matrix was executed for the final cycles, because refinement by a
block matrix was less time consuming. ALLS“0 or LSFM37 were the programs
used to refine the structural data. The typical refinement procedures
started from atom positions, then thermal parameters were varied. In
some case, a secondary extinction correction was necessary if the size of
crystals was very big and quite isotropic. Also, the occupancies of atom
positions were sometimes varied to determine the compositions or to
examine unusually high thermal parameters.

The structures were illustrated by ORTEP“! program. Most of atoms

were represented as 90% thermal ellipsoids.
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Emission spectroscopy

These spectra were measured by E. L. DeKalb in Ames Lab to qualita-
tively determine the compositions of samples. It was especially helpful
when the components of one particular product were completely unknown.
The amount of samples needed was about 100 mg. However, the result could

not tell whether the appearance of oxygen was from the products or was a

limitation of the instrument.
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PART I. K-Si-As TERNARY SYSTEM

Introduction

Binary compounds between silicon, germanium, etc. (A) and phos-
phorus, arsenic, etc., (B) have been known for a long time.l1”3 The most
common stoichiometries are AB and AB, which at ambient temperature and
pressure often exhibit layered structures. In the former GaTe type, A is
bonded to three B and one A atoms in a structure of condensed tetrahedra,
while in the latter, typified by GeAs,, A is bound to four B atoms which
share edges to form layers that bear some resemblance to those in the
former. These are all valence or Zint1%s5 phases and semiconductors at
room temperature.®

There are only a few known ternary phases MyAyB, for these A
and B elements in which M is an alkali metal.’"% The structure of the
AszX‘ anion in such ternary phases is expected to be different
from that of the neutral analog Asz. For instance, the layer struc-
ture of SiP, (GeAs, type) is broken down to chains in the formation of
K,SiP,.8 It is easy to rationalize this in terms of the reduction that
accompanies the formation of SiP,2=, The latter is isoelectronic with
SiS,, and thus K,SiP, has a structure similar to that of SiS,. Likewise,
the layered anions in the isostructural KSnAs and KSnSb phases are iso-
electronic with and have a structure like that of CaSi, but with ordered
tin and arsenic or antimony atoms.® The anion layers in the CaSi,!0
structure can in turn be related to the puckered neutral layers found in

the isoelectronic element arsenic, etc.
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Recently a new composition and structure type has been discovered in
our laboratory for MSijAs, (M = K, Na). The relatively low proportion of
the alkali metal also allows a clear relationship to be discerned between

the Si,As;~ structure and that of the binary phase SiAs (GaTe type).?2
MSi,As, (M = Na, K)

Synthesis

Materials utilized were purified potassium (J. T. Baker Chem. Co.)
which was first trimmed of oxidation products in the dry box, arsenic
Tumps (99.99% total, Alpha Products) and zone-refined, electronic grade
silicon.

The new KSi;As; was first encountered after a reaction of the three
elements in a 1:1:1 ratio. This was carried out in a fused silica
ampoule that had been sealed under vacuum and further jacketed in a
second evacuated silica jacket in order to protect the products if con-
tainer attack led to cracking when the reaction was cooled. The loading
of the reactants and the examination of the products were carried out in
a glove box flushed with nitrogen and kept at a moisture level below 5
ppm. Purple, needle-shaped crystals were found on the inner surface of
the container after the reaction had been run in a vertical tube furnace
at around 800°C for 5 days. X-ray emission spectroscopy confirmed the
presence of all three elements in the product.

Since pbtassium attacks a silica container and arsenic attacks the
alternative container tantalum, a two-step synthetic process was

developed to avoid such side reactions. After the correct stoichiometry
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of the needles had been determined from a solution of the crystal struc-
ture, KSill or "KSiz", an intimate fused mixture of Si and KSi, were
first prepared in high purity by reaction of elemental potassium and
silicon in a sealed tantalum container at 800°C. Stoichiometric amounts
of As were then reacted with KSi plus Si or "KSi, " in sealed fused
silica ampoules at 910 — 950°C for 4 — 5 days according to the equation:

KSi + 25i + 3As —> KSiAs, (1)
This approach greatly reduced the attack of potassium and provided a high
yield of the evidently single-phase product, >95% judging from Guinier
powder diffraction. Large needle crystals about 8 mm long were found at
the top of the ampoules where the temperature had been lower. It is
presumed that a chemical transport reaction was responsible for this
crystal growth, but the process has not been studied further. Iodine
does not effect transport in this system, evidently because the stability
of the alternate KI is too high.

Attempts at the synthesis of KGe,As, and NaSijAs, by the above
method in silica and of KGe,As, and KSi,P, by the two-step process were
without success although a few small needle crystals were seen in the
first of these. However, the phase NaSi,As, could be obtained by a
cation exchange method. Equimolar amounts of KSijAs, and Nal were ground
together, pressed into a pellet, sealed in a silica tube under vacuum,
and heated in a horizontal tube furnace at ~500°C for one week. The end
of the tube not containing the pellet was slightly exposed at the end of
the furnace, either from the beginning or after several days. Crystals

of KI were found at the cold end of the tube (as identified by X-ray
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lattice constant and qual tests), while pure NaSi3A53 was left in the hot
end. Cell constants for NaSizAsy, a = 10.002(4), b = 18.54(3) and c =
3.648(1) A, were determined by least-squares refinement of 20 values for
the clearest 10 of the 17 rather broad lines observed in the Guinier
powder pattern.

Similar exchange reactions with RbI, Csl were also tried but without
success. Exchange reactions at 500°C employing equimolar amounts of Lil
and KSijAsy either as a pressed pellet in S5i0, under a temperature gradi-
ent or as the mixed powders in sealed Ta isothermally likewise produced
pure KI judging from the lattice constant. However, the presumed
LiSizAs; product has a different and unknown crystal structure; the
pattern could also result from a mixture.

The potassium phase is not oxidized by benzophenone in THF at ~86°C,
contrary to the observations for Li Ge,,,!! presumably because of either
a low potassium mobility or an insufficient reducing power. The lithium
product gives only a faint yellow color under the same conditions so the
latter explanation is more likely. KSizAs; is not very sensitive to
moist air but reacts with water or dilute HCl with vigorous evolution of
hydrogen and the formation of a black amorphous product. The Tithium

product is quite air-sensitive.

Structural studies
A suitable needle crystal (about 0.02 x 0.02 x 0.8 mm) of what
turned out to be KSi3As3 was mounted and sealed in a 0.2-mm diameter,

thin-walled capillary. Oscillation and zero- and first-level Weissenberg
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photographs showed that the cell was orthorhombic with a = 10.1, b =
19.1, ¢ = 3.65 A and that the diffraction data exhibited the nonextinc-
tion conditions: hO%, h = 2n; Okg, k = 2n; h00, h = 2n; 0kO, k = 2n.
Only two space groups, Pbam and Pba2, satisfy these, and the structural
refinement proved that the centric Pbam was correct.

Diffraction data were collected from the same crystal at room tem-
perature and to 20 = 55° with the aid of graphite-monochromated Mo Ka
radiation (A = 0.71069 A) and a DATEX four-circle diffractometer. No
decay of the standard reflections was observed.

The positions of the three heavier arsenic atoms were first deter-
mined with the aid of a Patterson map, and those of the other atoms were
then deduced from Fourier F-synthesis maps. It turned out that all atoms
occupy the 4(g) (x,y,0) or 4(h) (x,y,1/2) positions of m symmetry. The
data were corrected for absorption by the psi-scan method together with
the program ABSN. This program as well as ALLS for structure factor
calculations and least-squares refinement, FOUR for Fourier syntheses,
and ORTEP for drawings have been referenced before.l!2 Scattering factors
included the real and imaginary part of anomalous dispersion.13 A dif-
ference map computed after the final cycle showed maximum residual densi-
ties between +1.9 and +1.5 e/A3. These were all located 0.8 — 1.4 A from
the As(1l), As(2), As(3) or Si(l) positions, generally in outward direc-
tions from the layers as might be produced by a small amount of cation
defects. Details of crystal data collection and refinement parameters

are given in Table 1. Lattice parameters calculated from Guinier powder
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Table 1, Diffraction and refinement data of K513A53

Space group Pbam (No. 55)
Z q
Cell param. (A)2

a 10.010(4)

b 19.139(8)

c 3.664(1)
Size of crystal (mm) 0.05 x 0.05 x 0.8
Octants collected h,k,2; -h,-k,2
Scan type w
20-max, deg. (Mo Ka) 55
p(Mo Ka), cm=1 112.9
Transm. coeff. range 0.87 - 1.00

Number of reflections

meas. 2405

obs. (>30(I)) 1551

indep. 674
R(ave) 0.038
RD 0.044
Ry 0.050

aThe cell dimensions calculated from 21 lines of the Guinier
powder pattern, Cu Ka,, r» = 1.54056 A.
bR = Y| |Fol - IFclI/TIFols Ry = [IW(IFol - [Fc])2/Tw|Fol2]%/2.
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pattern data with Si as an internal standard!3 were used for distance

calculations.

Results and Discussion
The positional parameters for KSizAs; are listed in Table 2 and some

important distances and angles are given in Table 3.

Structure description

The unit cell of KSizAs; is depicted in Figure 1 while a portion of
the anion layer therein along with some bond distances is shown in Figure
2, both in perspective views down the short c axis. The layers can be
seen to consist of puckered rings of the metalloid element condensed into
chains and then into sheets, or vice versa. Thus, nonplanar five-
membered rings consisting of —Si(1,2)As(2)Si(3)As(3)— are condensed into
columns or tubes through sharing the last four atoms while the remaining
Si{1) atoms are bridged by the exocyclic As(l) atoms. These groups are
then joined head-to-head and tail-to-tail into sheets via Si(3)—Si(3) and
Si(2)-Si(2) bridges. The last are easiest to see in the Figures as the
centers of these bonds lie at points of 2/m symmetry with the rotation
axis normal to the figure. If the construction is instead centered on
these S$i—Si bonds, Si(3),,,As(2),,,As(3), and
Si(2) ,As(2),,,51(1),[As(1),,2]As(3), units of C,y, symmetry are joined
into strings parallel to [100] via their common As(2) and As(3) atoms,
and then condensed into sheets along &. The structural arrangement
is very reasonable as it makes all silicon atoms four-bonded and two of

the arsenic atoms three-bonded, while the terminal As(l) atoms are only
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Table 2. Positional and isotropic thermal parameters for K513A53a

Atom X y z gb

As(1) 0.4000(1) 0.19698(6) 0.0 1.38(3)
As(2) 0.7191(1) 0.04102(5) 0.0 1.17(3)
As(3) 0.5861(1) 0.38496(6) 0.5 1.23(3)
K¢ 0.1962(3) 0.3048(2) 0.5 2.63(8)
Si(1) 0.3251(3) 0.1320(1) 0.5 1.24(7)
5i(2) 0.1126(3) 0.5147(1) 0.5 1.00(7)
5i(3) 0.4072(3) 0.5365(1) 0.0 1.02(7)

aSpace group Pbam, Z =

4, all atoms in 4h or 4g positions.

bAverage of anisotropic values, A2.

CRefined occupancy = 0.98(1).



Table 3.

Distances (R) and angles (deg) in KSijAs,

Atom 1 Atom 2

Distance

Atom 1 Atom 2 Atom 3

Angles

As(l) — 2 Si(1)
As(l) — 2 K
As(l) — 2 K
As(2) — 2 Si(2)
As(2) — Si(3)
As(2) — 2 K
As(3) — 2 Si(3)
As(3) — Si(1)

K — 2 As(2)
K — 2 As(1)a
K — 2 As(1)

Si(l) = Si(2)
Si(1) — 2 As(1)
Si(l) — As(3)
Si(l) — 2 Si(3)
Si(2) — Si(2)
si(2) — Si(1)
Si(2) — 2 As(2)
Si(2) — 2 Si(3)
Si(3) — Si(3)
Si(3) — 2 As(3)
Si(3) — As(2)
Si(3) ~ 2 Si(1)
Si(3) — 2 Si(2)

2.337(2)
3.431(3)
3.486(3)
2.372(2)
2.399(3)
3.482(3)
2.370(2)
2.416(3)
3.482(3)
3.431(3)
3.486(3)
2,331(4)
2.337(2)
2.416(3)
3.480(4)
2.322(6)
2.331(4)

2.372(2)
3.497(4)
2.325(6)
2.370(2)
2.399(3)
3.480(4)
3.497(4)

Si(1) — As(1l) — Si(1)

Si(2) — As(2) — Si(2)
Si(2) — As(2) — Si(3)

Si(l) — As(3) - Si(3)
Si(3) — As(3) — Si(3)
As(2) — Ka — As(1)
As(2) — K&  — As(1l)a
As(l) — K@ — As(1)a
As(1l) — Si(1) — As(1)

)
As(l) — Si(l) — As(3)
As(l) — Si(1l) — Si(2)
As(3) — Si(l) — Si(2)
As(2) — Si(2) — As(2)
As(2) — Si(2) — Si(1)
As(2) — Si(2) — Si(2)
Si(l) — Si(2) — Si(2)
As(2) — Si(3) — As(3)
As(2) — Si(3) — Si(3)
As(2) — Si(3) — As(3)
As(3) — Si(3) — Si(3)

103.2(1)

101.2(1)
94,31(9)

93.28(9)
101.3(1)
77.71(5)
100.95(5)
102.67(5)
103.2(1)
112.86(9)
115.3(1)
97.8(1)
101.2(1)
108.2(1)
109.1(1)
119.4(2)
114.47(9)
104.8(2)
101.3(1)
111.0(1)

ax+1/2, 1/2-y, z
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Figure 1. A [001] perspective of the unit cell of KSi,As, (space group
Pbam) with all atoms at z = 0 or 1/2. Open atoms: Si (in
chain) and K; shaded atoms: As. (90% probability thermal
ellipsoids.)
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Figure 2. A perspective view of a portion of the 2[SigAs3] layers in
KSigAs;. Arsenic atoms are shaded
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two-bonded. The last are then formally Asl~, isoelectronic with
selenium. Formulation of the dark-purple compound as K*SisAs3' gives the
anion the electron count of a valence (Zint16) compound, and conventional

two-center bonding should apply.

Bond distances

Important distances and angles are listed in Table 3, and some dis~
tances are marked on Figure 2. Several general points are observed.
First, all Si—Si distances are almost the same, the average 2.326 A being
close to those in many silanes, ~2.34 Al%* consistent with the simple
bonding expected. All bonds formed by three-bonded arsenic atoms (2) and
(3) connect to one end of an Si, group, and for most of these the bonds
lengths cluster around 2.38 A. Different values occur around the
silicon (1). The latter atoms are bridged by the unigue, two-bonded
As(1l) at a shorter 2.337 A, a normal contraction, while the neighboring
Si(1)— As(3) bonds are a somewhat longer 2.416 R&. We suspect that the
latter may be induced by strain as the interior angle at Si(1l) is only
97.8°. Effects of the polar (K+)u/u(As(1)-)4/u interactions (below) may
also be important.

Two-bonded arsenic also occurs in the Zintl phases (MII)ssizAsu,
Ml = Sr, Ba, where the anion chains contain Si(As)As,Si(As) units,
four-membered rings condensed at silicon with a terminal arsenic on
each.}5,1% Bond distances therein vary in a consistent manner but are
uniformly larger than reported here, perhaps because of strain or the

larger polarity. The bonds between silicon and the terminal (one-bonded)
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As2- are now 0.06 — 0.08 & less than to bridging As~! but the latter
average 2.40 A vs 2.33 A in KSizAs;. The Si-Si bonds at 2.36 and 2.39 A
(0 ~ 0.01 &) likewise average 0.05 A greater than those in KSi4As,.
Similarly, SiAsue' tetrahedra with only terminal arsenic atoms that occur
in Ba“SiAs“17 have the Si-As distances increased to 2.40 §,17 perhaps
because of the high charge on the anion groups. These data on Si-As
distances are summarized in Table 4.

The potassium atoms in KSi,As; are coordinated by two pair of the
unique As{1l) atoms as well as two As(2) atoms from two different layers
to give a rather distorted trigonal prismatic environment but one with
fairly uniform K-As distances of 3.43 — 3.49 4. This unit, as shown in
Figure 3, shares both As(1)-As(l) vertical edges and the top and bottom
faces with other like prisms so each As(1l) has four potassium neighbors
and As(2), two. The next nearest neighbors, As(3) atoms in the plane of
the potassium at 4.22 and 4.37 A, are disposed on the more open faces of
the prism, and their secondary interactions with the cation may be the
source of the shortening of two of four of the K~As(1l) distances to 3.43

A.

Cation exchange

The potassium ions may be readily exchanged by sodium or lithijum on
reaction with the stoichiometric amount of MI at 500°C. The crystal
jonic radius of sodium is 0.34 A less than that of potassium,l8 and the
decreases observed in a, b and c on the formation of the sodium deriva-

tive, ~0.008 (4), 0.60 (3) and 0.016 (1) A, respectively, are consistent
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Table 4. Silicon — arsenic bond lengths (&) in different ternary

compounds
Compounds Si—As(3b3) Si—As~(2b) Si—As2-(1b) Ref.
KSiAs, 2.372(2),2.370(2) 2.337(2) this
2.399(3),2.416(3) work
Sr,Si,As, 2.40,,2.39, 2.32, 16°
Ba,Si,As, 2.396(8),2.416(8) 2.350(8) 17
Ba, SiAs, 2.407(5),2.393(5) 18P

Three-bonded, etc.

bRefined with isotropic thermal parameters and a limited
absorption correction.

with the layered nature of the structure, Figure 1. The lithium product
has a different, unknown structure. The exchange behavior with Nal and
LiI, and the absence of reaction with RbI and CsI, are unusual with
regard to the usual course of such reactions which form the small cation
— small anion and large cation — large anion pairs. The problem here is
somewhat different, however, in that the arsenic "anion" separations
within the layers are fixed in position. Improved nesting of the sheets

and polarization of the arsenic atoms may be involved.



33

Figure 3. The arsenic environment about potassium in KSijAs,. The
cation lies on a horizontal mirror plane normaq to the figure
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Relationship with Li,NaSi,

We have very recently become aware of the existence of a remarkably
similar layered anion structure in LijNaSi .19 The isoelectronic layers
there contain the same columns or tubes of shared, five-membered rings,
but their interconnection is slightly different. The relative positions
of one half of the exocylic bridges are altered in Li;NaSig as would be
accomplished by inverting alternate columns (Figure 4). Thus, the
central ring system seen in Figure 2 becomes related to those on both
sides by a horizontal screw axis or glide plane centered on the Si(3) —
Si(3) connection rather than by the normal two-fold axis found at that
point with KSizAs,. The altered arrangement appears to generate much

better cavities along the chain for lithium.

Relationship with SiAs

The structure determined by Wadsten3 for SiAs in space group C2/m is
closely and logically related to that of KSi,As,. The former is shown in
Figure 5 in the [010] projection. The tricyclic units can be derived
from SijAs,As rings in KSijAs, by joining these in pairs at the exocyclic
As(1l) atoms. This generates a pair of puckered five-member rings con-
densed onto a central six-membered ring at the disilicon edges in the
latter. Such a member is centered about a screw axis at 1/4,y,0 in
Figure 5. These ring systems are then linked into strings in the plane
of the Figure through Si(3)-Si(3) bonds and condensed along b to
form layers as before. Two-fold axes are again found normal to the

centers of the Si(3)-Si(3) bonds.
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Figure 4. The structure of LijNaSi. projected along [010] (quoted from
ref. 19)



V"

Figure 5. A [010] view of the structure of SiAs, space greup C2/m (ref. 3). Arsenic atoms are
shaded. The changes necessary to convert these layers to those in KSijAs; on reduction
are depicted in the unit centered around 1/4,1/2,0

9¢
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The chemical and structural conversion
6SiAs + 2K —> 2KSi,Asg (2)

within one layer of SiAs can be achieved by (1) cleavage of opposite
As(1)-Si(2) edges of the six-membered rings to form chains of dibonded
As(l) atoms, Figure 1 and 2, and (2), displacement of one-half of the
result by b/2 with respect to the other and rotation to allow formation
of the Si(2)-Si(2) bonds in KSi,As,. The change is depicted symbolically
on the same tricyclic unit around 1/4,1/2,0 in Figure 5. The direction
of opening of these six-membered rings in the conversion to KSi4As,
alternates between layers in order to provide good interlayer bonding
sites for potassium. It is not obvious, however, that such a reduction
(or oxidation) process could actually be achieved in a truly concerted
manner. Not surprisingly, KSijAs; and SiAs exhibit very comparable dis-
tances as well as similar distributions of angles about equivalent atoms,
the latter suggesting somewhat similar strain problems in both struc-
tures. The same may pertain to the closely related GeAs,* as well.

