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I. INTRODUCTION

A. General Background

The transition metal-sulfur and selenium systems have
been the objects of a large number of studies by many in-
vestigators. Jellinek (1) and Haraldsen (2) have reviewed
work by Biltz and Kocher (3, 4, 5, 6), Ehrlich (7, 8, 9),
Hahn (10, 11, 12, 13, 14, 15), Jellinek (16), McTaggert and
Wadsley (17), Selte and Kjekshus (18) and many others.

Three general methods were used by the early workers
to prepare metal-rich sulfides and selenides. The first
method involved placing stoichiometric mixtures of metal
_powder filings and chalcogen in clean fused silica tubes
which were evacuated, sealed, and placed in resistance
- furnaces heated to between 800°C and 1300°C for periods 6f
time varying from a few days to several weeks. The second
method of preparation involved the thermal degradation of
chalcogen-rich phases, and the third method employed st
gas which was passed over the heated metal.

The results of these preparations were phases with C/M
ratios, where C is the chalcogen and M is the appropriate
transition metal, greater than or equal to 1, and in no
case were metal-rich chalconides (C/M < 1/2) produced by
these techniques. This failure to prepare equilibrium

éamples containing metal-rich phases may be due to kinetic



factors. It has been generally observed that the metal-
chalcogen reaction results in the coating of the metal by a
chalcogen-rich phase which, at the temperatures used, is
relatively impervious to further diffusion of the chalcogen,
thereby blocking the complete reaction of chalcogen with

the metal. The degradation method, on the other hand, results
in phases with negligible chalcogen partial pressures it

the reaction temperatures, resulting in a negligible rate

of chalcogen loss. If the temperature of the furnace con-
taining the sample preparation tubes is significantly raised
above 1000°C in an attempt to increase the reaction rates,

the principal effect is an increase in the interaction of

the transition-metal with the silica of the preparation

tubes to form metal silicides and oxides. For example,
Jellinek (1) reported that a claim by Biltz for the prepara-
tion of a titanium subsulfide formeé by reaction of the
elements in fused silica tubes was incorrect, and that the
55i3.

Recent work in the V-S system (19), the Ti-S system (20),

phase actually prepared was Ti

the Hf-S system (21), and Nb-S system (22) demonstrated that
new metal-rich chalconide phases were prepared at temperatures
greater than 1300°C in containers that did not interact
seriously with the sample. With these successful preparations
in mind, it was decided to investigate the Ta-S system and

the Group IVB transition metal-selenium systems with the



- specific purposes of preparing metal-rich phases in these
systems by high témperature techniques, characterizing the
structures of these phases by X-ray crystallographic tech-
niques and comparing the structures of these phases with

structures of known metal-rich phases.
B. Incentives for Future Investigation

An understanding of the phase relations and structural
chemistry of the metal-rich chalconides is important for
several reasons. A knowledge of the phases in these systems
at elevated temperatures is necessary if one is to evaluate
the high temperature chemical compatibility of a metal with
a given environment, Thermodynamic data for these condensed
phases would also be highly useful for such an evaluation.
Vaporization studies require as a basis an understanding of
the condensed phases present. In addition, these phases
may well possess some properties of interest in material
science since they are all refractory in nature and exhibit
properties indicative of metallic conduction at room
temperature.

The determination of the structure is important from the
viewpoint of understanding the nature of bonding in the con-
densed state which may in turn be useful in understanding the
relationship between the properties and structure of a given

phase. For example, one ofbthe structural features of the



metal-rich chalconides, which suggests that the bonding of
chalcogens in these solids is different from that usually
assumed for sulfur or selenium, is the high chalcogen
coordination, namely between seven and nine. Other new
structural features were found in the metal-rich tantalum

sulfides, and these will be discussed in a later section.
C. Pertinent Background Literature

1. The tantalum-sulfur system

Biltz and Kocher (4) originally investigated the
tantalum-sulfur system in 1938. Their method of sample
preparation involved heating the elements in evacuated quartz
tubes to 1100°C. They reported four phases present: a
“tantalum-rich" subsulfide, Taso.3—1.o’ a "sulphur-rich" sub-
sulfide, Tasl.O-l.Q; a tantalum disulfide, TasS,; and a
tantalum trisulfide, TaS,.

Hagg and Schdnberg (23) later studied this system in 1954.
- They prepared samples by heating the elements in evacuated
silica tubes and by passing HZS gas over the metals heated
to between 500°C and 9bO°C. They reported the existence of
only a hexagonal tantalﬁm disulfide, TaS,, which was found
in four modifications a, B, v, and §. The forms B, Yy and §
were found only with the TaS2 stoichiometry. The o form was
found to have the Cd(OH)2 structure type, and was observed to

exist over a homogeneity range with a metal-rich boundary



given by S/Ta = 1.6. They found no evidence for intermediate
phases existing between Ta and TaSz, nor for any phase
corresponding to TaS3;. Bjerkelund, Fermor and Kjekshus (24)

reported that the phase TaS, is orthorhombic with space

3

group 02221.

Jellinek (16) also prepared a series of tantalum di-

sulfide polytypes: ls—Tasz, 25-Ta82, 27 >
and random - TaS2 with 1, 2, 3, 6 and a random number of

‘I‘aS2 repeat slabs per unit cell, respectively. Jellinek's

3s-Ta$s 6s-TaS

findings with regard to the Ta82 polytypes are summarized
in the following paragraph.

The structure of 1s-TaS, is of the CA4(OH), structure
type, with space group P3m. In this structure the metal
atoms are all octahedrally coordinated by sulfur atoms.
This phase is the oc—TaS2 phase reported by Hadgg and
Schonberg, and also the only TaS2 phase reported by Biltz and
Kocher. The phase Zs-Ta82 is isoétructural with Nbs, (16) ,
and belongs tc the space group P63/mmc. The metal atoms all
have trigonal prismatic coordination in this structure.
The phase B—Tas2 reported by Hadgg and S;hénberg is the same as
the 25-TaS2 phase. The 3s-TaS2 pnase 1is isostructural with
the rhombohedral form of Nbsz, and belongs to the space group
R3m. The metal atomsAall have trigonal prismatic co-
ordination. The GS-TaSé structure is rhombohedral and belongs

to the space group R3m. The metal atom coordination is of



two types, one half of them are octahedrally coordinated
and the other half are trigonal prismatically coordinated.
The GS-TaS2 phase is the G-TaS2 phase reported by Hagg and
Schénberg.

Jellinek reported obtaining from a sample which had
been heated for a relatively short period of time a dif-
fraction pattern which could only be indexed on a unit cell
containing approximately one third of the volume of ls-TaSz.
This phase, labelled random - TaS.,, on further annealing

2
yvielded a mixture of ls—Tasz, Zs-TaSZ, and 6s-TasS,.

2

Jellinek also investigated some metal-rich tantalum
disulfudes of the general form Tal+a82’ a>0; and his findings
with respect to these phases are summarized in the following
paragraph.

The phase 2S-Tal+zSZ’ 0.35>2>0.20, is isostructural with
hexagonal 25—Nbl+xs2 (1) and belongs to space group P63/mmc.
The additional metal atoms (compared with 2s—TaSZ) are
randomly inserted into octahedral positions. The structure
of 35-Ta1+x82, x~0.15, is isostructural with rhomboheéral
3s-Nbl+xS2 (1), belonging to space group R3m. The additional
tantalum atoms in this phase (with respect to 3s—TaSZ)
randomly occupy octahedral positions. The structure of
65-Tal+y82, y=0.20, is rhombohedral, belonging to space
group R3m. It was suggested that this phase is not closely

related to the structure of 6s-Ta82, but is based on another



type of layer structure. The phases called Y-Tas2 and
oc--TaS2 by Hagg and Schonberg and the two subsulfides re-
ported by Biltz and Ko&cher were, according to Jellinek, mix-

tures of 25-Tal+zsz, 35-Tal+x52, and 6s-Ta Jell;nek

1+yS2°
makes no mention of any tantalum sulfide more metal-rich
than 25-Ta1+zsz, z = 0.35.

As discussed previously, the lack of knowledge con-
cerning the existence of metal-rich phases in the Ta-S
system was thought to result primarily from the techniques
- previously used for sample preparation. It was therefore
decided to investigate this system using high temperature
techniéues with the purpose of preparing metal-rich phases.
It was a further purpose to characterize any new solids,
especially by the techniques of x-ray crystallography.