Further reduction of the anion layers in KSijAs, leads to the chain
structure noted before in Sr;Si,As, where the connectivity is
L[Si,(As,)As,,,] via four-membered Si,As, rings. It is interesting
that in the related SrjGe,As,, five-membered Ge,,,~Ge—(As,)-As—Ge,  ,—As—
rings analogous to those found condensed in KSijAs, occur in chains, but
with one germanium now common to two rings. The anion structure of
KSi3As; was presumably not found during earlier studies with alkaline
earth metal cations because half as many cations of higher field would

not support a stable layered structure.
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K,SiAs,

In the study of K-Si-As system, some needle crystals were found with
a needle axis ~6.3 A, based on oscillation photographs, much longer than
that of KSijAs, which is only 3.664 (1) A. In reviewing literature,
K,SiP,° was found to have a needle-like habit with an axis of 6.107 (4)
A. Therefore, it was quite possible that the needle crystals were
K,SiAs,. To confirm that, rxn. Q137 was run by loading stoichiometric
amounts of elementary starting materials into a fused silica ampoule
which was sealed under Ar and then loaded into another larger fused
silica jacket. To prevent the attack by moisture and oxygen, the whole
loading process was carried out in a dry box flushed with nitrogen gas.
After slowly heating the contents from room temperature to 750°C in 8
hrs. and maintaining the temperature there for 6 hrs., then furnace
cooling, some light brown needle crystals were found at the top of the
residue., The residue also contained unreacted silicon and arsenic ele-
ments as confirmed by the Guinier powder pattern. Since the yield of the
needle crystals was not very high, the attempt to take a powder pattern
of the crystals was not very successful, as all the lines of the powder
pattern were very weak and diffuse. However, several crystals were
mounted into 0.2-mm capillaries. From the oscillation and Weissenberg
photographs, the lattice constants were derived: a = 13.22(2), b =
7.02(2) and ¢ = 6.33(2) A, « = B8 = y = 90°. Compared with lattice
constants of K,SiP,: a = 12.926(6), b = 6.687(4) and c = 6.107(4) R, o =

B =y = 90.0°, the needle crystals could be K,SiAs, and isostructural
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with KZSiPz. Moreover, the systematic absences for the needle crystals
derived from the zeroth and first level Weissenberg photographs are:
hkg :h+k+g = 2n; Oke:k,2 = 2n; hOg:h,2 = 2n; all consistent with the space

group of K,SiP,:Ibam.

Structure solution

One of the needle crystals with suitable size (0.04 x 0.04 x 0.75
mm) was indexed and data collected by the four-circle DATEX diffrac-
tometer. A total of 1361 reflections data were collected from two
octants (th,xk,2) with 20(max) equal to 50°. The details of data
collection and structure solution was summarized in Table 5. After
finishing data collection, the lattice constants were accurately derived
from 30 reflections of the single crystal: a = 6.336(6), b = 13.219(3)
and ¢ = 6.977(2) A . After finishing absorption correction, data
reduction and averaging, the coordinates of K,SiP, were used as a
starting point in refinement of the data since the preliminary
examinations already confirmed it to be isostructural with K,SiP,. After
a couple of cycles including anisotropic temperature factors refinements,
the R and R, dropped to 0.022 and 0.026, respectively. The final
difference map did not show any residual peaks greater than 1.0 e/A3.

The positional and thermal parameters are listed in Table 6.

Description of the structure
The K,SiAs, has the infinite [SiAsz]'2 chains parallel to the c-
axis and perpendicular to [001] plane (Figure 6) with potassium cations

packed between those chains. The chemical environment of potassium
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Table 5, Uiffraction and refinement data of KZSiAs2

Space group Ibam (No. 72)
z 4
Cell param (A)2
a 6.336(6)
b 13.219(3)
c 6.977(2)
Size of crystal (mm) 0.04 x 0.04 x 0.75
Octants collected h,k,2; ~h,-k,2
Scan type ®
20-max, deg. (Mo Ka) 50
p(Mo Ka), cm~! 128.8
Range of transm. coeff. ) 0.065 — 0.083
Number of refl.
meas. 1361
obs. (>30(1)) 511
indep. 254
R(ave) 0.011
Structure solution
RD 0.022
Ry 0.026

2 The cell dimensions calculated from 30 reflections of
single crystal Mo Kays A = 0.71034 A.

bR = Y IFol - [Fcll/3IFols Ry = [XW('FOI -
[Fel)2/In|Fol2]1/2, w = 1/of>.
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Table 6. Positional and thermal parameters of K,SiAs,2D

Si As K
x =0 x = -0.09880(4) x = 0.1445(1)
y =1/2 y = 0.33229(9) y =0.1617(2)
z =1/4 z =0 z =0
By, = 1.27(4) B,, = 1.50(3) B,, = 1.99(6)
B,, = 1.39(7) B,, = 1.94(3) B,, = 2.27(6)
Byy = 1.26(8) Byy = 1.43(3) By, = 2.68(6)
By, = Bj3 = Byg = 0 B,, = -0.54(2) B,, = 0.31(5)
Bys = B3 = 0 Byg = B3 =0

agpace group Ibam (No. 72).

DThe needle axis is consistent with the c=axis.



%0 o © X ﬁ
| O
i\\.’,/”’JSb (:) 7 ””45
Q/l\g o O & A
O®/ d\ ' Od O
- O ® \\J

Figure b. The unit cell of K,SiAs, viewed along [001]. Open atoms: K; shaded atoms: Si
(4 bonded) and As %2 bonded). 90% probability thermal ellipsoids

A4



43

cations is quite different from that in KSijAs;. The potassium cations
are in the rather distorted octahedral sites (Figure 7) while those in
KSijAs, are located in trigonal prism sites. All the arsenic atoms are
bridging between two adjacent silicon atoms similar to the selenium atoms
in SiSe, which is isoelectronic with [SiAs,]~2 (Figure 8). The bonding
distances between Si and As is 2.370 (1) &, but the angles of As—Si—As
are in the range from 96.14 (3)° to 120.84 (4)°. The details of the

distances and angles in K,SiAs, are listed in Table 7.

Comparisons of Si-As~(2b) distances in different ternary compounds

The distances of Si-As~(2b) in K,SiAs, (2.370 (1) R) is longer than
that of KSijAs, which is only 2.337 (2) A. This might be caused by the
high strain in KSijAs;, because the As(2b) atoms are bridging between
Si(1) atoms to form sheets in KSijAs,. However, compared with
(MI11),siAs,, WD = sr, Ba, the Si-As~(2b) of K,SiAs, is
shorter (see Table 4). Again, the strain or the polarity might play an
important role. Also, the chain in (MII)ssizAsu is puckered while

that of K,SiAs, is linear. That might cause different strain for them.

Conclusion
In the study of K-Si—As system, two structure type compounds were
found. One of the KSijAs, — is a new structure type with puckered layer.
For them, the ratios of Si/As are equal to those of molecular compounds.
In KSizAsy, due to the low proportion of cation, the structure can be

related to SiAs, while K,SiAs, is completely different from SiAs,,
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Figure 7. The arsenic environment about potassium in K,SiAs,



Figure 8.

A perspective view of a portion of the L[SiAs,] chains in K,SiAs,

6P
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Table 7. Bonding distances (A) and angles (deg) in K,SiAs,

Atom 1  Atom 2 Distance Atom 1 Atom 2 Atom 3 Angle
Si — 4 As 2.370(1) As — Si — As 96.14(3)
Si - 2 58Si 3.168(1) As —~ Si — As 120.84(4)
Si - 4K 3.425(1) As — Si — As 112.36(4)
As - 2 Si 2.370(1)

As — K 3.380(2) Si - As — Si 83.86(3)
As — 2K 3.435(1)

As — K 3.442(2)

As — K 3.497(2)

As - As 3.527(2)

As — K 3.579(2)

K - As 3.380(2)

K - 2 5i - 3.425(1)

K — 2 As 3.435(1)

K - As 3.442(2)

K - As 3.497(2)

K - As 3.579(2)
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because all the arsenic atoms accepted one charge from potassium atoms to
form arsenic anions. Therefore, the structure of K,SiAs, is more like
SiSe, which is isoelectronic with [SiAs,]"2. The sodium analogue of

KSijAs; can be generated through cation exchange reaction.
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PART II. MgX, BINARY SYSTEM

Introduction

There are two structure types reported for MsX5 (M = Ca, Sr, Ba; X =
Sb, Bi).l One is MngSi,; type (hexagonal cell),2 the other is B-YbgSb,3
(orthorhombic cell) (see Table 1). For CagSb, and Sr Bi,, these two
types were reported! to both exist with MngSi; as the high temperature
form. The original motive to study these M;X, systems was based on a
curiosity about the nature of these two phases, whether they are really
binary phases or one of them belongs to the class of interstitially
stabilized phases.

This kind of phenomenon was already observed in a couple of cases.
For example, M,X (M = alkaline earth metal; X = group VA nonmetal)“ and
MY (M = alkaline earth metal; Y = group IVA nonmetal)S5 have all been
proven to be oxygen-stabilized compounds, and the right stoichiometries
for them are M, X,0 and M,Y0, respectively. They all satisfy the simple
valence rule. Apparently, the above MjX, phases all have one extra elec-
tron available according to the simple valence counting rule. This
further supports the suspicion about M;X; perhaps being halides. Also,
it was speculated that the might be oxygen-stabilized M, ,X.0.6s7 In

the research, not only CagSb; and SrgBi; but also YbySb, were studied

(Table 2).

Ca55b3
It was reported that CaSSb3 with s-YbSSb3 structure forms by a peri-

tectic reaction at 825°C.8 Thus, rxn. 5 — 3 and rxn 243 were started at



Table 1. Reported structure types of M5X31 (M = Ca, Sr, Ba; X = Sb, Bi)

Structure
Type

rm/rx

Structure
type

rn/rx

Ca, Sb, SrSh,

(Mng Siy) ref. 9 (MngSi,)
(B-YbgSb,)  ref. 10

1.257 1.369

CagBi, SreBi,

(B-YbgSb,) ref. 11 (Mn.Si,)
(8-Yb Sb, )

1.169 1.274

ref. 12

ref. 13
ref. 9

Ba55b3

(Mn Si,)

1.423

BasBi3

(MnSSia)

1.324

ref. 13

ref. 13

0§
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Table 2. Reaction conditions and products of stoichiometric M Xg

reactions
rxn. # reaction conditions? productsP
CagSb,
5—-13 850°C — 2.5 wks, 600°C — 3 days hex. 40%; ortho. 60%
243 850°C — 4 days, water quenching hex. 40%; ortho. 60%
292 1100°C — 2 days, 850°C — 5 days hex. 60%; ortho. 40%
293¢ same as 292 same as 292
373 950°C — 1 day, 810°C — 1 day, 760°C hex. 70%; ortho. 30%
—2 days, 700°C — 8 hrs., 650°C — 1 day
376 950°C — 12 hrs., air quenching hex. 70%; ortho. 30%
820°C — 4 weeks
454 induction heating (~1200°C) Ca;gSbyy, 90%;
air quenching unidentified ?
459 970°C — 4 days, water quenching hex. 80%; ortho. 20%
SrgBi,
480 970°C — 3 days, 730°C — 5 days, 650°C hex. 30%; ortho. 40%
-5 days, 450°C — 1 day SryeBi, s 20%; ?
Ybg Sby
515 Induction heating — 4 hrs, (~1300°C) hex. 99%
air quenching
509 900°C — 22 days Yb, Sb, 65%; ortho. 35%
511 800°C — 22 days Yb,Sb, 40%; ortho. 60%
512 700°C — 3 months ?

aA11 reactions were furnace cooled unless specified.

bThe relative yields were estimated from the powder patterns; hex.
and ortho. represented Mn;Si, type and g-YbgSby type, respectively.

CThe Ca was exposed in the air for 4 hours before loading in Ta
tubing.
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~850°C then annealed and water quenched, respectively. Both contained
about 40% Mn Si, type and 60% B~YbgSb,. To ensure the cleanness of Ca
metal, distilled Ca metal from Dr. Peterson's group was used in the reac-
tions thereafter. Rxn. 292 and rxn. 293 were used to test a possible
source of impurity; the Ca used in rxn. 293 was exposed to the air for 4
hours before it was loaded in Ta tubing. Both reactions were heated at
1100°C to get better homogeneity then annealed at 850°C. However, both
reactions gave the similar relative yields of Mn551'3/3-YbSSb3 of 60:40.
Apparently, if there is an impurity to stabilize the hexagonal phase, it
was not from the air.

Rxn. 373 and rxn. 376 were designed to synthesize single phase of
CagSb, (B-YbgSb,) and CagSb; (MngSi,), respectively, by carefully con-
trolling the reaction conditions. In principle, rxn. 373 should give
high yield of g-Yb;Sb, type while the rxn. 376 should produce high yield
of MnSi, type product because the former adopted annealing while the
latter adopted quenching from 950°C. However, the relative yields of the
two phases was the same with CagSby (MngSi,)/CasSb, (g-YbsSb,) close to
70:30. That strongly suggested that the transition temperature between
these two phases was above 820°C, also the annealing time should be

longer than 4 weeks to complete the phase transition.

Rxn. 454 was carried out using induction furnace; the temperature
was set ~1300°C. The cooling rate should have been fast, the identified
product was Ca;.Sb,, plus a couple of unidentified lines. Apparently,

Ca,;Sb,; is the high temperature peritectic product and with a
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stoichiometry close to 5/3; thus, as the reaction cooled from 1300°C, the
product formed mainly was Ca,.Sb,, not CagSh,.

When the reaction temperature set at 970°C in rxn. 459, 80% Ca55b3
(MngSi,) and 20% CagSby (g-YbgSby) were found. Although water quenching
was adopted, the single phase of Ca Sb, (MnSSis) still could not be
reached. That suggested the transition was very fast, because the only
time to form CazSb, (B-YbgSby) was a couple of seconds when the container
was first exposed to the air.

It was also tried to add Ca0 as the impurity source. The product
indicated that the Ca, Sb,0 and Ca,,Sb,, were the major products. That
excluded the possibility of a Ca0 impurity.

From this study, a couple of points could be made. When reaction
temperature at ~970°C, the yield of CagSby (MngSi,) can be as high as
~80%, while for a temperature set at ~850°C the yield would drop to 40%.
Thus, it was clear that the CagSb, (MnSSis) was the high temperature
phase. However, the transition temperature could not have been told

because the reactions probably have not reached equilibria.

SrgBi,
SrgBiy is the only other compound reported with two structures of
Mn Si, and B-YbgSby. Therefore, rxn. 480 was run to explore the rela-
tionship between these two phases. It was reported SrsBial“ was a con-
gruently melting compound with melting point at 945°C. Thus, rxn. 480
started with temperature at 970°C, then annealed at 730°C, 650°C and

450°C, successively. The products contained: 40% SrgBi, (g-YbgSb,), 30%
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SrgBig (MngSiy) and 20% Sr,gBiy, (isostructural with CalSSbll) judging by
the powder pattern only. From this it was proven that SrsBi, could exist
with Mn Si, and B-YbgSby structure types. However, some of the lines
(mostly are from g-Yb.Sby structure) in the powder pattern were broad and
blurred, indicating equilibrium was not reached or some kind of solid
solution occurred during the annealing, i.e., the annealing temperature

chosen might not have been proper to observe the phase transition.

Other M X, Phases

The structures of other M X, also have been tested by following
proper reaction conditions.}!=13 It turned out that CagBi, only has
B-YbsSby type structure, while Sr Sb;, BagSb, and BagBi, only adopt
MngSi, type. The lattice constants of these compounds and those of
CagSb, are summarized in Table 3.

Also, single crystal study of Sr55b3 was carried out. The results
confirm the literature about the structure of Sr Sb,12 and clearly indi-
cate the Sr Sb, is an interstitial free pure binary compound without

anything in the octahedral sites (see report 10/1/86 — 12/31/86).

YbgSb,

It was reported that YbgSb; with the MngSi; structure was the high
temperature phase.!5 To check that, rxn. 515 was run in the induction
furnace at ~1400°C. The product was a single hexagonal phase with a = b
= 9.0344(2) and ¢ = 6.9112(4) & (from 35 lines). That proved the hexa-

gonal phase of Yb:Sb; is the pure binary phase and the high temperature

phase.



Table 3. Lattice constants® of M.X, binary compounds
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Compounds a (A) b (A) c (R) c/a b/a source
CagSby 9.0321(3) 7.0280(8) 0.778 rxn. 231
CagSb,  9.024 7.057 0.782 ref. 9
CagSb,Cl 9.0805(3) 7.0898(6) 0.781 rxn. 296
SrgSb,  9.5037(5) 7.4095(8)  0.780 rxn. 368
SrsSb, 9.496(5) 7.422(5) 0.782 ref, 12
SrgSb,Cl 9.5541(4) 7.4328(7) 0.778 rxn. 398
SrgBi, 9.63(1) 7.63(2) 0.792 ref. 13
BagSb,  9.964(3) 7.694(4)  0.772 rxn. 305
BagSb, " 9.97(1) 7.73(2)  0.775 ref. 13
BagBi, 10.098(2) 7.768(3) 0.769 rxn. 308
BagBi,  10.13(1) 7.79(2)  0.769 ref. 13
BagBi,C1  10.188(3) 7.837(4)  0.769 rxn. 307
CagSb, 12.537(4) 9.555(2) 8.296(2) 0.662 0.762 rxn. 231
CagSby 12.502(8) 9.512(7) 8.287(7) 0.663 0.761 ref. 10
CagSb,F 12.442(2) 9.653(2) 8.381(2) 0.674 0.776 rxn. 364
CagBi, 12.766(1) 9.706(2) 8.437(2) 0.661 0.760 rxn. 408
CagBi, 12.722(8) 9.666(6) 8.432(6) 0.663 0.760 ref. 11
CagBigF 12.602(2) 9.,771(2) 8.501(2) 0.675 0.775 rxn. 407
SrgBi, 12.379 10.233 8.890 0.665 0.765 ref. 9

aThe lattice constants calculated from Guinier powder patterns,
Cu Koy (A = 1.540562 R).
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The product of rxn. 515 was further divided into three parts for
further studies and loaded as rxn. 509, 511 and 512. These three
reactions were annealed at 900 °C. 800°C and 700°C, respectively (see
Table 2). The products of rxn. 509 and 511 were the same and contained
Yb,Sb, (anti-ThyP, )15 and g-YbsSb,, but the relative yields were differ-
ent. The relative yield of Yb,Sb;/g-YbgSby in rxn. 509 was around 2/1,
while that in rxn. 511 was 2/3. In other words, the low temperature
annealing favors the formation of g-YbgSb,. It was suspected that these
two reactions have not reached equilibria even after 22 days annealing.
Also the composition is not balanced, and there may be some Yb rich
phases such as Yb,Sb not detected on the powder pattern. Another possi-
bility is that the Yb,Sb; might be a nonstoichiometric phase such as
Yb,Sb, ., = YbgShy, then the Yb,Sb, . would be an intermediate phase
between the hexagonal and the orthorhombic phase.