The lattice parameters, symmetry and space group for
both the tantalum sulfides known prior to this research

and the new tantalum sulfide phases known as a result of

this research are listed in Table 1.

2. The Group IVB - transition metal - selenium systems

a. The titanium - selenium system The titanium-

selenium system has been investigated by McTaggert and
Wadsley (17), who report finding an hexagonal TiSez, an
hexagonal TiZSe3 and an hexagonal TiSe. These samples were

prepared by either combination of the elements in evacuated



Table 1. Summary oif phases in the Ta-S system
Phase Lattice Lattice Space Reference
Svmmetry Parameters Group
‘I‘aS3 Monoclinic 1
o ]
Orthorhombic a=36.79A b=15.18A 24
c=3.340A C222
° o Rt
ls—Ta82 Trigonal a=3.36A c¢=5.90A P3m 1
o o
Zs—Ta82 Hexagonal a=3.315A ¢=12.10A P63/mmc 1
[+ o
3s—Ta82 Rhombohedral a=3.32A c¢=17.9Aa R3m 1
o =]
6 —TaS2 Rhombohedral a=3.335A ¢=35.85A R3m 1
[«} . o
random TasS a=1.92A c¢=5.99A 1
(=] o
a=3.295A c=12.45A Pé6./mmc 1
o) T3 ad
2s-Ta, ., Fexagonal (2=0.20) 3
0.35>2>0.20 o o
a=3.29A c¢=12.65A2
(z=0.35)
-] [
3s-Ta Rhombohedral a=3.31A c¢=18.2A R3m 1
l-rx 2
x=0.15
[e] (=3
6s 1 S, Rhombohedral a=3.315A c=36.2A R3m 1
+yT 2
v=0.20 '
Ta,S Orthorhombic a=7.381A b=5.574A Pbcm -2
c=15.19A
[+ ]
2 S Monoclinic a=14.16A b=5.284A, C/2¢c -2
: c=14.7%A BR=118.01Aa

“7his research.



sealed silica tubes or by thermal degradation of the chalcogen-
rich phases to yield the more metal-rich phases.
Grgnvold and Langmehr (25) reported the existence of a

TiSeO 95 with a MnP structure, a TiSe with a NiAs

1.05
structure and the phése Tisel.20-2.00 which is hexagonal

at the metal-rich limit, becomes monoclinic upon addition of
selenium, and then reverts to a hexagonal structure in the
composition range TiSel.4o_2_00. Their samples were prepared
by heating the elements in alumina boats placed in silica

tubes which were then evacuated, sealed and subsequently

heated to between 600°C and 800°C.

Bernusset (26) reported a trigonal TiSez, a monoclinic
Tisel.60’ a monoclinic T;i.Sel.33 and a hexagonal Tisel.09—l.20°
His samples were prepared by heating of the elements in
evacuated and sealed silica tubes at temperatures between
500°C and 11l00°C.

Chevreton and Brunie (27) report a monoclinic TiSel.60
which is isostructural with VSSS and V55e8’ They prepared
their samples by heating the elements at 800°C in evacuated
and sealed silica tubes which first had a carbon coating
cdeposited on them in an attempt to minimize interaction between
the silica and metal. Brunie and Chevreton (28) reported
finding an orthorhombic phase of unknown structure with the

stoichiometry Ti98e4 with the lattice parameters a = 3.433,

(] [+
b = 11.68A and ¢ = 14.47A belonging to the space group Pnn2
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or Pnnm. As result of the work described in this thesis,
this phase has been shown by single-crystal X-ray techniques
to have the stoichiometry TiZSe and will be discussed later

in this thesis.

b. The zirconium - selenium system McTaggert and

Wadsley (17) reported a monoclinic ZrSe3, whose structure
has been determined by Krdnert and Plieth (29), an hexagonal

ZrSe2 and an hexagonal ZrSe

3*

Hahn and Ness (14) reported the existence of ZrSe a

3’

hexagonal ZrSez, a tetragonal Zr4Se3, a ZrSe with a

1.0-1.4
WC structure. Their samples were prepared by reaction of

the elements in evacuated and sealed silica tubes heated

from 700°C to 1000°C.