The reaction time for rxn. 512 was 3 months. The product did not
contain any known binary Yb—Sb or Ta—Sb phases. Also, the lines of the
powder pattern were broad and could not be indexed by the TREOR program.
That suggested they might be a mixture of the decomposition products.
From this study, the existence of the pure binary hexagonal and ortho-
rhombic phase was confirmed. However, Yb, Sb, , might exist as the
intermediate phases and the product decomposed to unidentified mixture

after a long time of annealing at 700°C.
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Discussion

Structure relationship between 8-YbgSby and MngSi,

Since g-YbsSb; type and Mn Si, type coexist in some MgX; compounds,
close relationship between these two structures is expected. Wang et
al.16 has already discussed the relationship by using different arrange-
ments of the M-centered (M = transition metal) trigonal prisms. Here, we
provide another way, which seems much easier to recognize, to rationalize
the relationship.

Figure 1 shows the unit cell of CaSb, (B-Yb Sb,) projected on [010]
plane. There are two differently oriented hexagonal nets composed of Ca
trigonal prisms sharing corners and filled by Sb atoms. Inside the hexa-
gonal nets, two Sb and two Ca atoms form zig-zag, ribbon-like parallelo-
grams along b-axis (Figure 2). One of the nets is along the c-axis while
the other one is almost perpendicular to the a-axis. The angle between
the orientations of these two nets is almost 37°.

The structure of CagSb, (MnSSi3) can be represented as the same way.
There are three differently oriented hexagonal nets on the unit cell. To
illustrate the orientation of nets, Figure 3(a), 3(b) and 3(c) only show
each of them, respectively. In the figures, the dotted lines connect Ca
atoms at z = 1/4; solid lines connect Ca atoms at z = 3/4; double lines
connect Ca atoms from z = 1/4 or z=3/4 toz=0o0r z =1/2. Clearly,
Figure 3(a), 3(b) and 3(c) show the orientation of the nets along a-axis,
b-axis and (110), respectively. Therefore, the angle between the last

two nets is 30° smaller than that of Ca.Sb, (B-YbSSbs).



Figure 1.

The unit cell of CagSb, (B-Yb Sby) projected on [010] plane. Open ellipsoids: Ca
atoms; shaded ellipsoids: Sb atoms. The dotted lines connect Ca atoms at y = 1/4
the solid lines connect Ca atoms at y = 3/4

89
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Figure 2. The hexagonal net in g-Yb.Sb, structure extended along the
b-axis. The ribbons form a zig-zag chain inside the net
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Figure 3. The unit cell of CagSby (MngSi;) projected on [001] plane (a),
(b) show different hexagonal nets along a- and b-axis



Figure 3.

61

(continued)
(c) The hexagonal net extends along (110) direction. Dotted

lines connect Ca atoms at z = 1/4; solid lines connect Ca
atoms at z = 3/4; double lines connect Ca atoms from z = 1/4
or 3/4 to z =0, or z = 1/2. (d) Shows the hexagonal nets
penetrating together. To clarify the overlapping, the areas
of the hexagonal nets are shaded
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These three hexagonal nets are not shared by corners at those of
B-YbgSby type but are penetrated and overlapped together such as Figure
3(d). In the figure, the overlapping areas are easily distinguished by
shading the original hexagonal nets.

Another main difference between these two types is that the hexa-
gonal nets in MngSi; type are puckered ones while those in g-Yb,Sb, type
are almost flat. To illustrate this point, Figure 4(a) and 4(b) are
drawn for the cross sections of the hexagonal nets in these two types
parallel to the (402) and (010) directions. From these figures, it
becomes clear that the hexagonal nets for Mn Si, are puckered and
centered with a Ca atom in the ribbon due to the puckering, while the
nets in g-YbgSb; are much flatter without anything in the center of the
ribbon. Three pairs of different hexagonal nets are fused together to
form the octahedral sites on the origin in MngSi, structure.

Using the resemblance and the difference between these two struc-
tures, we can explain the sizes of the lattice constants of these two
types for CagSby. Since the hexagonal nets is the same size as c-axis in
B-YbySb, type but smaller than the b-axis in MngSi, type, the size of
c-axis in B-YbSby type (8.296(2) A) is smaller than that of b-axis in
MngSi; type (9.0321(3) R). On the other hand, the size of a-axis in
B-Yb Sb, type (12.537(4) A) across two different hexagonal nets by
sharing corners is expected to be larger than that of a-axis in Mn/Si,
type (9.0321(3) A) which is composed by two penetrated nets. Finally,
half the size of the b-axis (4.7775(1) A) is smaller than that of the

c-axis in Mn Si; type (7.0280(8) A), because the hexagonal nets are not
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1
3/4
1/2
1/4
b
0
C

(b)

Figure 4. The cross sections of the hexagonal nets in the two structures

are drawn (a) parallel to (402) direction for B-YbsSb; type;
(b) parallel to (010) direction for MngSi, type. The solid
Tines outline the hexagonal nets. The ribbons are outlined by
the double lines.
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only puckered but also centered by a Ca atom in MngSi, type to cause the
expansion along the c-axis.

Also, using the resemblance a phase transition between these two
types can be imagined. As temperature is raised, the corner-shared hexa-
gonal nets in g-Yb;Sb, type become mobile to interpenetrate to form
MngSi, type. Of course, the centered Ca in the ribbon in Mn5513 type is

generated during the penetration process.

Comparisons between our M;X; and reported McX, phases

The possibility of M X, filled with ¥ (Y = halogen) to form M XS Y
with the same structures as those of M X, will be demonstrated in part
I1I. Some structures of M;X; such as CagSb, (B-YbSSbs),9 CagBi,10 and
Sr55b312 have been well investigated by single crystals studies. In
these studies, the intensities of reflections were corrected for Lorenz
and polarization effects.!2 SrgBi; (B-YbgSbj) and CagSb, (MngSij)? were
investigated by powder patterns only. For SrgBi, (Mn.Si;), BagSb, and
Ba5313,13 authors did not report the refined isotropic temperature
parameters, although they did single crystal studies. Since these works
were done in the '70s, the possibility of interstitials might have been
neglected. Therefore, we compare their data with ours which are listed
in Table 3. For easy comparison, the lattice constants of M5X3Y from
part III are listed together too.

From the table, it is clear that all the lattice constants of M.X,
with the MngSi, structure are different from ours. Some of them such as

BagSby and BagBijl3 have larger Tattice constants while CagSb, (Mn/Si;)?9
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and Sr.Sb 12 have smaller a-axes but larger c-axes than ours. Presum-
ably, that is caused by different methods used to derive the lattice
constants. Also, the ratios of the lattice constants (c/a) are not com-
parable (Table 3). Thus, telling whether the reported M X, are inter-
stitial free can not be made by comparison of the lattice constants or
c/a ratio directly.

However, as discussed in Part III, the introduction of interstitials
effects the local bonding significantly. For instance, the distances
between intratrigonal M(2) atoms in MyX,Y with the filled-Mn_Si, type
become longer while the interactions between intertrigonal M(2) atoms are
about the same compared to those of the M5X3. So the ratio between the
distances of intertrigonal M(2) atoms and that of intratrigonal M(2)
atoms can be used to distinguish whether they are interstitial-free. For
example, from our single crystal study the ratio of SrSSb3'is 1.063 very
close to the data (1.061) reported in literature.l2 Thus, the reported
SrgSbs is confirmed to be a pure binary phase. Using the same way, the
ratio reported for BagSby!3 is 1.065 larger than that (1.040) derived
from BagSb;C1 and 1.050 for CagSbyCl1 (see Part III). Again, that appears
to have been a pure binary phase too. The ratios of Sr.Bi, (Mn5313)13
and BagBi, 13 are 1.081 and 1.064 indicate that they could be pure binary
phases, because they are larger or close to that of Ba55b313 (1.065).

For MgX; with the g-YbsSb; type, the reported lattice con-
stantsl0s11 all smaller than ours (Table 3), but the c/a or b/a ratios
are very close to each other and quite different from those of M.X,Y.

Therefore, the c/a or b/a ratio alreay indicates that Ca,Sb,10 and
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CasBia11 were truly binary phases. The c/a or b/a of SrgBi,9 is close to
that of CagX, (X = Sb, Bi). Thus, it might be also a pure binary phase.
Using our data, we confirm that the reported Sr Sb,,12 BasSb,,!3
CagSb,; (B-YbgSby)10 and CagBizll were probably all binary phases without
any interstitials inside of them. Also, the reported Sr.Bi, (Mn5513),
BagBi 13 and SryBi, (g-YbsSby)? could be pure binary phases too. The
only unconfirmed compound is CagSb, (MnSSis); because no single crystal
study has been done on it.
Relationship between rM/rx and structure type
In Table 1, it seems that there is a clear boundary that separates
these two structure types. Furthermore, CagSb, and Sr Bi, are located on
the boundary line. Therefore, the ry/ry (using metallic radii for
coordination number 1217) were calculated and listed in Table 1. Com-
paring the values of rM/rx, it becomes clear that those with
ry/ryx > 1.3 form MngSi, structure, and with ry/ry < 1.2, g-Yb.Sh,
structure is adopted. When ry/ry at ~1.25 both structures can exist.

So the structure types might be dependent on the relative size of the M

and X atoms.
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Conclusion

From the study, the coexistences of hexagonal and orthorhombic
phases of CagSb,, SrsBi; and YbgSb, were confirmed, although the transi-
tion temperature and the nature of the phase transitions were still not
clear. Furthermore, the hexagonal phase is the high temperature phase.
From the results, it seems that the time needed to reach equilibria could
be longer than 1 month.

The relationship between these two types are discussed using hexa-
gonal nets to reveal the resemblance and differences. Also, the struc-

ture type might be determined by the ratio of ry/ry.
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PART III. MgX,Y TERNARY SYSTEM

Introduction

Recently, it was found in our laboratory that Zr Sb,1 with the
MngSi, structure, which has octahedral holes surrounded by zirconium
atoms, could take up to fourteen different elements in this position
including transition metal and main group elements. The physical
properties of ZrgSbyX (X = interstitial element) also varied dramatically
on changing different interstitial elements. For instance, Ir SbFe?
showed strong ferromagnetism.

The M;X; (M = Ca, Sr, Ba; X = Sb, Bi) phases all have the Mn Si,
structure except CagBi, which belongs to g-Yb,Sb, structure (see Part
II). Therefore, a couple of interstitial elements were tried to expand
knowledge from Zr.Sb,X to the M X,Y (Y = interstitial element) systems.

MsX, with C, 0

The studies of M X,Y were started by adding C and 0 as the inter-
stitial sources, because these are the most common source for the inter-
stitials. Instead of the desired products, M;X,Y, the reactions seemed

to proceed as follows:

5Ca+3b+C 879C5 1/2 caC, 4 3/2 "Ca,Sh,"
1 week

4ca+3spb+ca0 229L> ca b0+ 1/11 Cay by 3 + ...
1 week

In the carbon reaction, the product "Ca3$b2" turned out to be a new

phase and will be discussed in Part IV. Although these two reactions did
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not give the positive results, they all strongly suggested that the
products followed simple valence rules. There are five M atoms to
furnish ten electrons, while the three Sb or Bi atoms, will each accept
three electrons. The total amounts of electrons accepted is nine. There
should be one electron available for the interstitial elements. There-

fore, halogen was tried as the interstitial elements.

MgX3 with Cl
MC1, (M = Ca, Sr, Ba) and CeCl, were used as the source for M.X,Y
reactions. They were all loaded with the right stoichiometries into
tantalum containers, sealed and reacted at 850°C — 950°C, which is above
the melting points of all of the chlorides, for 1 — 2 weeks in tube or
Marshall furnaces to give MgX;Y products with the filled-Mn Si, struc-

ture. The reactions can be represented by the following equations:

9/2 M+ 1/2 M1, + 3 x 850°C—950°C,

M X;C1, M = Ca, Sr and Ba
1 — 2 weeks

850°C — 950°C .

14/3 Ce + 1/3 CeCl, + 3 X CegX4Cl, X = Sb and Bi

1 — 2 weeks

The products of the listed reactions were all obtained in quanti-
tative yield (Table 1) and also with good crystallinity judging by the
powder patterns of the products. They were chunk-like mixed with a few
spherical crystals together and all showed dark gray or black luster.
The lattice constants of these compounds were refined by the LATT* pro-
gram and listed in Table 1. Two of them, CagSb,C1 and BagSb,Cl, were

further studied by single crystal diffraction.
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Table 1. Lattice constants@ (&) of M5X3b (MnSSia) and M5X3Yb

Compounds a b c/a source
Ca55b3 9.0321(3) 7.0280(8) 0.778 rxn. 231
CaSSb3C] 9.0805(3) 7.0898(6) 0.781 rxn. 296
CagBi,Cl 9.220(1) 7.166(1) 0.777 rxn. 300
CagBi4Br 9.2743(5) 7.2832(8) 0.785 rxn. 331
SrySby 9.5037(5) 7.4095(8) 0.780 rxn. 368
SrgSb;Cl 9.5541(4) 7.4328(7) 0.778 rxn. 398
Bag Sb, 9.964(3) 7.694(4) 0.772 rxn. 305
BagSb 4C1 10.062(4) 7.770(6) 0.772 rxn. 306
Bag Sb,yBr 10.1213(9) 7.852(2) 0.776 rxn. 525
BagBi, 10.098(2) 7.768(3) 0.769 rxn. 308
BagBi ,C1 10.188(3) 7.837(4) 0.769 rxn. 307
BagBi,Br 10.251(2) 7.918(2) 0.772 rxn. 531
CegSb, 9.302 6.51g 0.700 ref. 9
Ce5$b301 9.4416(9) 6.568(4) 0.696 rxn. 333
CeBi, 9.53 6.587 0.691 ref. 5
CegBi,4Cl 9.5812(5) 6.6334(6) 0.692 rxn. 334
CegBi4Br 9.6252(5) 6.6974(6) 0.696 rxn. 340

aThe lattice constants were calculated from as many sharp lines

as possible in the powder patterns.

Usually, 10 — 20 lines were used for

MgX; while 20 — 30 Tines were used for M_X.Y during the calculations.

bA11 the MsX3 and MgX3Y are single products from the reactions
except CagSb; (see Part II).
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The structures of CagSb;C1 and BagSb,Cl

Suitable spherical crystals of CagSbsC1 (0.10 x 0.10 x 0.10 mm) from
rxn. 296 and Ba;Sb,C1 (0.08 x 0.08 x 0.08 mm) from rxn. 306 were mounted
into 0.2-mm capillaries. The singularities and qualities of the crystals
were investigated by unaligned oscillation photographs only. No Weissen-
berg photographs were taken owing to the difficulties of the alignment of
crystals without regular shapes. Before collecting the reflection data
of the crystals, their singularities were further checked by taking axial
photographs on the diffractometer where the lattice constants of CagSb,Cl

and Ba;Sb,C1 were: a = 9.114(2), b = 9.108(2), ¢ = 7.113(4) A; o« =

90.02(4)°, 8 = 90.08(4)°, y = 120.05(2)° and a = 10.096(6), b =

10.072(7), c = 7.762(1) A, o« = 90.01(6)°, B = 90.01(6)°, v = 120.06(5)°,
respectively, after indexing 12 and 9 reflections for each crystal from a
SYNTEX P2, diffractometer. Those lattice constants are fairly consistent
with the constants indexed from Guinier powder patterns (see Table 2).
A1l single crystals data sets were collected with monochromatic Kq
radiation (A = 0.71034 A) on the SYNTEX P2, four-circle diffractometer.
No evidence of decay was noted after checking standard reflections every
75 reflections. Details regarding the data collections and structure
solution are sumnarized in Table 2. Both data sets were corrected for
absorption using a psi-scan method with the reflections turned every 10°
in ¢ and the program ABSN® (2p = 23.07° and 47.16° for Ba;Sb,Cl; 20 =
18.84° and 23.36° for Ca.Sb,C1). Two octants of data collected with no
restrictions yielded an independent data set with no reflections elimi-

nated by a cutoff of 60 from the average. Structure factors calculations
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Table 2. Diffraction and refinement data of MSSb3C1 (M = Ca, Ba)

BagSb,Cl Ca Sb,Cl
Space group P6,/mcm (No. 193) P64/mcm (No. 193)
Z 2 2
Cell dimensions,? A
a 10.062(4) 9.0805(3)
c 7.770(6) 7.0898(6)
Size of crystal (mm) 0.10 x 0.10 x 0.10 0.08 x 0.08 x 0.08
Octants measured h,k,xg h,k,tg
Scan type w w
20-max, deg. (Mo Ka) 50 50
p(Mo Ka), cm™1 206.6 105.8
Transm. coeff. range 0.52 — 1.00 0.32 - 1.00
Number of reflections
meas. 945 737
obs. (>30(I)) 756 571
indep. 248 190
R(ave) | 0.028 0.035
Structure solution
RD 0.051 0.038
Ry 0.089 0.059

aThe cell dimensions calculated from 9 and 15 lines of the Guinier
powder pattern of BagSb,Cl and CagSb,C1, respectively, Cu Kay, A =
1.540%56 A.

bR = T1IFol = IFcII/TlFols Ry = [IW(IFol - [Fcl)2/Iw[Fol2]1/2.
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and full-matrix least-square refinements were carried out with the pro-
gram ALLS? while Fourier series calculations were done with FOUR,8

The refinement of the structures of CagSb,C1 and Ba Sb,C1 were
carried out on the space group P6,/mcm. The initial step used the
parameters of BaSSb3,9 then added the C1 positions at (0,0,0) and
0,0,1/2). Before doing anisotropic temperature factor refinements, the R
values were 0.058 anbd 0.062 for CagSb,Cl and Ba.Sb,Cl, respectively.
The R's and Ry's for CaSSb3C1 and BaSSb3C1 ended with 0.038, 0.059 ahd
0.051, 0.089, respectively, after refining the anisotropic temperature
factors. The occupancies of the chlorine atom positions were refined to
be fully occupied. The stoichiometries turned out to be CaSSb3C11.00(“)
and BagSb3Cly 4(g). The final atom positions and temperature
factors are listed in Table 3.

The most significant features are the anisotropic "motion" of the
- Ca(2), Ba(2) and C1 atoms parallel to the c-axis with B,3/B;; < 2.2.
Similar phenomena have also been noted in Eu5A53.1° It has the same
Mn.Si; structure, the By, of Eu(2) is much larger (about 10 times) com-
pared with B,, and B,,. To overcome this problem, Tower symmetry space
groups (P62c, Pbc2, P6 cm and P§c1) were tried for averaging and refine-
ments. The Ryye's and R's were all about the same for those space
groups. Since the C1 atom is Tocated in the octahedral site composed by
Ca(2) or Ba(2) atoms, these phenomena might be caused by the correlation
effect between C1 and Ca(2) or Ba(2).

The final difference map of CagSb,C1 showed two independent residual

densities smaller than 1.2 e/A3. The first (~1.0 eA3) was located not
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Table 3. The atomic and thermal?® parameters of MgSb Cl (M = Ca,Ba)

Atom X y z By, B,, B3

Sb 0.3909(1) 0 1/4 0.70(6) 0.81(7) 97(8)
ca(l)  1/3 2/3 0 1.2(1) By, 6(2)

Ca(2) 0.2568(4) 0 3/4 1.0(1) 1.0(2) 2(2)

Cl 0 0 0 0.9(2) By, .9(4)

Sb 0.3912(2) 0 1/4 1.5(1) 1.3(1) .6(1)

Ba(l)  1/3 2/3 0 2.0(1) B, (1)

Ba(2) 0.2578(2) 0 3/4 1.5(1) 1.4(1) .6(1)

C1 0 0 0 1.8(4) By, .4(6)

%, , = 1/2B,, and B, = B,, = 0 for all atoms.
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only close to Sb (~1.3 A) but also close to Ca(2) (~1.9 A). The second
(~0.9 e/A3) was close to Sb atoms (~2.1 A). For BagSb,C1, there were
three independent residual densities in the final difference map with
values smaller than 1.2 e/A3. The first (~1.1 e/A3) was very close to
Ba(2) (~0.1 R). The second one (~0.8 e/A3) was also close to Ba(2) (~2.0
R), while third one (~0.9 e/A3) was close to Sb (~0.8 A).

Description of the structure

Figure 1 shows a projection of the structure of M55b3C1 (M = Ca and
Ba) on the [001] plane. The alkaline earth metals occupy two different
crystallographic sites corresponding to the point symmetries mm for M(1)
forming infinite linear chains parallel to the c-axis and 32 for M(2)
which forms trigonal antiprismatic infinite chains also parallel to the
c-axis. There is one crystallographic type of Sb atom at the point
symmetry mm which is located between those infinite trigonal prisms.
Finally, the C1 atom at a point of symmetry of 3m occupies the trigonal
antiprism sites generated in the trigonal antiprism chains.

To illustrate the trigonal antiprism chains further, Figure 2 shows
the chain extended along the c-axis. The Cl1 atoms are centered at the
octahedral sites formed by six alkaline earth metals. The Sb atoms are
outside the chain with the same z coordinates as those of alkaline earth
metals M(2).

The crystal structure of MgSb,Cl can also be described in terms of

SbMg units.9»11 Each one of these units contains four M(1) and five



Figure 1. The projection of {001] plane of McSb,C1 (M = Ca, Ba). Open ellipsoids = Ca or Ba
atoms; shaded ellipsoids = Sb atoms; crossed ellipsoids = C1 atoms

LL
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Figure 2. The antiprismatic chain extending along the c-axis in Mg Sb,CT.

The representations of the ellipsoids are the same as F1gure
1
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M(2) (antiprism) atoms. These nine M atoms are arranged at the corners
of a very distorted tetrakaidecahedron centered by a Sb atom. Such a
unit is shown in Figure 3. Each SbMyq group shares its nine M atoms with
other groups but not all the M atoms are equally shared. The M(1) atoms
are common to six groups. The M(2) atoms, on the other hand, are shared
among five SbMy groups only. So the stoichiometry of the combined tetra-
kaidecahedral is M(l)u/GM(Z)S/SSb = M(1)2Ma(2)35b3 = MgSb,. Figure 4(a),
(b) show the structure of MgSby around Sb at z = 0.25 and z = 0.75,
respectively, while (¢) is composed by superimposing (a) and (b). The

octahedral sites of Cl1 atoms are located at the center of (c).

Comparisons of the bond distances

The main difference of bond distances between Baz;Sb,% and BagSb,Cl
is the distances between trigonally related Ba(2) atoms. It expands from
4.32 g in BagSb, to 4.493(5) & in BagSb,Cl. This is due fo the insertion
of Cl in the latter causing such expansion. However, the distances
between intertrigonal Ba(2) atoms did not change very much from 4.60 A in
BagSb, to 4.072(3) A in BagSb3Cl. These indicate that the interaction
between intratrigonal Ba(2) atoms becomes weaker as C1 is added into the
octahedral sites while the interactions between intertrigonal Ba(2) is
the same or even less than that of BagSb,. All the distances (<4.8 &)
are listed in Table 4. The distances in Ca Sb,C1 are also summarized in
Table 4. Since no single crystal study of CagSb, (Mn5513) has been

reported, no further comparison between CagSb, and CagSb,Cl can be made.



80

M2’ M1

M2

M2’ U | O M1

Figure 3. Arrangements of [SbMg] in MgSb,Cl. Two minor planes pass
through Sb, containing the two M, and two M,' atoms,
respectively '



81

001] plane

o
—
«Q
+ QO
v O
—E
g5
[~
o ©
Q
= QO 5
own
-
PR —
[S = I V]
U Y4 =
b +
o w
e N4
o « O
o
~—~ @
(- I | I
— [e]
N »n
—
O e
on S —
0 on
)~ =
na O
= ~— WU
[——
c v
— B 4
[ =]
—— D
2°2
3
2 0 '
(72 2% B~
[S— =1
|
Y- O QO
o 4% £
e
v N
N D
LA o
x O m©
< —
— 0
— v
N 3
1} ~—
0 B —
o~ S e

Figure 4.



82

Figure 4. (continued)
c) The operlapping of (a) and (b) around C1 atoms
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Table 4. Distances (A) of BaSSbg, BagSb4C1 and CagSb4Cl

Atom 1—  Atom 2 Ba Sb, 3 Ba Sb ,C1 CagSb,Cl
sb — M(2) (2x) 3.43 3.466(3) 3.135(1)
S — M(2) (1x) 3.57 3.532(4) 3.209(4)
sb —  M(2) (2x) 4.11 4.110(3) 3.761(1)
b —  M(1) (4x) 3.63 3.662(2) 3.327(1)
ML) - M(1) (2x) 3.87 3.885(4) 3.556(2)
M(1) — M(2) (6x) 4.27 4.260(3) 3.871(2)
M(1) — Sb (6x) 3.63 3.662(2) 3.327(1)
M(2) — M(1) (4x) 4.27 4.260(3) 3.871(2)
M(2) — M(2) (2x) 4.32 4.493(5) 4.053(7)
M(2) — M(2) (4x) 4.60 4.672(3) 4.257(3)
M(2) — sb o (2x) 3.43 3.466(3) 3.135(1)
M(2) — sb (1x) 3.57 3.532(4) 3.209(4)
M(2) - Sb (2x) 4.11 4.110(3) 3.761(2)
C1 - M(2) (6x) 3.241(2) 2.939(3)
c1 - ¢l (2) 3.885(4) 3.556(2)
1 — Sb (6x) 4.389(3) 3.981(1)

3These values adopted from ref. 9.
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Bonding distances between M and C1 in M Sb,Cl

The distances between M and C1 are around the order of the sum of
the ionic radii,!2 e.g., the sum of the ionic radius of Ca*2 and C1- is
2.81 A, while the distance between Ca and C1 in CagSb,Cl1 is 2.939(2) A.
The same thing is observed in Ba Sb,Cl. The sum of ionic radiil2 of Ba2*
and C17 is 3.16 A is a little bit shorter than the distance (3.241(2) &)
between Ba and C1 in BagSbyCl too. Probably, the same conclusion can be

applied to other M;X;C1 and MgX;Br phases.

MgX; With Br
The syntheses of CagBi,Br, CesBi,Br, BasSbyBr and BasBi3Br were all
from the elementary starting materials of Ca, Ce, Ba and Bi or Sb plus
the appropriate amount of BiBr, or BaBr,. The reactions were run at
~890°C for a couple days. The reactions can be represented as the

following equation:
5 Ca+ 8/3 Bi +1/3 BiBr; ——> CagBi Br

5 Ce + 8/3 Bi +1/3 BiBry ——> CegBiBr

9/2 Ba + 1/2 BaBr, + 3 Bi > BagBigBr

9/2 Ba + 1/2 BaBr, + 3 Sb > BagSb,Br.

The structures of MgX;Br are the same with MgX,Cl. Most of the
products are dark gray with metallic luster. The lattice constants of
them are also listed in Table 1. Compared with M X,C1, the lattice

constants of MgX;Br are much larger.
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MsXy With F

Syntheses of CagSb;F and CagBi,F

The first attempt to make CagSb,F at 900°C by loading stoichiometric
amounts of elementary calcium, antimony and calcium fluoride (Fisher Co.)
did not work. Since the melting point of CaF, (1403°C) is very high
compared to the reaction temperature tried, the reaction was repeated by
induction heating (~1250°C) for a couple of hours. The powder pattern of
the product did not show the presence of CaF,. It also showed the expan-
sion of the lattice constants of the B-YbySb, structure along b and ¢
axes and shrinkage at a direction (see Table 5). Using the similar con-
dition, the.analogue CagBisF also was synthesized. The lattice constants
of CagBi,F calculated by LATT program also showed the same trends as
Ca;Sb,F (Table 5). Also, the powder patterns indicated that the yields
were very high (>95%) in both reactions. Both products also show gray
metallic luster. However, it was observed that the annealing of the
product at 850°C after quenching from the high temperature in induction
furnace did help the growth of the single crystals and improve the

crystallinity of the products.

Structure determinations

A suitable size crystal of CagSb,F (0.225 x 0.175 x 0.10 mm) was
mounted into 0.2-mm capillary and used for X-ray measurement. The cell
indexing and data collection were done on an automatic four-circle
diffractometer DATEX. A total of 2386 intensity data were collected with

20(max) = 55° (Mo Ka radiation, w-scan mode). After correction for
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Table 5. Orthorhombic lattice constants of CagX; (B-YbgSb,;) and CagX,F
CagSb,2 Cag Sb,yF CaBi,? CagBi F

a 12.537(4) 12.442(2) 12.766(1) 12.602(2)

b 9.555(2) 9.653(2) 9.706(2) 9.771(2)

c 8.296(2) 8.381(2) 8.437(2) 8.501(2)

No. lines (14/14) (38/40) (20/20) (18/19)

v 993.9(5) 1006.6(3) 1045.3(3) 1046.8(3)

rxn. # 231 364 408 407

9The reaction conditions and yields of Ca55b3 and Ca5813 in this
structure have already been discussed in Part II.



87

Lorentz, polarization and absorption effects 2147 reflections with I >
30(I) were used for the structure determination. The systematic absence
led to the space group Pnma (No. 62) which is the same as CagSh,
(3-Y65$b3).13 Since the lattice constants of CagSb,F are close to those
of CagSb,, the refinement of the structure started with the atom posi-
tions of CagSby.13 After two antimony and four calcium atom positions
were refined, R and Ry were 0.108 and 0.143. The isotropic temperature
parameter refinement led to R and Ry of 0.089 and 0.122. From the
difference map, the fluorine position was derived. After adding the
fluorine atom and doing anisotropic temperature parameter refinement, the
R and Ry turned out to be 0.050 and 0.064. The occupancy of the fluo-
rine position also refined to be fully occupied. Finally, the secondary
extinction correction led to 0.025 and 0.033 for R and Ry, respec-
tively. The final difference map did not show any peak greater than 1.2
e/A3. The maximum residual density group was located at (0.156, 0.906,
0.0625) which is close to the Sb(l) atoms (0.95 R). The refinement data
and atom and temperature parameters are listed in Tables 6 and 7,
respectively.

The structure of CagBisF also was solved by using the DATEX diffrac-
tometer and following a similar procedure to that described for CagSb,F
case. The occupancy of the fluorine position refined to be fully occu-
pied too. However, the peak profiles of the reflections collected indi-
cated how the crystal might be out of center or be cracked. Thus, the
final R and Ry were only lowered to 0.060 and 0.058. The refinement

data and thermal, and positional parameters for CagBi,F also listed in



88

Table 6. Diffraction and refinement data of CaSSbsFa and CaSBiaFa

CagSh,F CagBi,F
Space group Pnma (No. 62) Pnma (No. 62)
Z 4 4
Cell dimensions,P A
a 12.442(2) 12.602(2)
b 9.653(2) 9.771(2)
c 8.381(2) 8.501(2)
Size of crystal (mm) 0.23 x 0.18 x 0.10 0.13 x 0.18 x 0.03
Octants measured th,tk,2 th,+k ,2
Scan type w w
20-max, deg. (Mo Ka) 55 55
p(Mo Ka), cm=1 105.3 530.13
Transm. coeff. range 0.15 — 0.17 0.05 — 0.40
Number of reflections :
meas. 2386 2072
obs. (>30(I)) 2147 1769
indep. 1127 974
R(ave) 0.019 0.037
Strycture solution
RC 0.025 0.060
Ry 0.033 0.058

dThree ¢-scans were applied for each.

bThe celldimensions indexed from 38 and 18 lines of the Guinier
powder patterns of Ca;SbyF and CagBisF, respectively, Cu Kay, A = 1.54056
AO

R =LIIFol - IFcil/TIFols Ry = [Iw(IFol - [Fcl)2/u[Fo[2]1/2.



Table 7. Positional and thermal parameters of CagSh,F and CasBisF
Atom X y z B1a
Sb(1) .17037(3) -0.01878(4) 0.07525(4) .34(2)
Sb(2) .01841(4) 1/4 0.41771(5) .33(2)
Ca(1) .07273(9) 0.0422(1) 0.6933(1) .94(4)
Ca(2) .2290(1) 1/4 0.3229(2) 38(5)
Ca(3) .2855(1) 1/4 0.8561(2) 24(5)
Ca(4) .5074(1) 1/4 0.4556(2) 33(5)
Fa .6036(3) 1/4 0.6971(5) 7(2)
Bi(1l) .17092(7) -0.01882(8) 0.0766(1) 93(4)
Bi(2) -0.0188(1) 1/4 0.4171(2) 95(5)
Ca(1) 0.0722(4) 0.0443(4) 0.6939(6) 5(2)
Ca(2) .2300(6) 1/4 0.3209(8) 2(3)
Ca(3) .2835(6) 1/4 0.8583(9) 0(3)
Ca(4) 5U77(6) 1/4 0.4683(9) .8(3)
FP .605(2) 1/4 0.697(3) 7(3)

dRefined occupancy = 1.01(1).

bIsotropic temperature factor only and refined occupancy 0.98(5).
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B33

B

B

B

22 12 13 23
.31(2) 1.31(2) 0.052(9) | -0.109(9) -0.02(1)
.04(2) 1.12(2) 0 0.09(1) 0
.14(4) 1.55(4) -0.03(3) -0.27(3) -0.16(3)
.82(6) 1.56(8) 0 -0.11(4) 0
.96(6) 1.57(6) 0 -0.17(4) 0
.54(6) 1.25(5) 0 -0.17(4) 0

.0(2) 1.3(2) 0 0.0(0) 0

30(3) 1.61(3) 0.06(2) -0.16(3) -0.03(3)
11(4) 1.41(5) 0 0.12(5) 0

.2(1) 1.7(2) -0.0(1) -0.5(2) 0.0(1)
.8(2) 1.5(3) 0 -0.0(3) 0

9(2) 1.7(3) 0 -0.1(3) 0

5(2) 1.8(3) 0 -0.1(3) 0
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Tables 6 and 7, respectively. The poorer refinement could be seen in the
form of the thermal parameters. For instance, the B,, of F atom was 2.7
(12). However, it should be noted the absorption coefficient was
unusually high 530.1 cm~! due to the heavy Bi atoms, and the crystal was
a good diffractor while the 20 collected only set at 55°. To further
investigate the refinement, the final difference map was carefully
checked. The difference map showed no peaks (or positions) with densi-
ties greater than 1.5 e/A&3. Most of them were found around Bi(1l), Bi(2),
Ca(l) and Ca(2) atoms at distances from 0.16 A to 2.26 A. The résu]t
confirmed that the data collection was not done well, because it always

showed the streaking along the b-axis on the map.

Description of the structurel®

CagSbyF or CagBizF has a double layer structure (Figure 5). Layers
of Ca atoms in the special positions 4(c) with atoms at y = 1/4 and 3/4
(open ellipsoids) that are almost superimposed form trigonal-hexagonal
network (Figure 5), then Sb (or Bi) atoms also at y = 1/4 and y = 3/4
almost center the hexagons but are displaced to opposite ends on alter-
nate layers. These successive layers at Ca atoms thus form slightly
skewed hexagonal and trigonal prisms. The Sb or Bi and Ca atoms in the
general positions 8(d) with y = 0 or 1/2 (shaded ellipsoids) form a
puckered diamond-pentagon network (not shown). These Sb or Bi atoms
center the trigonal prisms while pairs of Ca atoms center the hexagonal

prism.



Figure 5. The unit cell of CasSb3F projected on [010] plane.
ellipsoids: Sb atoms; cross ellipsoids: F atoms.

= 1/4 while solid lines connect Ca atoms at y=3/4

Open ellipsoids: Ca atoms; shaded
Dashed lines connect Ca atoms at y

¢6
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The F atoms (crossed ellipsoids) are located at two opposite ends of
the hexagon with y = 1/4 and 3/4. Thus, the structure of Ca,SbsF or
CagBisF is composed of columns of [SbCag] or [BiCag] trigonal prisms
stacked on their triangular faces parallel to b-axis and sharing edges to
form hexagonal channels of Ca atoms (Figure 6) occupied by [Ca,Sb,] or
[Ca,Bi,] parallelograms sharing Sb corners to form a slightly twisted
ribbon. The F atoms occupy the rather distorted tetrahedral sites formed
by two Ca atoms in the ribbon and two Ca atoms from the hexagonal

channels (Figure 7).

Comparisons between CagX; and CagX;F (X = Sb and Bi)

In contrast to M.X, and CagX;F (X = Sb and Bi), the lattice con-
stants of CagX;F have not expanded along three axes compared with those
of CagX; (B-YbgSb;),13,15 but only along b and c axes. This reflects
to the atom-atom distances (Table 8). Not all the distances became
longer after F was inserted. To rationalize this, the environment around
F needs to be considered. The F is located at a distorted tetrahedral
sites which is composed of two Ca(l), one Ca(3) and one Ca(4) atoms
(Figure 7). The distances between F and Ca atoms in CagSboF are not
equal ranging from 2.237(2) A to 2.301(5) & and one of the angles
(127.2(2)°) deviates well from the ideal tetrahedral angle 109.5° (Table
9). Since the distances of F to Ca(4) and Ca(3) are the longer two, the
expansion caused by inserting F might not be as significant as the cou-
lomb interaction of the oppositely charged calcium cations and fluoride.

Therefore, the a-axis of CagX3F are smaller than those of CagXj.



Figure 6.

The same projection of CasSb,F as in Figure 5 except the shortest distances between
F and the four neighboring Ca atoms are drawn in

143
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Cat

Figure 7. The chemical environment around F in CagSb,F
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Table 8. Comparisons of bonding distandes between Ca Xq 13,15 and
CagX;F (X = Sb, Bi) .