. 1. . .
Solomons and Wiegers investigated the composition range

between ZrSe and ZrSe2 at temperatures between 800°C and

1200°C. They found Zr XSe2 with the Cd(OH)2 structure,

1+

the ZrBSeA rhase reported by Hahn and Ness and a new phase

Zr25e3. The Zr_Se._, structure was determined and was found

273
to be intermediate between NaCl and CdIz. The Zr28e3
structure was found to be isotypic with Ti283. They reported

that the tetragonal phase Zr4Se3 reported by Hahn and Ness

1 1 s X
Solomens, W. and Wiegers, G. A., Laboratorium voor
anorcganische chemie, Rijksuniversitat, Groningen, The
Netherlands. The System Zirconium-Selenium: The Structures

of the Phases Z2r.Se, and Zr.Se.. Private communication.
1969 3774 2573
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is actually ZrSiSe.

c. The hafnium - selenium system McTaggert and

Wadsley (17) reported the existence of a monoclinic HfSeB, a
hexagonal HfSez, and possibly a hexagonal Hf28e3. They
reported that a powder pattern of HfSe could not be reliably

indexed.

The noticeable lack of knowledge, pointed out earlier,
concerning the existence of metal-rich phases (qﬁqi %) in
the Ti-Se, Zr-Se, and Hf-Se systems probably resulted
primarily from the previously used techniques of sample
preparation. The investigation of these metal-selenium
systems was conducted with the purpose of preparing metal-
rich phases and characterizing any new metal-rich phases
found, especially by x-ray crystallography techniques.

The lattice parameters, symmetry and space group for both
phases in the Ti-Se, Zr-Se, and Hf-Se systems known prior to
this research and new phases known as a result of this re-

search are listed in Table 2.



Table 2. Summary of phases in the Group IVB metal-selenium systems

Phase Lattice Symmetry Lattice Parameters Reference
] - 5 (28 o . [ [
Tise, T20¢ BYSLEM  poyagonal a=3.535A, c=6.004A 17, 26
(] [+
Ti28e3 hexagonal a=3.595A, c=5.99A 17
(o] [
TiSe hexagonal a=7.15A, c=12.00A 17
[+} [
'I'iSeO 95 hexagonal a=3.494A, c=6.462A 25
[+] []
TiSel 05 hexagonal a=3.571A, c=3.539A 25
(4] (]
TiSel 60 monoclinic a=3.608A, b=6.19A, 26
: c=11.94A, B=90.33°
(o] [+
TiSel 33 monoclinic a=13.66A, b=3.571A 26
' c=12.02A, R=152.92°
(4] o
TiSe; 49-1.20 hexagonal a=3.572A, c=6.205A 26
(] (]
TiSe1 60 monoclinic a=12.397, b=7.19A, 27
’ c=11.95A, B=90.60°
o o ‘
Ti,Se (TigSe,) orthorhombic a=11.744A, b=14.517a 28, -%
c=3.456A

a_. .
“This research.

21



Table 2 (Continued)
Phase . Lattice Symmetry Lattice Parameters . . Reference
T [ o
ZrSe3 zr-Se System monoclinic a=3.42p, b=9.45A 17, 29
c=3.74A, B=98.2°
[} [}
ZrSe2 hexagonal a=3.770A, c=6.137A 17
[«
ZrSel 0-1.4 rhombohedral a=5.,337A, 0=89.39° 14, 30
(] o '
ere0.6—0.8 hexagonal a=3.,55A, c=3.61A 14
[ o
ZrZSe orthorhombic a=12.640A, b=15.797A -a
c=3.602R
Hf-Se System o o
HfSe3 monoclinic a=3.55A, b=3.72A 17
c=9.47A, B=98.3°
(-] [+
HfSe2 hexagonal a=3.748A, c=6.159A 17
[+ o
Hf ,Se Hexagonal a=3.4502A, c=12.260A -4

€T
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II. EXPERIMENTAL TECHNIQUE
A. Source and Purity of Metals and
Chalcogen Used

The tantalum sulfides investigated in this research were
prepared using 99.999% sulfur acquired from the American
Smelting and Mining Company and 99.99% tantalum from the
National Research Corporation.