Atom 1 —~ Atom 2 CagSb, CagSb,F CagBi, CagBi,F
Ca(l) — X(2) (x1) 3.029(2) 3.042(1) 3.093(8) 3.100(4)
ca(l) — X(2) (x1) 3.207(2) 3.259(1) 3.244(8) 3.300(5)
Ca(l) X(1) (x1) 3.357(2) 3.345(1) 3.409(8) 3.396(6)

Ca(l) — X(1) (x1) 3.362(2) 3.471(1) 3.427(8) 3.537(5)
Ca(l) — Xx(1) (x1) 3.670(2) 3.593(1) 3.757(8) 3.641(5)
ca(l) — Ca(4) (x1) 3.564(2) 3.582(2) 3.631(8) 3.599(8)
Ca(l) — ca(3) (x1) 3.576(2) 3.584(2) 3.641(8) 3.617(8)
ca(l) — Ca(4) (x1) 3.721(2) 3.759(2) 3.804(8) 3.837(7)
Ca(l) — ca(l) (x1) 3.798(2) 3.795(2) 3.854(8) 3.864(10)
ca(l) — Ca(2) (x1) 3.866(2) 3.895(2) 3.944(8) 3.955(7)
Ca(l) — ca(l) (x1) 3.948(2) 4,007(2) 3.972(8) 4.021(8)
ca(l) — Ca(3) (x1) 4.100(2) 4.109(2) 4.143(8) 4.181(8)
Ca(l) — ca(2) (x1) 4.123(2) 4,171(2) 4.177(8) 4.248(8)
ca(l) — Ca(3) (x1) 4.314(2) 4.360(2)

Ca(2) — Xx(2) (x1) 3.164(2) 3.171(2) 3.218(8) 3.240(8)

ca(2) — X(1) (x2) 3.283(2) 3.316(1) 3.340(8) 3.374(5)

Ca(2) — X(1) (x2) 3.360(2) 3.398(1) 3.412(8) 3.430(5)

ca(2) — X(2) (x1) 3.778(2) 3.727(2) 3.840(8) 3.758(8)

Ca(2) — cCa(4) (x1) 3.641(2) 3.656(2) 3.697(8) 3.718(11)
ca(2) — Ca(4) (x1) 3.682(2) 3.661(2) 3.746(8) 3.727(10)
ca(2) — ca(l) (x2) 3.866(2) 3.895(2) 3.944(8) 3.955(7)

ca(2) — Ca(3) (x1) 3.969(2) 3.973(2) 4.049(8) 3.990(10)
Ca(2) — cCa(l) (x2) 4.123(2) 4,171(2) 4,177(8) 4,248(8)

ca(2) — cCa(3) (x1) 4.462(2) >4.5

Ca(3) — X(2) (x1) 3.068(2) 3.084(2) 3.118(8) 3.140(8)

ca(3) — X(2) (x2) 3.291(2) 3.286(1) 3.349(8) 3.342(6)

Ca(3) — x(1) (x2) 3.425(2) 3.483(1) 3.484(8) 3.515(5)

ca(3) — Ca(l) (x2) 3.576(2) 3.584(2) 3.641(8) 3.617(8)

Ca(3) — ca(4) (x1) 3.854(2) 3.761(2) 3.947(8) 3.775(10)
Ca(3) ~ Ca(2) (x1) 3.969(2) 3.973(2) 4.049(8) 3.990(10)
Ca(3) — ca(l) (x2) 4.100(2) 4.109(2) 4,143(8) 4.181(8)

ca(3) — Ca(4) (x1) 4.200(2) 4,274(2) 4.258(8) 4.356(11)
ca(3) — Ca(l) (x2) 4.314(2) 4.360(2)

ca(3) — Ca(2) (x1) 4.462(2) >4.5



97

Table 8. (continued)

Atom 1 — Atom 2 CagSb, Ca SbF Cagbi, Ca Bi F
Ca(4) — X(2) (x1) 3.212(2) 3.226(2) 3.255(8) 3.293(8)
Ca(4) — X(1) (x2) 3.258(2) 3.268(1) 3.304(8) 3.320(5)
Ca(4) — X(1) (x2) 3.258(2) 3.305(1) 3.324(8) 3.358(4)
Ca(4) — Ca(l) (x2) 3.564(2) 3.582(2) 3.631(8) 3.599(8)
Ca(4) — ca(2) (x1) 3.641(2) 3.656(2) 3.697(8) 3.718(11)
Ca(4) — Ca(2) (x1) 3.682(2) 3.661(2) 3.746(8) 3.727(10)
Ca(4) — ca(l) (x2) 3.721(2) 3.759(2) 3.804(8) 3.837(7)
Ca(4) — Ca(3) (x1) 3.854(2) 3.761(2) 3.947(8) 3.775(10)
Ca(4) — ca(3) (x1) 4.200(2) 4.274(2) >4.5 4.356(11)
X(1) — ca(4) (x1) 3.258(2) 3.268(1) 3.304(8) 3.320(5)
X(1) — Ca(4) (x1) 3.258(2) 3.286(1) 3.324(8) 3.358(6)
X(1) — ca(2) (x1) 3.283(2) 3.305(1) 3.340(8) 3.379(4)
X(1) — Ca(3) (x1) 3.291(2) 3.316(1) 3.349(8) 3.342(6)
X(1) — Ca(l) (x1) 3.357(2) 3.345(1) 3.409(8) 3.396(6)
X(1) — Ca(2) (x1) 3.360(2) 3.398(1) 3.412(8) 3.430(5)
X(1) — ca(l) (x1) 3.362(2) 3.471(1) 3.427(8) 3.537(5)
X(1) — Ca(3) (x1) 3.425(2) 3.483(1) 3.484(8) 3.515(5)
X(1) — ca(l) (x1) 3.670(2) 3.593(1) 3.757(8) 3.641(5)
X(1) —  X(1) (x1) 4.412(2) 4.427(1) 4.492(8) >4,5
X(1) —  X(1) (x1) 4.478(2) 4.459(1) >4.5 >4.5
X(2) — ca(l) (x2) 3.029(2) 3.042(1) 3.093(8) 3.100(4)
X(2) — Ca{3) (x1) 3.068(2) 3.084(2) 3.118(8) 3.140(8)
X(2) — cCa(2) (x1) 3.164(2) 3.171(2) 3.218(8) 3.240(8)
X(2) — Ca(l) (x2) 3.206(2) 3.226(2) 3.244(8) 3.300(5)
X(2) — Ca(4) (x1) 3.212(2) 3.259(1) 3.255(8) 3.293(8)
Xx(2) — Ca(2) (x1) 3.778(2) 3.727(2) 3.840(8) 3.758(8)
F — Ca(l) (x2) 2.237(2) 2.25(1)
F — Ca(4) (x1) 2.276(5) 2.30(2)
F — Ca(3) (x1) 2.301(5) 2.29(3)

F —  X(1) (x2) 3.550(3) 3.61(1)
F - X(2) (x1) 3.564(4) 3.63(2)
F - X(1) (x2) 4.059(4) 4.09(2)
F — Ca(3) (x1) 4.166(5) 4.28(2)
F —  X(1) (x2) 4.192(4) 4.28(3)

F — Ca(2) (x1) 4.311(5) 4.39(2)
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Table 9. Bonding distances (&) and angles (°) of [FCa,] in CagSb,F

Atom 1 — Atom 2 Atom 1 — Atom 2 — Atom 3
F — cCa(l) (x2) 2.237(2) Ca(l) — F — ca(l) 127.2(2)
F — Ca(4) (x1) 2.276(5) ca(l) - F — ca(3) 104.3(1)
F — Ca(3) (x1) 2.301(5) ca(l) — F — ca(4) 105.0(1)
ca(3) - F — ca(4) 110.5(2)

The distances between Ca and F in CagXjF are from 2.237 & to 2.301
R, slightly shorter than that in CaF,16 which is 2.36573 (1) & while the
distances between F and X atoms range from 3.350 & to 4.09 A, quite a bit
Tonger than those of XF417,18 which are from 2.1 A — 2.8 A&, and the
former apparently belong to nonbonding distances.

In an attempt to synthesize BagX,F, BaF,, from drying the precipi-
tate formed between BaCO; and HF solution, was used as the source of F
together with similar reaction conditions as those for Ca.X,F. This did
not give promising results. The gray BafF, powder was the only recognized

product in the powder pattern of the product.
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M;X; With S

Since the formation of CaSSb3C1 had been confirmed by powder pattern
and the single crystal studies, it was thought that the sites of C1 posi-
tions might be occupied by other nonmetal elements. Thus, rxn. 320 was
run to make CagSb,S,,,. The products are chunk-like with dark gray
luster. The powder pattern of the products was complicated and com-
pletely different from any M_X, phases.!® The cell constants determined
by TREOR20 program (19 Tines used) indicated a cubic cell with a =
9.6508(3) A, meaning it was also a pure single phase. After reviewing
the literature, it was concluded the product's composition should be
Ca,Sb, ,Sy., which stoichiometry is exactly equal to that of
CagSb;S,,,. The structure of Ca,Sb, ,S;,, belongs to the anti- and
defect-Th,P, 21 type structure. The calculated and observed intensities
from the powder pattern are listed in Table 10. In the structure, Sb or
S are surrounded by eight Ca atoms forming an octaverticon (Figure 8(b))
while Ca atoms are at distorted octahedral sites composed of six S and/or
Sb atoms (Figure 8(a)) if the vacancies are neglected. In
Causbz.uso-u’ one half of the distorted octahedral CaX6 (X = Sb, S)
groups share two faces (and three edges) and the others share three faces
(and one edge) with other octahedra meeting at the common (Figure 8(a)).

Since Ca,Sb,.,Sy., has a defect structure, it was thought a
range of CaquxSy might exist. Playing a simple mathematical game
and assuming 3x + 2y = 8 and x + y < 3, the possible range of x and y

would be 0 < y < 1 and 2 < y < 8/3. The two extreme cases are (a,Sb,S
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Table 10. The calculated? and observed powder patterns for Cat'sz.,*So.L+

h k 2 deale dobs Icale  lobs
2 1 1 3.9399 3.941(4) 42 50
2 2 0 3.4121 3.413(3) 1 3
310 3.0519 3.052(3) 100 100
3 21 2.5793 2.579(2) 62 60
4 0 0 2.4127 2.413(2) 1 1
4 2 0 2.1580 2.158(1) 29 35
3 3 2 2.0576 2.058(1) 19 25
4 2 2 1.9700 1.970(1) 10 12
4 3 1,5 1 0 1.8923 1.8930(9) 22 30
5 2 1 1.7620 1.7621(8) 10
4 4 0 1.7060 1.7060(7) 2
5 3 2,6 1 1 1.5656 1.5656(6) 36 40
6 2 0 1.5259 1.5259(6) 19 20
5 4 1 1.4892 1.4894(5) 15 20
6 3 1 1.4229 1.4227(5) 2
4 4 4 1.3930 1.3927(4) 13
5 4 3 1.3648 - 1 -
6 4 0 1.3883 1.3385(4) 8 15
7 2 1,6 3 3,5 5 2 1.3133 1.3133(4) 31 40
6 4 2 1.2896 1.2895(4) 6 7
7 30 1.2672 1.2668(4) 1 2
6 5 1,7 3 2 1.2257 1.2257(3) 6 8
8 0 0 1.2064 1.2065(3) 1 2
6 5 3 1.1535 1.1535(3) 7 10
8 2 2 . 1.1374 1.1370(3) 3 3
7 4 3,7 5 0,8 31 1.1219 1.1219(3) 16 20
7 5 2 1.0927 1.0930(2) 6 5

aThe lattice constants used is a = 9.6508(3) & and x(Ca) = 0.083,
Cu Ka, radiation A = 1.54056 A.
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Figure 8. The unit cell of M,(SbxY;); (M = Ca, Ba,; Y =S, I)
projected on [001] plane. Open ellipsoids: Ca or Ba atoms;
shaded ellipsoids: Sb/S or Sb/I. (a) shows the arrangement of

distorted [M(Sb/Y),] octahedra
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Figure 8. (continued)

(b) Shows the arrangement of [(Sb/Y)Mg] octaverticons
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and CaL,Sa/3 = Ca3Sb2; the latter will be proven in Part IV to belong to a
different structure, so the range becomes 0 < y <1 and 2 < x < 8/3.
In an attempt to synthesize Ca,Sb,S with an anti-Th P, structure,

the product went the other way. The powder pattern showed not only CaS

(NaC1-type) but also a hexagonal phase (indexed from 12 lines) with a
9.044(1) and ¢ = 7.170(3) A compared with the lattice constants of
CagSb,C1 and CagSb, (MngSiy) which are a = 9.0805(3), ¢ = 7.0898(6) & and
a = 9.0321(3), ¢ = 7.0280 (8) A, respectively. Apparently, the value of
a-axis is between these two limits, but the value of c-axis is larger
than either of them. That excludes the possibility of Ca55b3_xsy
(MngSi,), since the cell of it should be smaller than that of CagSb,
(MnSSi3). A1l the lines in the powder pattern can be assigned to either
CaS or the hexagonal phase. The possible product can be derived from the
following reaction to gain "CagSb,S, ,,":

4 Ca+25Sb+S——>2/3 CaS + 2/3 CagSh,S, ,,

However, a previous rxn. 320 to make CagSb,S,,, was without success
and formed Ca,Sb, .S, ., instead. The comparisons between these two
reaction conditions revealed that the reaction temperature for the former
was slightly higher than the latter (see Table 11). Even assuming forma-
tion of CagSb;S;,,, the unusual c-axis size still could not be rational-
ized by a MngSi,22 structure. There is another structure type CagPb,23
which is just a distorted MngSi; type. The space group of MngSi, is
P6,/mcm while that of CagPb, is P6gmc (acentric). The relationship of
lattice constants between CacPb, and Mn.Si, is: a(CagPb;) = v3a(Mn/Si,)

and c(Cast3) = c(MngSiz). Using the following Tattice constants a = /3



104

Table 11. Comparisons of rxn. conditions between rxn. 479 and 320

rxn. # stoichiometry rxn. conditions? products

479 Ca, Sb,S 900°C — 19 days CaS, CagSb,sS,,,

750°C — 2 days

550°C — 1 day
350°C— 4 nrs
320 CagSbyS, /5 870°C — 5 days  Ca,Sb,.,S,.,

640°C — 4 days

dFyurnace cooling.

x 9.044 A = 15.666(2) and ¢ = 7.170 A and the atom positions from CagPb,,
the calculated powder pattern is indistinguishable from not only the
experimental one but also the calculated one based on Mn/Si, structure
for the same dimensions, even in the low angle lines. Although the
structure of CagPb; actually is not a superstructure of MngSi;, the
structure has a very similar arrangement of atoms as that of Mn/Si,. If
"CagShyS,,," adopted CagPby, then the odd behavior of c-axis was not
surprising, because they were not the same structure type any more. It

was noted that the c-axis of a-EugAs; (CagPb,y) (7.2517(2) A) is greater
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than that of B-EugAs; (MngSiz) (7.0811(4) A).10 This phenomenon, also
observed in LasGe;X (X = Fe, Co)2% system is consistent with the obser-

vation in “Ca55b351/2".

MsX; With I

Rxn. 322 was loaded for BagSb,I according to the following equation

5 Ba + 8/2 Sb + 1/3 Sbl, > "BagSb I"

and was heated at 870°C for 6 days then annealed successively at 770°C,
670°C, and 470°C for a couple of days. The powder pattern of the product
did not contain the expected hexagonal phase such as BagSb,Cl1. It was
concluded to be a mixture, but not all the lines could be indexed by
TREOR program. The products were later proven to be Ba“sz.SIo.5 and
Ba,Sbl from single crystal studies and subsequent calculations of the
powder patterns. So the reaction should be rewritten as the following

equation:

5Ba+ 8/3 Sb+1/3 Sbl, > Baquz-slo-s + 1/2 BaZSbI.
Also, these two products were further confirmed in rxn. 477 and rxn. 478
which were Toaded with the right stoichiometries of starting materials

and followed by similar reaction conditions to that of rxn. 322.

Structure of Ba,Sb, sI;.g

Suitable crystals of Ba,Sb, I, . were mounted from rxn. 322
and loaded into 0.2-mm capillaries. After indexing one of them on DATEX
diffractometer, ALICE'S PREDICTION25 gave a rhombohedral cell with a =
9.08 A and o = 109.3°. At this stage, there were two choices to trans-

form the cell. One was a body centered cubic cell with a ~ 10.49 A, the



106

other was a primitive hexagonal cell with a = 14.84 and c = 9.05 A.
Since BagSb,C1 has a hexagonal cell, the hexagonal cell was chosen for
the data collection. Lots of effort was used to solve the structure
without any success until the structure of Ca,Sb, ,S,., was

confirmed.

The closeness of the cubic cell size of "BagSbyI" to that of
Ca,Sb,,,S,., raised the thought that the real composition of the
crystal might be Ba,SbyIy, isostructural with Ca,Sb, ,S;.,.

Before redoing the absorption correction, data reduction and data aver-
aging, the data set was transformed by using the UTILITY26 program from
the hexagonal to the cubic cell. The details of the data collection and
structure solution are summarized in Table 12. After anisotropic
temperature parameter refinement, the R is 0.088 and R, is 0.102,
assuming the stoichiometry Ba,Sb, I, ;. The final atom positions

and temperature factors are listed in Table 13. Figure 8(a) and (b)
represent the polyhedra around Ba or Sb/I projected on [001] plane.

Determination of the composition of Ba,SbyIy was tried by
refining the relative occupancy of Sb and I. Owing to the close atomic
numbers of Sb (51) and I (53), the standard deviation was too large. So
the real composition of Baquny was derived by assuming 3x + y = 8
and x + y = 3, i.e., that it was a valence compound with anti-ThaPu
structure. However, the composition of Ba,Sbyly was confirmed in the
later rxn. 477 which was loaded as Ba,Sb, I, . and gave the same
powder pattern (80% yield) as that of rxn. 322. Also, BauP2.510.527

has been reported to adopt anti-Th,P, structure.
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Table 12. Diffraction and refinement data of Ba,Sb, I,

Space group 143d (No. 220)
Z 4

Cell dimensions,? &

a 10.475(7)
Size of crystal (mm) 0.15 x 0.12 x 0.08
Octants measured th,tk,2
Scan type W
20-max, deg. (Mo Ka) 55
u(Mo Ka), cm-! 205.0
Transm., coeff. range 0.35 - 0.47

Number of reflections

meas. 722

obs. (>30(1)) 653

indep. 197
R(ave) | 0.030

Structure solution
RD 0.088
Rw 0.100

aThe cell dimensions indexed from 11 lines of the Guinier powder

pattern, Cu Ka;, A = 1.54056 A.

bR = J11Fol - IFc]1/1IFols Rw = [Iu(IFo] - IFc])2/Tw|Fo|2]/2.
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Table 13. Atomic and thermal parameters? of Ba,Sb, I

25705
Atom X y z B11 822 B12
Ba 16(c) 0.0713(2) x  «x 2.2(1) By, 0.16(8)
Sb, I 12(a)b 38 0 /4 2.1(3) 1.6(2) 0O

ap - _ _
By, = Bgg and B, =B, =8,,.

BThe position assigned as 5/6 Sb and 1/6 I.

After the structure solved, the cell constants of Ba,Sb, I, .
were accurately determined by LATT program to be a = 10.475(7) A (use 11
of 12 1ines). Before leaving this topic, it should be mentioned that
there was not any peak greater than 0.57 e/A3 on the difference map,

although the R value was only 0.088.

Structure of Ba,Sbl

In reviewing the literature, Ca,PI28 and Ba2P127 were found to adopt
the anti-a-NaFe0, structure. The structure of Ba,PI is composed of cubic
close packing of Ba with P and I filling alternate octahedral sites. The
packing sequence can be expressed as: Ac'BaCb'AcBa'C where a',b' and c'
represent P and a,c, represent I layers. However, the powder pattern of
rxn. 322 had only four lines left after excluding those lines belonging

to Ba,Sb, s15.5» and they did not match the calculated powder pattern
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based on anti-a-NaFe0, structure. However, they could be indexed to be a
cubic cell with a = 3.5485 (3) A. As mentioned before, the atomic number
of Sb is close to I and the size of Sb should be about the same order as
that of I. It might be possible that Ba,SbI adopts a simple cubic
structure, but the CsCl structure had been tested and excluded. After
doubling a-axis (i.e., a = 7.097 &) and NaCl model was tried, and the
calculated powder pattern matched with the experimental one very well
(see Table 14), proving that Ba,SbI adopted NaCl structure. When the
size of anions are close to each other, the NaCl structure is formed for
M, XY (M = Ca, Sr, Ba; X = N, P, As; Y = F, C1, Br, 1).29°33 For
instance, M,NF (M = Ca, Sr and Ba)29 all adopt the NaCl structure. To
illustrate this relationship, Table 15 Tists all the structure types of
M, XY,

MgX; With Cu
So far in M;X;Y, Y has been restricted in main group elements only.
To expand the system further, Cu was tried as the atom in the inter-
stitial sites. Rxn. 449 was run at ~920°C without success. The powder
pattern indicated the product was Ca,.Sb,, and CaCug (7). The identifi-
cation of CaCu; was not quite sure, because most lines of CaCug overlap
those of Ca,,Sb,,. However, it is a plausible remainder according to the

following equation

5C+3Sb+Cu —> 3Cay gSh (~CaygShy;) + 1/5 CaCus.
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Table 14, Comparisons between the calculated and observed powder
patterns of Ba,Sbl

h ks dcal. dobs. Icar.? Tobs.
200 3.549 3.547(4) 100.0 S
220 2.509 2.548(4) 79.3 M
222 2.049 2.042(3) 30.0 wb
400 1.774 1.774(3) 15.0 W
420 1.587 1.586(3) 43.9 M
422 1.449 1.449(3) 34,5 W
440 1.255 1.253(2) 12.5 -

The lines with Ica1. <5.0 are not Tisted.

bThe 1ine is superimposed by one of the lines from Ba,Sb, I, ..
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Table 15. Structure types of M,XY (M = Ca, Sr, Ba; X = N, P, As;
Y=F, Cl, Br, I)

NaCl type ref. anti-q—NaFeO2 type ref.
Ca,NF 29 Ca,NCT 30
Sr,NF 29 Ca,NBr 30
Ba, NF 29 Ca,PI 28
Ca,PBr 33 Ca,Asl 28,31
Ca,PCl 32 Ba,PI 27
Sr,PCT 32 Ba,PCI 27
Sr,AsC1 31 Ba,PBr 27
Ca,AsBr 31 Sr,PBr 33

Conclusion

From the studies of MzX,;Y, it seems that they all follow the simple
valence rule quite well, but the structures change with different inter-
stitial elements. That is due to the different environments created
around interstitial elements in different structures and the fact that
only particular sites can be fitted with the particu]ar'interstit1a1

elements.
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For instance, fluoride favors the tetrahedral sites so they form
filled-g-YbgSby structure for CagSbsF and CagBi4F, while chloride and
bromide prefer the octahedral sites to generate filled-Mn_Si, structure.
The large iodide can not be put into the six-coordinate octahedral sites
so it adopts the anti-Th,P, structure in which the iodide is eight coor-
dinate by calcium cations. Although only one of the rare-earths metals
have been tried in M;X,Y studies, it is believed that most of them should
behave 1ike alkaline earth metals to form ternary but metallic halides.
For the sulfur reactions, there are two structures observed. They might
be the low and high temperature forms. However, the hexagonal phase of
"CagSb3S,,," needs further study to confirm whether it is the Mn Sij or
CagPb, structure.

The unsuccessful reactions such as BagSb,F might be due to the high
rBa/er ratio. As discussed in Part II, the ratio might be the
indication of which structure is stable and possible. However, it can
not explain the formations of CagBi,Cl1 and CasBisBr with Mn_Si,
structure.

So far, only one transition metal element, Cu, has been tried in the
interstitial sites without success. That can be interpreted by the low
electronegativity of Cu. Owing to that, Cu can not act as the electron
acceptor like the halogen atoms. This might also apply to other transi-

tion metal elements.
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PART IV. Ca,¢Sb,; AND Sr,cBi,,

Introduction

In the studies of CaSSb3X (X = nonmetal element), it was found that
there always were similar patterns in the unsuccessful reactions with the
stoichiometry of Ca/Sb close to 3/2. For instance, the pattern occurred
for the reaction

5Ca+3S+C —> 1/2CaC, + 3/2 "CaySb,"

Since the reproducibility of "CaySb," was quite good, it raised a
question about the nature of "Ca,;Sb,". In reviewing the literaturel=*
and the phase diagram of Ca-Sb,5 the only phase ever reported as Ca3$b25
had the lattice constants of CagSb, with the s-YbSSba-structure,3 sug-
gesting that no CaySb, existed. In this report, we describe the synthe-
sis and identification of a "CazSb," which was later confirmed to be
Ca,gSby,. The close relationship between Ca,gSb,, and Rgp+cTan.s
(R = rare earth element; T = transition metal) series compounds will also

be discussed.

Experimental Section
Two reactions were loaded with Ca/Sb equal to 3/2. The powder
patterns of products indicated the products were the same, although the
heat treatments were quite different (see Table 1). The lattice con-

stants of two products were: a =b = 12,237(1) &, ¢ = 11.325(3) A, a = B

y = 90° for rxn. 337; a = b = 12.2453(5) A, ¢ = 11.323(1) A, a = B = v

90° for rxn. 444 from powder data indexed by the TREOR programé using

the sharpest 20 and 46 lines, respectively. The indices of the lines
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Table 1. Different conditions for the syntheses of "Caasbz"

Rxn. Ca/Sb Rxn. Conditions?@ ProductsP
No. T,°C Time, (d)
377 3.00 / 2.00 930 4
444 3.03 / 2.00 920 )
850 2.5
750 2 hrs
453 3.03 / 2.00 1200 1
(induction heating)
700 19
473 3.00 / 2.00 r.t. —> 1100, 10 hrs®
1100 3 hrs

1100 —> r.t. 3 hrs

483 16.00 / 11.00 940
840
800
750
700
650

a few plate

crystals

weeks

N N W W = O

dFurnace cooling.
bPo]ycrystals of CalGSb11 unless specified.

Cprogram heating and cooling.
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also indicated it was a primitive cell. Apparently, the products were
the same; the singularity of the phase was also confirmed by finding

no line that could not be indexed. Lots of efforts to grow single crys-
tals were not successful (see Table 1) until the ideal model was built
up, and the right stoichiometry of "Ca,Sb," was obtained. Then a few
plate crystals were found in rxn. 483 after adjusting the stoichiometry
and modifying the reaction conditions. They seemed to be formed from a
peritectic reaction. Before describing the structure of Ca,gSb,,, we

will describe the building of the ideal model of Ca, Sb,, first.

Model of Ca,Sb,,

The ideal model of Ca,gSb,; was derived from the powder pattern and
the cell constants. It was observed that doubling the c-axis of a com-
parable WgSi; structure? gave similar lattice constants to those of
"CagSb,". More importantly, the lines in the calculated powder pattern
based on the atom positions of W;Si; with a doubled c-axis and a change
of the space group from I4/mcm to its primitive equivalent P4/mbm fit the
experimental one. So the basic building blocks of W Si; might also
coexist in "CazSby".

In reviewing the literature, two series of compounds R5n+5T3n+58
(R = rare earth metal; T = transition metal or Caslsnzo) and
Ryom+1on+1opTgmrgntep® Were found that all had similar building blocks
as WgSiz. They can be described in terms of the stacking of certain
polyhedron units.® For instance, WgSi, is composed of Si-centered square

antiprisms of W atoms and Si-centered ten-atom W polyhedra (see Figure
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1(a)). In both Y;Rh,® and Pus,Pt, 10 (or Cay,Sn, 11) structures, a slab
formed from Rh- or Pt- centered Y or Pu cubes and centered square
antiprisms is followed by slabs similar to those in w5513 (five in
Pug,Pt,, but only three in Y3Rh2), and finally a slab similar to the
bottom one but displaced sideways (Figure 1(b), 1(c)). A closer study
revealed that the WgSi; slabs directly joining a cube slab are distorted.
In particular, the coordination polyhedron between the square antiprisms
is completed within the cubic slab in a different way, and the resulting
eight-atom coordination polyhedron is a new type. The drawings in Figure
1(a)—(c) makes it clear that the WsSis, Y4Rh,, and Pug,Pt,, structure
types belong to a structural series with formula Rgn, ¢T3n,s
in which the structures are built up of one slab of R.T. followed by n
slabs of R;T, and where n has the values =, 3, and 5, respectively,8-11
However, this kind of classification already makes an approximation.
As pointed out above, not all the w551'3 slabs in the series are the same.
The slab next to the bottom slab should be represented as R10T8 = RgT,
instead of R.T,. Then the bottom slab should be changed to RypTg. SO
there is another representation for the same series:
R1zm+1on+1opTem+en+ep’ where m, n, and p are the numbers of R12T6
(bottom slab), R, Ty (the W Si, slabs next to the bottom slab), and R,,T,
fragments in a unit cell, respectively.® According to this classifica-
tion, if R,,T, is called I, R, Tg called II and R,,Tg called III, then
this series can be represented as as in Figure 2. It should be noted
the projection of Figure 2 is along [010] plane, different from Figure 1

which is along [110]. Thus, for W;Siz, m =0, n = 0, p = 25 for Y3Rh,,
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Figure 2. Structures in the series R, m+;on+op!gmtantgp:
a) WgSiy; b) SmZG(Ga0_35Coo_65§17; c) YRh,; d) Pug Pt s
I-I111, fragments of types of R, T, R;T,, RT, (w5513}
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m=2,n=4,p=2; for Smyc(Gag, 4500.¢5),,02M=1,n=2,p=2;
for Puy,Pt,p, m =2, n =4, p =6, where n values are always twice m.
It is useful to convert this classification into the former one.

Since n is always twice m, Ry,m+)gn+;oplemtantep =

Remtsntspl smryn+ap Can be further converted to Remtsn+spl gm+om+an+3p =

Remts (n+p) Tsmkg(n+p) - With n+p = n', then Rypys(n+p)Tsma(n+p)
becomes R.+g5n!Tg+3n'- There are some common features in this

series of compounds. R,,T. (I) is built first followed by RioTg (II)
then by R, T (III). Also, all the compounds are centrosymmetric.

In the same reference,® there is the note that "Structures formed
only from two types of fragments are possible only in the series
nRyoTg*PR,(Tg and Ry TgemR,, T, Combination of R,,T. and R, T. frag-
ments is impossible, owing to the absence of planes with the same loca-
tions of atoms. Structures of the "RloTe‘pRloTe series are represented
by the same symmetry as the ternary hybrids (five possible space groups
including I4/mcm, P4/mbm, P4/nbm, P4bm and‘14cm); structures of
nRy o TgemR,,Te series belong only to the two space groups P4/mbm and
P4bm",

The cell constants of "CaySb," are a = b = 12.2453(3) and ¢ =
11.323(1) A. The value of the a-axis is very close to the a-axes of this
series of compounds, especially close to that of Ca;,Sn,,12 (Table 2).
Considering the c-axis of "CaySb," and assuming the packing of "Ca,Sb,"
follows the same order as R5+5n'Ts+3n" the only possible packing
or combination is n' = 2 for Rg+gn'Tg+an's i.€., Ry T,,. Since

the model is only composed by R,,T. and R, T, fragments, the space group
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Table 2. Some examples of R5n+5T3n+5 compounds
Compounds n space group a(A) c(A)
Y,Rh, 3 14/mcm 11.232(2)  25.16(1)
Gd,Rh, 3 14/mem 11.27(1) 25.32(2)
TbyRh, 3 14/mem 11.25(1) 25.20(2)
DysRh, 3 14/mcm 11.16(1) 25.07(2)
HosRh, 3 14/mcm 11.11(1) 24.99(2)
Er4Rh, 3 I14/mcm 11.09(1) 24.88(2)
La,(6ag.,C0.50)17 4 P4/mbm 12.28(6) 15.38(9)
Ce,q(6ag. 5500 .65)17 4 P4/mbm 11.99(6) 14.44(9)
Proq(6ay.55C9 .65)17 4 P4/mbm 11.87(6) 15.22(9)
Nb, ¢ (624 .40C% 6017 4 P4/mbm 11.88(6) 15.24(9)
Sm, ¢ (Gag. 55003517 4 P4/mbm 11.713(4)  15.171(7)
Pug, Pty 5 14/mem 11.302(5)  37.388(23)
Puy,Rhyq 5 14/mem 11.076(4)  36.933(12)
Cagy SNy, 5 14/mcm 12.542 40.00
WsSig @ 14/mem 9.605 4.964
SmgT1, - 14/mem 12.346 6.140
ProTl, o 14/mcm 12.553 6.172
PugSi, ® [4/mcm 11.409 5.448
PugPb, w 14/mcm 12.310 6.084
VgSi, o 14/mcm 9.429 4,756

® 14/mcm 12.340 6.048

Gdg In,
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should be either P4/mbm or P4bm according to the above note. The
indices of the reflections derived from TREOR program are all consistent
with the systematic absence 0 k 2 : k = 2n except for one medium intense
reflections. The x,y coordinates of Cag,Sn,, were selected for the ideal
model owing to the closeness of radii for Sn and Sb atoms and the z
coordinates were rescaled. The detail of the atom positions for the
model are listed in Table 3. Although the calculated powder pattern
based on the model did fit most lines in the experimental ones, still a
few lines could not be fitted. This was proven to be caused by the
inaccuracy of atom postions and a wrong space group from the predicted
model when extended to the Ca—Sb system. However, the model did reveal
the real stoichiometry of "CazSb," could be Ca, Sb;, and provided the

preliminary information on atom positions.

The structure of Ca,.Sb,,

A couple of the plate crystals found in rxn. 483 were mounted in
0.2-mm capillaries and sealed off for further structure determination.
One of them of suitable size (0.15 x 0.17 x 0.08 mm) was indexed and
diffraction data collected with CAD-4 diffractometer. During the
indexing, the right cell could not be found owing to a twinning problem
which was later confirmed by taking axial photographs. However, the six
strong reflections did give the expected cell. Using these six reflec-
tions to get a rough orientation matrix, a couple of hundred reflections
were scanned at a high scan rate. This added nineteen more good reflec-
tions to the original six, and these gave the following triclinic cell

constants a = 12.237(5) A, b = 12.242(3) &, ¢ = 11.305(6) A, o =



Table 3. Comparisons in atom positions between ideal model and real structure of Ca, Sb,,

Ideal Modeld

Real Structure

P4/mbm  (S.G. 127)
X Y

Ca(l) 4(qg) 0.3405 1/2+x
Ca(2) 16(1) 0.2103 0.0519
Ca(3) 4(f) 0 1/2
Ca(4) 8(3) 0.0808 0.2161
Sb(1) 2(a) 0 0
Sb(2) 4(qg) 0.0859 1/2+x
Sb(3) 8(k) 0.3019 1/2+x
Sb(4) 40e) 0 0
Sb(5) 4(h) 0.1617 1/2+x

IN

0.1872

0.2543

1/2

0

0
0.2649

0.3357
1/2

Ca(3)
Ca(5)
Ca(4)
ca(l)
Ca(6)
Ca(2)
Sb(6)
Sb(4)
Sb(2)
Sb(3)
Sb(1)
Sb(5)

4(e)
8(f)
8(f)
2(c)
2(c)
8(f)
2(a)
4(e)
4(e)
4(e)
4(d)
4(e)

Pazlm (S.G. 113)

X
0.3683(5)
0.2032(5)
0.2100(5)
0
0
0.0884(4)
0
0.1267(1)
0.3364(1)
0.3208(1)
0
0.1450(1)

Y
1/2+x
0.0711(5)
0.0752(5)
1/2
1/2
0.2074(4)
0
1/2+x
1/2+x
1/2+x
0
1/2+x

z

-0.0012(7)

0.1855(6)
0.7812(4)
0.287(1)
0.639(1)
0.4994(5)
0
0.0135(2)
0.2636(2)
0.7382(2)
0.3490(2)
0.4618(2)

IFrom Ca  Sn,, (ref. 12) x + y coordinates.

1248
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89.98(3)°, 8 = 90.09(4)°, vy = 90.03(3)°. Six ¢ scans were collected for
absorption corrections. The details of data collection are listed in
Table 4. The space group was derived to be PZZlm (No. 113) from the
systematic absence 0kO, k = 2n., Five Sb and five Ca atom positions
derived from the SHELEX program 76 were matched with the model positions.
The Tast Ca position was determined from the model. After refining with
isotropic thermal parameters, the R was 0.071 and Ry was 0.092, The
final R was U.032 and Ry 0.034 after finishing the anisotropic thermal
parameter refinement. The occupancies of the Sb atoms were refined to be
unity (1.008(8) for Sb(6); 0.978(6) for Sb(5); 1.002(6) for Sb(4);
0.998(6) for Sb(3); 0.992(6) for Sb(2); 1.004(4) for Sb(1)). The maximum
residual density 1.79 e/A3 in the difference map is 0.64 A away from

Sb(6) atom positions.

Results and Discussion
The positional and thermal parameters are summarized and listed in

Table 5.

Comparisons between the model and the structure of Ca,.Sb,,

In Table 3, the positions for the model and the structure were
listed together. From the Table, it is clear that most of the atom posi-
tions in the structure are quite close to the positions in the model.

The positions of Ca(2), Ca(3) and Sb(3) in the model are split into two
positions Ca(4) and Ca(5); Ca(l) and Ca(6); Sb(2) and Sb(3) in the real
structure, respectively. The common difference of the structure is the

z-coordinate that deviates from the ideal z = 0 and z = 1/2 positions
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Table 4. Diffraction and refinement data of CalGSb11

Space group PEZlm (No. 113)
Z 2

Cell dimensions, A,

a=b 12.2453(5)
c 11.323(1)
Size of crystal (mm) 0.15 x 0.17 x 0.08
Octants measured h,k,2; h,k,=2
Scan type w
20-max, deg. (Mo Ka) 55
u(Mo Ka), cm~1 221.1
Transm. coeff. range 0.49 — 0.99

Number of reflections

meas. 3280
obs. (>30(I)) 1911
indep. 493
R{ave) 0.022
No. of parameters refined 78

Structure solution
Rb 0.031
Ry 0.038

aThe cell dimensions calculated from 46 lines of the Guinier
powder pattern, Cu Ky,, A = 1.54056 A.
bR = J||Fo| = IFc||/LIFol. Ry = [Iw(|Fo| - [Fcl)2/Iw|Fo]2]2/2.



Table 5. Positional and thermal parameters? and their estimated
standard deviations

Atom X y z B11
Sb(1) 0.000 0.000 0.3490(2) .05(8)
Sb(2) 0.3364(1) 0.8364(1) 0.2636(2) .26(5)
Sb(3) 0.3208(1) 0.8208(1) 0.7382(2) .21(5)
Sb(4) 0.1267(1) 0.6267(1) 0.0135(2) .69(5)
Sh(5) 0.1450(1) 0.6450(1) 0.4681(2) .21(5)
Sb(6) 0.000 0.000 0.000 .4(1)
Ca(1) 0.000 0.500 0.287(1) .0(2)
Ca(2) 0.0844(4) 0.2074(4) 0.4994(5) .8(2)
Ca(3) 0.3683(5) 0.8683(5) -0.0012(7) .8(2)
Ca(4) 0.2100(5) 0.0752(5) 0.7812(4) .9(2)
Ca(5) 0.2032(5) 0.0711(5) 0.1855(6) .3(3)
Ca(6) 0.000 0.500 0.639(1) .1(2)

dnistropically refined atoms are given in the form of the
isotropic equivalent displacement parameter defined as: (4/3) *[a2*B(1,1)
+ b2*B(2,2) + c2*B(3,3) + ab(cosy)*B(1,2) + ac(cosg)*B(1,3) +
bc(cosa)*B(2,3)].
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0
-0.04(7)
-0.03(7)

0.00(8)
-0.14(7)

0

0
-0.5(3)

0.1(3)

0.2(2)
-1.8(3)

0
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except for Sb(6) which has the same positions as the ideal Sh(1l) posi-
tions at (0,0,0) and (1/2,1/2,0). The intrinsic reason for lowering
space group from centric P4/mbm to acentric PZZIm might be because

of the splitting of the positions of Ca(3) in the model. The split
positions shift the atoms along z-axis about 0.05 ¢ which is the most
significant deviation from the ideal model. The unusual high By, of

Sb(6) might be caused by twinning problem or disorder.