The Group IVB transition-metal sglenides were prepared
using 99.999% selenium obtained from Alfa Inorganics Inc.
and 99.93% titanium metal from the Chicago Development
Corporation, 99.90% zirconium metal from the Westinghouse
Electric Corporation and 99.9% hafnium metal containing
0.02% zirconium metal purified at the Ames Laboratory of

Iowa State University.
B. General Sample Preparation

The metal in the form of sheet or bar was filed using
a flat bastard file. The filing process was done in a
plastic glove bag filled with argon. Before the file was used,.
it was cleaned by rinsing with dilute HCl, then rinsed with
distilled water and finally rinsed with ethanol. The file
was then immeaiately inserted into the argon filled glove
‘bag. A strong magnet was kept in the glove bag during the
filing and periodiéally passed over the metal filings to .

remove any chips which may have broken off the file during the
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filing operation. The metal filings were stored until used
in small sample vials with an argon atmosphere. When
sulfides were prepared the metal filings were weighed, and
1.05 times the stoichiometric amount of sulfur was added.

The sulfur above that needed for stoichiometry was added to
allow for sulfur loss in transferring. In the case of the
selenide preparations, the selenium was first weighed since
it was in the form of rather large pieces of shot, and then
stoichiometric quantities of metal filings were added. These
mixtures were introduced by means of a funnel into clean

8mm Vycor tubes sealed at one end. The tube with the
chalcogen and metal filings was evacuated by a mechanical pump
to about ZLO“2 torr and was sealed off with a gas-oxygen torch.
After the tube was cooled by air or water guenching, the tube
was checked for leaks with a Tesla coil. If there were no
lezks, the tube was placea in a resistance furnace at 400°C,
and the temperature was raised to about 500°C after
apoproximately one day. The tube was kept at 500°C until
there was no visual indication of unreacted chalcogen in the
sample tube. Next the sample tube was withdrawn from the
furnace, air or water gquenched to room temperature and broken
oven taking care to avoid contaminating the sample with Vycor
Zragments. A microscope using low power (X45) was used to
examine the sample and to aid in the removal of pieces of

Vycor. The samples were stored, until use, in sample vials.
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Only in the case of the hafnium-selenium preparations was
it found necessary to displace the air above the sample.
The sample vial was, in this case, filled with argon to
avoid reaction of the preparation with air. In cases in
which hafnium-selenium samples were stored in air reaction
of the sample was evidenced by a red color, presumably due
to selenium, coating the walls of the sample vial. The
products of the preparations in the silica tubes were a
mixture of higher chalconides and unreacted metal. There
was in no cases evidence of interaction of the metal with
the silica of the tubes. No attempt was made at this stage

of the sample preparation to use x-ray technigques to identify

the phases present.
C. High Temperature Annealing

In all preparations, the samples prepared in the silica
tubes were annealed in a tungsten Knudsen cell heated bv
radio-frequency induction in the arrangement shown in Figure 1.
The temperature, duration of the heating and any other
specifics pertaining to the preparation of a specific phase
are given in a later section. The tungsten Knudsen cell and
samnle were maintained in a dynamic vacuum of 10‘6 torr by an
0il diffusion pump backed by a mechanical pumo. The residual

pvressure 0f the vacuum system was measured by a hot cathode

}_l.

onization gauge. The temperatures of the Knudsen cells were



Figure 1. Vacuum line used for high temperature annealing
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measured by sighting on a small channel in the bottom of the
cell with a Leeds and Northrup optical pyrometer. The observed
temperatures were corrected for window and prism effects. The
samples prepared in this fashion were quenched by radiation
loss when the power to the coils was.turned off. The sample
and Knudsen cell were left in the vacuum for 24 hours after
heating to insure that they cooled to room temperature be-
fore being exposed to the atmosphere. The vacuum was broken
with an inert gas such as argon or nitrogen, and the sample
was stored in a sample vial. In the case of the hafnium-
selenium preparations, it was found necessary to keep the
sample under an argon atmosphere to avoid slow decomposition.
All other phases discussed in this research were stable in