Structure of Ca, Sb,,

The atom positions of Ca,.Sb,, are close to the model built in the
previous section. Thus, the structure of CalGSb11 can be described as
the linkage of different polyhedra. There are four different polyhedra
coexisting in the unit cell including Sb(6) centered cubes, Sb(2), Sb(3)
and Sb(4) centered trigonal prisms, Sb(l) centered square antiprisms and
Sb(5) centered eight-atom polyhedra. The linkage of the polyhedra is
exactly the same as the model proposed. Sb(6) centered cubes and Sb(4)
trigonal prisms form the bottom slab, then come the Sb(2) centered trig-
onal prisms, Sb(4) centered square antiprisms and Sb(5) centered eight-
atom polyhedra. Finally, stacked are Sb(3) centered trigonal prisms,
Sb(4) centered square antiprisms and Sb(5) centered eight-atom polyhedra.
The detailed coordination around each Sb atom are represented in Figure
3(a)—(f). The cube around Sb(6) actually is distorted so that Sb(6) lies
in the center of two different sized tetrahedra penetrating with two
different Ca—Sb distances (d(Sb(G)-Ca(4)) = 3.632(5) A and

d(Sb(G)—Ca(S)) = 3.367(7)A). The polyhedron around Sb(5) can be
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(b)

Figure 3. Different polyhedra around Sb atoms in Ca,4Sh,,.
(a) Square antiprism coordination around Sb(l};

(b) Trigonal prism coordination around Sbh(2)
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Figure 3. (continued)
(c) Trigonal prism coordination around Sb(3);
(d) Trigonal prism coordination around Sb(4)



(e) .
Cas Ca4g

Cagq Cas

Ca4
Cas
Cas
(f)
Ca4

Figure 3. (continued)
(e) Polyhedra coordination around Sb(5);
(f) Cube coordination around Sb(6)
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described as a pentagon with three pairs of Ca atoms on three apex posi-
tions perpendicular to the plane of the paper.

A closer look at the cgbe around Sb(6) reveals that the cube is dis-
torted along the c-axis. The lengths of each edge and diagonal are drawn
on Figure 4. In the figure, the faces of the top and the bottom are
Tooked at as pseudo squares. One pair of the edges is equal to 3.801(8)
A while the other is equal to 3.829(8) A. The two diagonal lengths are
about the same order with one equal to 5.272(7) & and the other equal to
5.463(7) A on the pseudo planes. The other four faces which are around
the waist of the cube are all elongated along the c-axis with edges equal
to 4.579(8) A and distorted very much so that one of the diagonal lengths
is 5.617(7) A shorter than the other one which is 6.283 (7) &.

As mentioned before, the cube might be considered as two penetrated
tetrahedra composed of Ca(4) and Ca(5) atoms, respectively. In the
tetrahedron composed of Ca(4) atoms, one pair of edges is 5.272(7) A& not
very deviated from the other pair which is 5.617(7) A. For the other
tetrahedron composed of Ca(5) atoms, the 1ong pair of edges is 6.283(7) &
Tonger than the other pair which is 5.463(7) A. This kind of distortion
of cube or tetrahedra might be the cause of unusually high B, of Sb(6).
To illustrate the linkage between these polyhedra, Figure 5(a), (b) and
(c) are plotted as the projection on z = 0 (+0.22z), z = 0.35 (+0.39z)
and z = 0.65 (+0.39z), respectively. It is clear that the structure of
Ca,¢Sb,, is pseudocentric judged from 5(b) and (c). If the structure of
Ca;gSb,; is projected as ref. 8 and ref. 9, they are represented as

Figure b6 and Figure 7, respectively.
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Figure 4. The lengths of the edges and diagonals of the cube around
Sb(6) are shown in the figure. Two different dashed lines

outline the tetrahedron. The Sb(6) atom is located at 4
position
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Sb,, are drawn.
(x0.22 7).
11ipsoids: Ca atoms

Three different cross sections of Cayg
(a) The unit cell of CalGSb11 on2=0
Open figures: Sb atom; crossed e

Figure 5.
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Figure 5. (continued)
(b) The cross section of the unit cell of Ca,;¢Sb,, on z = 0.35
(+0.39z). Open figures: Sb atoms; crossed ellipsoids: Ca

atoms



Figure 5.
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(continued)
(c) The cross section of the unit cell of Ca, Sb

0.65(:0.392).
atoms

Open figures: Sb atoms; crossed e

on Z =

}}ipsoids:

Ca
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Ca atoms

ojected on [110] plane and represented as Figure 1.

crossed ellipsoids

Sb atoms;

The structure of Ca;gSbhy; pr

Open ellipsoids

Figure 6.



E
a
'
I

Figure 7. The structure of Ca;¢Sb;, projected on [010] plane as represented as Figure 2.
Open ellipsoids = Sb atoms; crossed ellipsoids = Ca atoms

6E1
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Comparisons between Ca, Sb,, and other Ca-Sb binary compounds

In comparing Ca,,Sb,, with other Ca-Sb binary compounds, it is found
there are similar trigonal prisms in CagSb; with the g—YbySb, structure;
also square antiprisms and eight-atom polyhedra observed in Ca,;Sb,,. To
illustrate the similarity, the distances between Sb and Ca atoms for
Ca;eShy,, CagSb, and Ca,,Sb,, are listed together in Table 6. The dis-
tances between Ca and Sb in the trigonal prism from 3.283(2) A to
3.670(2) A in CagSb, are longer than those of Ca, Sb,, which are from
3.041(4) A to 3.444(6) A. In general, the distances between Ca and Sb
atoms in Ca,;¢Sb,, range from 3.041 & to 3.504 A which belong to non-
bonding distances. Thus, the Sb's in Ca . Sb,, seem to be all isolated.
According to the simple valence electron counting, there is one negative
charge excess from Sb available. Therefore, the electric property of

Ca;gSb,, should be metallic or paramagnetic.

Existence of Sr,.Bi;;

Recently, a reaction with similar reaction conditions to rxn. 483
for SrigBi,; was run to synthesize the analogue of Ca,.Sb,, based on the
close metallic radius ratio for Ca/Sb and Sr/Bi. The powder pattern
seemed to contain the same phase as CalGSb11 with a = 13.137(1) A and ¢ =
11.594(2) A. However, the calculated powder pattern only matched most of
the experimental one in some reflections' intensities. Further single

crystal studies might be needed to confirm the structure of Sr,.Bi,,.



Table 6. Comparisons in Ca~Sb distances between Ca, Sb
Ca-Sb binary compounds

In square
antiprism

In trigonal
prism

In trigonal
prism

In trigonal
prism

In 8-atom
polyhedron

In cube

Sb(1) — 4cCa(2)
Sb(1) — 2Ca(4)
Sb(1) — 2cCa(5)

Sb(2) — 2ca(2)
Sh(2) — ca(3)

b(2) — 2Ca(4)
Sh(2) — 2Ca(5)
(2) — ca(6)

Sb(3) — ca(l)
Sb(3) — 2Ca(2)
Sb(3) — cCa(3)
Sb(3) — 2Ca(4)
Sb(3) — 2ca(5)

Sh(4) — 2Ca(2)
sh(4) — 2Ca(2)
Sb(4) — 2ca(2)

(5) — cCa(l1)
(5) — 2Ca(2)
Sb(5) — 2Ca(2)
(5) — 2Ca(4)
(5) — Ca(6)

Sb(6) — 4Ca(4)
Sb(6) — 4Ca(5)

W Www ww w w

W W w W Www Www

W Ww ww

w W

.249(5)
.140(6)
.218(7)

.243(6)
.044(8)
.299(6)
.420(6)
.041(4)

.117(2)
.221(6)
.058(8)
.444(6)
.189(6)

.176(6)
.069(6)
.140(7)

.236(8)
.373(5)
.398(5)
.504(6)

.165(7)

.632(5)
.367(7)

and other
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Sb(5) — 2Ca(4)
Sb(5) — 2Ca(1)
Sb(5) — 2Ca(1)
Sb(5) — ca(3)
Sh(5) — Ca(2)

Sb(l) — Ca(2)
Sb(1) — Ca(2)
Sb(1) — Ca(3)

Sb(1) — Ca(3)

Sb(1l) — ca(l)

Sb(1) — CcCa(1)

Sb(1) — 2Ca(2)
Sb(1l) — 4Ca(4)
Sb(1) — 2Ca(1)

in Ca,,Sb;,
(ref. 2)

4in Ca, Sb

(ref. 3)

in Ca“Sb10
(ref. 2)
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Relationships within R5n+573n+5

It is difficult to give a general interpretation about the occur-
rence of this series of compounds, since R and T elements vary through a
large range of dimension, electronegativity, valence, etc. However, the
investigation of radius ratio rp/ry (using the metallic radii for
coordination number 12)13 reveals the relationship between rp/r7 and
Rgn+eTants. Figure 8 shows the distribution of Rop+eTan+s
against rp/rr. It is clear that there is a wide range of rR/rT
for R;Ty from ~0.9 — ~1.2 (except for Ca,Pt, which rp/ry is ~1.4),
while the rp/ry's for the rest of Rop+ Top+g are all limited in
narrow ranges: Ry, T,q, rp/r7 ~1.2; RyeTy7s rR/TT ~1.45 Ry1 Ty
(RyT,), rp/ry ~1.3, and R, T,,, rp/ry ~1.3. From this
observation, the rgp/ry seems to be a good standard classifying the
structures within Rgp+gTan+g-

The further comparisons in volume percent contraction aV (calculated
based on the elemental atomic volumes) in R5n+6T3n+5 give more under-
standing about the structures of the compounds. Figure 9 represents the
AV vs rp/ry of Rgp+gTants. Apparently, R, T;, and R, T,, which
are all composed of rare earth and transition metals show 1ittle volume
contraction in a narrow range from 9% — 2%, while R, T,, which is com-
posed of alkaline earth and main group elements show large volume con-
traction around 20%. In Rg,T,,, both compounds with Pu element have
unusual volume expansion around 10%, while Ca,,Sb,, has the similar

volume contraction as R16T11'
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For RgT; with WgSiy structure (R including rare earth, transition
metal and alkaline earth; T including transition metal and main group
elements), they show a wide range of volume contraction from -10% to
27%. However, a couple of conclusive points can be reached after classi-
fying the R T, compounds into subgroups. Figure 10 shows the aV vs
rp/ry of RgTy which are divided into eight subgroups: TgGag, Rglng,

RgTl,, TgSig, TsGeg, RcSny, PusT, and others. From this Figure, the

it ]

ange of aV of RgSi; and R;Ge; are about the same, from 14% — 19%, while
TsGa; had the wide AV range from 10% — 17%. Again, RgIn, and R T1, have
very narrow AV ranges from 6% — 7%, while the narrow AV of R55n3 is from
11% — 13%. Two of PugT, show expansion-while the other one almost no
contraction at all. In the rest of the RgT, compounds, Pust3 and Eust3
all expand relative to their elemental volumes. The aV of y-V As, is
similar to those of T.Si, and T;Ge,. The aV's of Zr Al;, CdgAu, and
PucSi, are all in the range from 1% — 5% despite that they are quite
different in rR/rT. Finally, CasPt,, which is the only R T, with
rp/r1 larger than 1.24, shows the highest aV (27%).

For RgT,, although the wide range of rp/ry exists in each sub-
group, the AV seems to be in a narrow range for a particular subgroup
except for T;Gaz. Despite the electronic reasons, this might be used to

predict the possibility of unknown R T, phases with the WgSi, structure.
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PART V. SryMgyGe; TERNARY SYSTEM

Introduction

The replacement of some cations by different size but the same
charge cations often not only changes the structure types, but also
creates unique structure types which are not observed in pure binary
compounds. In MXM'yXZ (M, M' = alkaline earth metals; X = Si, Ge,
Sn, Pb), three combinations have been well studied including:
MBey 75X, .55 MM',X,, MM'X and MSrSi, .

In MBey,,cX,.,5.1 @ AlB, type structure is found with M from Ca,
Sr to Ba and X from Si to Ge. There are two structure types found in
MM',X, which are both derived from BaAl,. For CaM',Ge, (M' = Be, Mg),2
they form a CabBe,Ge,-type structure, while BaMg,X, (X = Si, Ge, Pb) form
ThCr2512-type.3 In MM'X, two very similar structures, anti-PbCl, and
anti-PbFC1, are observed. For BaMgX (X = Si, Ge, Sn, Pb),4s5 they form
the anti-PbFC1 structure, while BaCaX,® CaMgX and SrMgX7 adopt an anti-
PbC1, structure. In MSrSi, (M = Ca, Ba), the BaSi, structure is formed
for the Ca analogue,8 while SrSi, structure is adopted by the Ba ana-
logue.® Apparently, the structures of MXM'_yXZ are quite dependent
on the relative size between M and M'. For example, the combination of
Ba and Mg always seems to yield different structures from othef combina-
tions of the alkaline earth metals.

In the Sr-Mg-Ge system, SrMgGe is the only known compound and it has
the Co,Si structure, which is the same for the binary compound Sr,Ge.10

In this structure, there are Ge-centered trigonal prisms linked by common
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Figure 1. Unit cell of SrMgGe projected on [001] plane. The large
shaded circles represent Sr atoms; medium circles represent Mg
atoms; small open circles represent Ge atoms. The Sr/Mg atoms
are different from the central Ge at z coordinate by 1/2
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Sr atoms to form infinite zig-zag chains parallel to the a-axis (Figure
1). In the present study of the Sr-Mg-Ge system, four new compounds were
found with similar prisms as that of SrMgGe, but linked and arranged in

different ways in SrMg,Ge,, SrMg,Ge,, Sr,,..Mg,,-,Ge, and

Sr54yMIyo-yGey,.

SrMg,Ge,

Due to the similar size of Sr and Eu, synthesis of SrMg,Ge, was
tried as an analogue of EuMg3Ge3.11 Stoichiometric elementary starting
materials were loaded into a Ta tubing. These were first heated to 900°C
for 2 days, then annealed at 750°C for 2 weeks. The product looked like
a homogeneous phase with gray metallic luster. The powder pattern indi-
cated that it is not an analogue of EuMg3Ge3 (space group Cmcm and a =
4.485, b = 30.60, c = 4,485 A). Moreover, the cell was determined to be
a primitive orthorhombic structure with a = 14.628(2) A, b = 12.669(2) A
and ¢ = 4.4272 (5) A, by the TREOR program (31 sharp lines used).

The size of the c-axis of SrMg,Ge, is about the same as the b-axis
of SrMgGe which is 4.56 A. That indicated the cell of SrMg,Ge, might
contain trigonal prisms also with z-coordinates of 1/4, 3/4 or 0, 1/2.

In reviewing the literature,12 Rh,P,13 was found to have a primitive
orthorhombic cell with a = 11.662 A, b = 3.317 A and ¢ = 9.994 A which
are close to those of SrMg;Ge; if the b and c axes are reversed. In
Rh,P,, all the atoms are on 4(c) positions, i.e., y = 1/4 and 3/4, which
is consistent with the expected structure of SrMg,Ge,. More importantly,

the calculated powder pattern based on the atom coordinates of Rh, P, and

lattice constants of SrMg,Ge, was similar to the experimental one.
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A closer look at the structure of Rh P, revealed further relation-
ship between them, Figure 2(a) show the unit cell of Rh,P, projected on
the [010] plane, all the P atoms are in trigonal prisms. Two-thirds of
the P atoms are in more regular prisms than the other one-third. If the
latter one-third P atoms all are shifted to the neighboring empty regular
trigonal prism sites, then the representation of the unit cell become
Figure 2(b). In this figure, three trigonal prisms fused together to
form corrugated fragments which are connected by common Sr atoms of
SrMg;Ges. The common Rh atoms are replaced by Sr atoms like the common
Sr atoms in SrMgGe. The three Ge atoms in the fragments should form
[ Ge—Ge—Ge ]8~ finite fragment. The central Ge atom in the fragment should
have 2 e~ and the terminal Ge atoms should have 3 e~, consistent with the
valence rule, because the central Ge atom is two bonded while the ter-
minal Ge atoms are only one bonded.

However, there are still a couple of lines in the calculated powder
pattern not matched with the experimental one. This might be caused by
inaccuracy of atom coordinates, because the positions of the shifted P
atoms were only estimated from the distances; also the fusing of the
prisms might effect the geometries of the original prisms. On the other
hand, the space group of Rh,P, might be changed because a couple of
reflections of SrMg,Ge, violate the extinctions of the space group of
Rh, P, (Pnma). It is necessary to grow the single crystals before we can
further characterize this new compound which is also a new structure
type. Although a couple of different reaction conditions have been tried

(Table 1), no single crystals have been obtained yet. Most of the
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The structure relationship between Rh,P, and SrMg,Ge, is shown.
(a) Unit cell of Rh,P, projected on [010] plane. Circles
represent Rh atoms; small circles represent P atoms; open
circles indicate atoms at y = 1/4 and closed circles indicate
atoms at y = 3/4. (b) Approximate unit cell of SrMg,Ge,
derived from Rh,P; and projected on [001] plane. Circles
represent Mg atoms except those linked between two fragments
are Sr atoms; small circles represents Ge atoms. Open circles
indicate the atoms at z = 0 or 1/4 and closed circles indicate
the atoms at z = 1/2 or 3/4 coordinate
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Table 1. Reaction conditions of Sr—Mg-Ge systems

RXn no. Sr/Mg/Ge Rxn. Conditions Productsd

468 1.00/3.00/3.00 900°C 4 days "SngsGea"
700°C 2 weeks

497 2.00/3.00/3.00 800°C 4 days “SrMg,Ge,"
950°C 2 days

880°C 4 days

820°C 1 day
750°C 1 day
650°C 1 day
523 1.00/2.99/2.99 1200°C 12 hrs "SrMg,Ge,"
(induction heating)
quenching
514 1.00/5.01/3.00 900°C 5 days Sr,4+xMa ,-xBe,
(2.33/11.69/7.00) 700°C 6 days
499 1.00/2.00/2.00 the same as rxn. 514 ?
538 2.21/11.79/7.00 910°C 2 weeks Sr,+xMg, ,-xGe,

840°C 5 days
740°C 28 days

537 6.86/17.13/12.00 the same as rxn. 538 Sre+yMg, 4-y6e),
532 5.54/18.37/12.00 the same as rxn. 538 Sro+yMg, 4-yGe, 5
536 5.58/18.42/12.00 the same as rxn. 538 Sro+yMg, 4-yGe),
535 5.00/19.00/12.00 910°C 2 days Sro+yMg, 4-yGe
850°C 2 weeks (80% y1e1d)
Sr,+xMg, ,-xGe
(20% y1e1d§
548 5.00/19.00/12.00 940°C 10 days, 840°C Sr MglgGe
2 weeks

4A11 the products were single phases in each reactions except
for 535.
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products looked like plates formed by needles and it was very difficult
to separate them. However, the morphology of the products also supports
the postulation of the expected structure, because low dimension com-

pounds always show plate or needle-1ike appearances.

SrMg,Ge,

A stoichiometry of SrMg,Ge, was loaded for rxn. 499 (Table 1). The
product did not contain any one of the known binary Sr—Ge or Mg—Ge phases
judging from the powder pattern. The possibilities of ternary compounds
such as SrMgGe, SrMg,Ge,, Sr,,.Mg,,-,Ge, and Sr5+yMglg_yGe12
also have been checked and excluded. Surprisingly, it did not form
ThCr,Si, or CaBe,Ge, structures which are very common in MM‘2X2 (M = Ca
or Ba; M' = Be or Mg; X = Si, Ge, Sn, Ph). However, the cell constants
of the products could not be derived by using the TREOR program. That
indicated that a mixture can not be ignored or that it is a monoclinic or
triclinic cell, because sometimes TREOR program can not give a right cell

for a monoclinic or a triclinic cell,

Sra4xM9, 5-xGe,

The title compound was first obtained from rxn. 514 loaded with
Sr/Mg/Ge equal to 1.00/5.01/3.00 (Table 1). The structure of the product
was confirmed to be isostructural with Zr,Fe,,P,* by indexing the powder
pattern by TREOR program. Total 23 lines (all the sharp lines) were used
to derive the hexagonal cell with a = 11.0728(7) A and ¢ = 4.3626(5) A.
Since the loaded stoichiometry was deviated from that of the Zr,Fe,,P,,

this phase was represented as Sr, Mg,,-,Ge,. The atom positions
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of ideal Sr,Mg,,Ge, are close to those of Ir,Fe,,P, (space group P6)
Jjudging from the comparison between the calculated and experimental
powder patterns (Table 2). Both Sr atoms are in the special positions
1(c) and 1(f). In the four Mg atom positions, half of them are in 3(j)
positions, while half of them are located in 3(k) positions. One of
three Ge atoms is in the origin, while the other two are in 3(j) or 3(k)
position. The details of the assumed atom positions of Sr,Mg,,Ge, are
listed in Table 3.

The unit cell of ideal Sr,Mg,,Ge, is represented in Figure 3. Three
Ge-centered trigonal prisms are fused together on the common Sr atoms and
one Ge atom is located on the origin position. To illustrate the coordi-
nation around the Ge atom on the origin, Figure 4 represents the unit
cell expanded on an ab plane. The chemical environment of the Ge atom
becomes clear on a triangular plane or tricapped trigonal prisms. This
is the first Zintl phase adopted this type structure. The electron
counting of the ideal compound indicated it is a valence compound,
because two Sr and twelve Mg atoms would provide 28 e~ to the seven Ge
atoms to form isolated Ge*~ anions.

The same phase also observed in rxn. 538. The stoichiometry of
starting material was Sr/Mg/Ge equal to 1.21/11.81/7.00. The lattice
constants of the products also different from those of the previous one
(see Table 4). Also, as the amount of Sr relative to Mg increased then
the lattice constants increased too. This further confirmed it was a

nonstoichiometric phase.
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Table 2. Observed and calculated? powder patterns for Sr,ixMg,,.xGe,

hk g dears A dobss A Leal lobs
101 3.966 8 -
120 3.621 3.619 37 45
111 3.423 3.423 28 30
201 3.223 3.226 48 50
300 3.194 3.194 24 30
211 2.785 2.786 100 100
220 2.766 2.763 8 10
310 2.657 2.658 7 10
301 2.576 2.577 14 15
400 2.395 2.396 11 13
221 2.335 2.336 8 8
311 2.269 2.269 24 30
002 2.179 2.179 30 30
401 2.099 -C 9 -
410 2.091 2.091 41 35
231 1.962 1.963 33 30
141 1.885 1.885 5 5
212 1.867 1.866 11 10
240 1.811 1.810 5 5
302 1.800 - 9 -
4 02 1.612 1.613 6 5
511 1.600 1.601 8 10
250 1.534 - 5 -
41 2 1.508 1.510 28 30
4 31 1.481 1.482 11 10
161 1.385 1.385 11 10
350 1.369 1.370 5 5
123 1.348 1.348 10 10
351 1.306 1.306 7 5
710 1.269 - 7 -
252 1.254 - 5 -
233 1.212 - 7 -

broad or blurred lines.

bCu Ka, radiation, » = 1.540562 A.

CThese reflections were observed but with low intensities and

3The lattice constants adopted from rxn. 538 and assumed 0.21 Sr
substituted in 3(j) positions.
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Table 3. Atom positions of Sr,Mg,,Ge,?

Atom Position X y z
Sr(1) 1(c) 6 1/3 2/3 0
Sr(2) - 1{f) 6 2/3 1/3 1/2
Mg(1) 3(3) m 0.4309 0.0590 0
Mg(2) 3(J) m 0.1583 0.2772 0
Mg(3) 3(k) m 0.3864 0.4359 1/2
Mg(4) 3(k) m 0.2232 0.0992 1/2
Ge(1) 1(a) 6 0 0 0
Ge(2) 3(3) m 0.4163 0.2959 0
Ge(3) 3(k) m 0.1207 0.4096 1/2

aspace group P6 (No. 174); the atom positions are quoted from
ref. 14,



Figure 3.

Unit cell of ideal Sr,Mg,,Ge, based on Ir,Fe,,P, projected on [001] plane. Circles
represent Sr atoms; medium circles represent Mg atoms and small circles represent
Ge atoms. Open circles indicate atoms at z = 0; shaded circles indicate atoms at z
= 1/2. To illustrate the linkage of trigonal prisms, those cations with same 2z
coordinate are connected together

691



Figure 4.

The unit cell of ideal Sr,Mg,,Ge, expanded along ab plane, so that the relationship
between two different fan like fragments become clear. Symbols are the same as

Figure 3
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Table 4. Lattice constants for Sr,.xMg,,-xGe,® and Srg+yMg, 4. Ge,,?

Rxn No. Sr% (mole) Lattice Constants # Lines c/a
indexed?

538 V.158 a = 11,063(1) 24 2.539
c = 4.3572(8)

514 0.166 a=11.,0728(7) 23 2.538
c = 4,3626(5)

535 0.208 a = 11.094(1) 8 2.550
c = 4.3510(9)
a = 14,718(2) 26 3.314
c = 4.,431(2)

548 0.208 a = 14,720(1)
c = 4.,437(1)

532 0.231 a = 14.7602(5) 56 3.314
c = 4,4539(3)

536 0.232 a = 14,7292(9) 56 3.314
c = 4.4435(2)

537 0.286 a = 14,791(2) 19 3.311
c = 4,4666(9)

%s x = y = 0, the Sr fractions for Sr,+ Mg, ,-,Ge, and
Srg+yMgyq- Ge;, are 0.143 and 0.208.

bA]though not all lines in powder patterns were used for the
calculations of lattice constants, they all seemed to belong to a single
phase for each reactions except for rxn, 535.
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Sre+yM9;q-yGey,
In rxns, 537, 532 and 536, another hexagonal phase was confirmed as

the ratios of Sr:Mg were varied (Table 1) while the ratio of (Sr,Mg)/Ge
was kept to 2/1. The powder patterns of the reactions were very similar
with high yield (>95%) of the products. The size of c-axis is the same
as that of SrMg;Ge; or Sr,.,Mg,,-,Ge,. This suggests that the

structure of this phase should be composed of linked trigonal prisms
too.

After carefully comparing different calculated powder patterns which
were based on possible compounds, and the dimensions of cell and atom
ratio, the structure type of this phase was determined to be that of
HogNi oP,,15 (Table 5). The different lattice constant of the products
in rxns. 532 or 536 (Table 4) show a nonstoichiometric character. The
lattice constants of rxns. 537 and 532 show the tendency of increasing
lattice constants as the relative amount of Sr increases but not for
lattice constants of rxn. 536. The odd lattice constants of rxn. 536
might be caused from the dirty surface of Sr metal. |

The atom positions of ideal Sr.Mg,,Ge,, is listed in Table 6.
Figure 5 shows the cell projected in a [001] plane. In the unit cell,
Sr(2) is located at 2(c) position at z = 0, while Sr(l) sits on 3(g)
position to form a triangle centered by Ge(4) atom. There are five Mg
positions, Mg(l) and Mg(3) are located at 6(h) and 3(g) positions at z =
1/2 and linked with Sr(l) atom to form a big fragment fused by seven Ge-
centered trigonal prism, while Mg(2) and Mg(4) are at 6(j) and 3(f) posi-

tions at z = 0 and linked with a Sr(2) atom to form the same fragment as



Table 5. Observed and calculated powder patterns? for Sr5+yMglg-yGe12

h ke

d

A

dobs’ A

I

I

cale cal obs
210 4,831 4.821 9 5
111 3.813 3.812 6 3
220 3.690 3.689 4] 40
310 3.545 3.544 31 35
211 3.275 3.273 86 90
301 3.079 3.080 65 70
320 2.933 2.930 4 3
221 2.842 2.842 100 100
410 2.789 2.789 31 30
311 2.774 2.773 97 90
401 2.596 2.596 10 10
500 2.557 2.556 11 13
321 2.449 2.450 11 15
420 2.416 2.410 3 5
411 2.364 2.365 21 25
510 2.296 2.297 17 20
002 2.227 2.226 56 50
331 2.153 2.153 21 25
600 2.130 2.131 79 80
421 2.123 2.123 5 5
511 2.047 2.047 4 5
610 1.949 1.949 6 5
222 1.907 1.906 12 10
431 1.901 1.901 48 50
312 1.886 1.886 10 10
521 1.860 1.860 4 5
4 40 1.845 1.845 7 5
412 1.740 1.740 14 20
4 41 1.705 1.705 9 8
531 1.690 1.690 4 5
502 1.679 1.679 6 5



512 1.598
711 1.583
60 2 1.539
631 1.515
550 1.476
721 1.473
612 1.468
730 1.438
442 1.420
213 1.419
811 1.418
303 1.402
820 1.395
641 1.393
223 1.377
313 1.369
731 1.369
901 1.353
910 1.340
821 1.331
740 1.326
651 1.283
333 1.271
55 2 1.230
433 1.212
732 1.208
822 1.182

1.598
1.583
1.540
1.514
1.475

1.467
1.438

1.419
1.402

1.393
1.377

1.369
1.353
1.340
1.331
1.325
1.283
1.271
1.230
1.212
1.207
1.181

— o =
DO N=DOO

= =
BPONOBNDEBDNRBRNNOOR AV N,

[y

15
10
65

30

b
o > oW

b st
OO

N

—
CCHARNO NI NO

4The lattice constants adopted from rxn. 532 and assumed 0.54 Sr

substituted in 3(f) positions.

Bey Ka, radiation, A = 1.540562 A.
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Table 6. Atom positions of Sr Mg, .Ge,,?

Atom Position X y 2
Sr(1) 3(g) 0.8167(2) 0 1/2
Sr(2) 2(c) 1/3 2/3 0
Mg(1) 6(h) 0.8720(4) 0.5146(4) 1/2
Mg(2) 6(3) 0.8152(4) 0.1899(4) 0
Mg(3) 3(g) 0.2862(6) 0 1/2
Mg(4) 3(f) 0.4397(5) 0 0
Mg(5) 1(a) 0 0 0
Ge(1) 6(k) 0.5174(8) 0.6859(7) 1/2
Ge(2) 3(f) 0.6420(10) 0 0
Ge(3) 3(f) 0.1730(10) 0 0

aspace group P62m (No. 189); the atom positions quoted from
ref. 15.



Figure b.

The unit of ideal SrgMg,qGe,, based on HogNi,gR, projected on the [001] plane.
Circles represent Sr atoms; medium circles represent Mg atoms and small circles
stand for Ge atoms. Open circles indicate atoms at z = 0; shaded circles indicate
atoms at z = 1/2 coordinate. To illustrate the linkage of trigonal prisms, those
cations with same z coordinate are connected together. Also, the unit cell
expanded along ab plane to show the two different fragments

991
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that of Sr,Mg,,Ge, and shared by Mg(4) atom to surround the big fragment.

The charge of this phase also shows that it is a Zintl phase.

Discussion
Since Sr,.4Mg,,.,Ge, and Srs+yM9)g- 6y, are all belonging to

SrZMgz_zGe, the close structure relationship between them is expected.

Relationship between Sr, Mg ,_,Ge, and SrseyM9,o- Gy,

From a structural point of view, these two ideal structures are
built of the similar building blocks of Ge-centered trigonal prism. In
Sr,Mg,,Ge,, three of Ge-centered trigonal prisms are linked together to
form [SrMggGe;] fragments. There are two such fragments and one isolated
Ge atom in origin in the unit cell. For SrgMg,.Ge,,, there are two
similar fragments but shared corners with neighboring fragment and
represented as [SrMg,Mg,,,Ge;]. There is one other type of fragment
which is formed by further fusing three fragments of [SrMg Ge,] and
centered with one Mg atom, i.e., 3 [SngzMgzlegl,aGeGezlz]..

It is important to determine the location of the excess Sr and
determine the ranges of these nonstoichiometric phases. The structure of
SrMgGe provides valuable information that suggests the positions of the
extra Sr. In SrMgGe, the Sr atoms are in the common position shared by
two trigonal prisms. Also, Sr is in the center of the trigonal prisms
composed by 2Sr and 4Mg atoms with coordination number 6. The structures
of Sr—Mg binary phases always show the Sr at the octahedral sites with

six coordination number too.l6517 Based on the above facts, the excess

Sr probably substitutes at Mg(2) position for Sr,, .Mg,,..Ge, and Mg(4)
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for Sr5+yMglg-yGe12, respectively. Furthermore, single crystal
studies of Mg, gNi,, sP,, Cay  Ni,, 4P, and Ca, ;Ni,, ,P,18 which all
adopt Zr,Fe,,P, structure provide direct evidence about the above
proposal. In these compounds, the occupancy refinements revealed that
the excess Mg or Ca was mixed with Ni atoms to filled 3(j) position which
is the same as Mg(2) position in Sr,Mg,,Ge,. Therefore, the excess Sr in
Srp4xM9,,-4Ge, should be mixed with Mg atoms to fill the Mg(2) position,
and the excess Sr in Sr5+yMgls_yGe12 should fil1l the Mg(4) position
and be mixed with Mg atoms too.

In principle, these two positions could be filled up completely,
then the range of Sr, .Mg,,-,Ge, is from Sr,Mg,,Ge, to Sr Mg,Ge,
(the range of Sr would be from 0.143 to 0.357 atom fraction, if the total
Sr and Mg is fixed at 1), while the range of Sr5+yMglg.yGe12 is
from Sr Mg, Ge,, to SrgMg,.Ge,, (Sr fraction is ranged from 0.208 to
0.333). Apparently, there would be an overlapping range between these
two.

Rxn. 535 was tried to synthesize the ideal Sr Mg, ,Ge,,. The product
did contain 80% desired product and 20% Sr,, Mg, ,-,Ge,. The
lattice constants of the major product are the smallest ones compared
with other products in Sr'5+yMglg.yGe12 while those of the minor
broduct have the largest value of the a-axis for Sr, ,Mg,,-,Ge,.
Therefore, the two products might be corresponding to the two extreme
cases for both phases, i.e., the phase of Sr, Mg,,-,Ge, with
maximum content of Sr and the phase of Sr‘s+yMgls_yGe12 with minimum

content of Sr coexisted in the product of rxn. 535. If that is true,
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then the boundary for these two phases is at ~0.208 for Sr fraction. The
linear relationship between the lattice constants and the Sr fraction
could not be derived even when the odd lattice constants of rxn. 536 were
excluded. However, the c/a ratio for both phases are very uniform with
~2.539 for Srj,xM9;,-46e; and with ~3.314 for Srg, Mg, ,.,Ge),

except for that of rxn. 535 (Table 4).

To confirm that, rxn. 548 was repeated by using new clean Sr to
synthesize SrgMg,.Ge,,. The powder pattern indicated that it was a
single phase with lattice constants close to the major phase of rxn. 535
(see Table 4). Therefore, the boundary might be at 0.208 for Sr

fraction.

Conclusion

In the study of mixed cation effect in Sr-Mg-Ge system, a couple of
promising results have been reached. The existence of SrMg,Ge, was con-
firmed by the powder pattern. It is believed to be related to the struc-
ture of Rh,P; after the similarities between the experimental powder
patterns and the calculated powder pattern based on the structure of
Rh,P, being revealed. In the expected structure of SrMg,Ge,, Ge3"8 would
would be expected and could be rationalized by the valence rule. How-
ever, the single crystal study is necessary before making any
conclusion.

The existence of SrMg,Ge, is still doubtful since the cell constants

could not be obtained from TREOR program, although it is clear that the
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powder pattern did not contain any known binary on ternary phases of
Sr-Mg-Ge. Therefore, more reactions are required to prove that.
Two nonstoichiometric phases were found in SrzMg, - zGe,

Sra4xM912-x6€7 and Srs, Mgyq- Gey,. The structures of both phases
contain similar building blocks of Ge-centered trigonal prisms but with
different aggregation types or fusing patterns. From the results, it is
clear that there are some Sr:Mg ranges for both phases. Generally, the
lattice constants increase as the content of Sr increases but not with a
linear relationship. The boundary between these two phases might be at

0.208 for Sr fraction assuming the total mole of Sr and Mg equal to 1.
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FUTURE WORK

After the research, there are still some questions that need to be
answered. First, the results of "CasSbssl/z" are quite ambiguous. The
hexagonal phase of "CagSb,S, ,," might be related to the Cast3 structure.
Recently, in the study of LagGe,M (M = transition metal) in our
laboratory, LaSGesFel,3 and LaSGe3C01/3 weré found to be isostructural
with CagPbs. Possibly, "CagSb,S,,," can exist with similarly half filled
octahedral sites. To answer the question the single crystal study is
necessary.

Second, the discrepancy between the calculated and observed powder
patterns suggests the deviation of atom positions or a different space
group between Sr;.Bi;; and Ca, Sb,,. The confirmation needs a single
crystal study too.

Third, the real structures of Sr‘MgaGe3 and Sng?_Ge2 have not been
solved. This must be done so that more bonding information in Sr—Mg-Ge
system can be obtained. The positions of excess Sr and accurate dis-
tances in Sry4xMg;,-xbe, and Srg.,Mg,4-,Ge,, are needed in
order to further study the bonding in these compounds.

Two other mixed cation systemé, Ca-Mg—Ge and Ba-Mg—Ge, might be
worth investigation since they are both isoelectronic with Sr—Mg—Ge.
However, the different cation size ratios among these three might lead to
unexpected results.

Mixed cation reactions demonstrated in part V here already proven to
be a good way to generate new Zint]l phases. The reverse direction, mixed

anion reactions, might be another way to create unpredictable compounds.
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So far no physical properties of any of the synthesized compounds
have been measured. Although they all satisfy simple valence rule and
are expected to be insulators or semiconductors, they all show dark gray
or gray appearance with a metallic luster. Therefore, the electric
properties of these compounds are interesting, especially for the

comparisons between MgX3Y and MgX; which are expected to be metallic.



174

ACKNOWLEDGEMENTS

The author wished to thank Professor John D. Corbett for the
support, patient, and guidance given throughout this research.

Special thanks are due Professor R. A. Jacobson, members of his
group and Dr. L. Daniel for assistance with diffractometer and crystal-
lographic programs.

The author is indebted to Professor H. F. Franzen and coworkers for
the use of induction furnace, to E. DeKalb for elemental analysis, to
A. Guloy for the extended Huckel programs, to S. Slavi for SEM analysis.

The discussions, suggestions, and patience of many friends and
coworkers are kindly remembered.

The author wishes to extend special thanks to his parents and rela-
tives, who have provided support during these years. Special thanks to
Mrs. Shirley Standley for typing this manuscript and her enthusiasm in
doing this.

Finally, the author acknowledges the support, love, patience and
sacrifices contributed by his wife Shian-dJy.

This work was performed at Ames Laboratory under contract No.
W-7405-eng-82 with the U. S. Department of Energy. The United States

government nas assigned the DOE Report number IS-T 1361 to this thesis.



175

APPENDIX A: CALCULATED AND OBSERVED STRUCTURE FACTOR AMPLITUDES
FOR KSizAs,
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APPENDIX B: CALCULATED AND OBSERVED STRUCTURE FACTOR AMPLITUDES
FOR K,SiAs,
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APPENDIX C: CALCULATED AND OBSERVED STRUCTURE FACTOR AMPLITUDES
FOR CagSb,Cl
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APPENDIX D: CALCULATED AND OBSERVED STRUCTURE FACTOR AMPLITUDES
FOR BagSb,C1
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APPENDIX E: CALCULATED AND OBSERVED STRUCTURE FACTOR AMPLITUDES
FOR CagSbyF
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APPENDIX F: CALCULATED AND OBSERVED STRUCTURE FACTOR AMPLITUDES
FOR CagBi,F
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APPENDIX G: CALCULATED AND OBSERVED STRUCTURE FACTOR AMPLITUDES
FOR Ba,Sb, oI,
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APPENDIX H: CALCULATED AND OBSERVED STRUCTURE FACTOR AMPLITUDES
FOR Ca,Sb,,
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Values of 104Fobs and 104Fcalc for CaléSbll
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