air.
D. Results of Spectroscopic Analyses

Three typical samples, one of Tazs, one of Ta,_,S, and one

6

of Ta metal filings, were submitted for spectroscopic
analyses to determine the impurities present, especially
iron from the filing process, silicon from the preparation
tubes and tungsten from the high temperature annealing in
the Knudsen cell. The concentration of iron in each of the
samples Tazs and Tass was about 200 ppm whereas analysis of

the filed metal indicated less than 100 ppm iron. Magnetic

data, discussed below, suggest that the iron concentrations in
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the Tazs and Ta6S samples are considerably less than these

values. There were 200 pprm of silicon in the Ta,S and Ta6s

2
samples compared with less than 50 ppm of silicon in the
filed metal. ©No tungsten was observed in any of the three
samples. There were only negligible concentrations (< 20 ppm)
of other metallic impurities present in the three samples.
E. Analyses for Oxygen, Nitrogen, and
Hydrogen in Metals

Samples of Ti, Zr, and Ta metal filings were analyzed by
a vacuum fusion method for the presence of oxygen, nitrogen,
and hydrogen. The results of these analyses are summarized
in Table 3. The concentrations for nitrogen are minimum
values. The concentration of oxygen in the hafnium filings
was probably not greatly different from 250 ppm, as reported
by Graham (30) for filings obtained in a similar fashion from

the same hafnium bar.

Table 3. Impurities in metals

Metal Oxygen (ppm) Hydrogen (ppm) Nitrogen (ppm)
Ti 567 171 43

Zr 521 39 34

Ef 250 - -
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ITTI. X-RAY EXAMINATION OF POWDER SAMPLES PRODUCED

BY HIGH TEMPERATURE ANNEALING

X-ray examination of powder samples annealed at high
temperatures was performed by the Debye-Scherrer and Guinier
techniques. The Debye-Scherrer and Guinier cameras used
had diameters of 1l4.6mm and about 80mm, respectively. For a
description of the Guinier cameras see Guinier (31). The
radiation used to obtain the Debye-Scherrer patterns was
nickel filtered CuKa radiation and to obtain the Guinier
patterns was monochromatic CuKal radiation (A=l.5405£). An
internal standard, KCl with a=6.29300i0.00009£ (32) , was
mixed with the samples in the powder patterns obtaineé by
the Guinier method. The method, involving the use of the
internal standard, and the method of reading the Guinier
films has been discussed by Westman and Magneli (33) and
Graham (30). The dispersion values (f/e in which fis the
distance between the primary beam and reflected beam and & is
the Bragg angle for the same reflection) are 2.80 mm/degree
for the Guinier method and 2.00 mm/degree for the Debye-

. Scherrer method. Thus the resolution of relatively close
lines is significantly better on Guinier patterns than on
Debye~Scherrer patterns. Also, there are no systematic
errors in the diffraction angles obtained from Guinier
patterns due to absorption effects, as are encountered with

diffraction angles obtained by the Debye-Scherrer method.
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Guinier patterns were used to obtain sin28 values in the
low reflection region (28 < approximately 60°). A least
squares program by Williams (34) was used to obtain accurate
lattice parameters from the sinze data. These lattice
parameters and sinza data are reported in later sections.
All diffraction data obtained in this research were obtained

by room—temperaturé diffraction techniques.
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IV. THE TANTALUM-SULFUR SYSTEM

A. The Structural Determination of Tazs

1. Collection of intensity data

The Tazs phase was prepared as outlined in sections II,A
and B. The final annealing temperature of 1600°C was main-
tained fo; 3 hours.

A single crystal of TaZS, picked from an arc—meited sample
qontaining both Ta25 and Ta6S, was mounted on the end of a
glass fiber by Duco cement. A Charles G. Supper Co.
Weissenberg camera was used to take a rotation vhotograph
and 0kx/t, ka, and Zk[ layer photographs about the a-axis.
Reciprocal lattice plots drawn from these layer photographs
indicated that the lattice is orthorhombic. The following
svstematic conditions on the Miller indices were decduced

or reflections to be observed: hkf, no conditions; hk0, no

h

conditions; hof,g==2n; Ok{, k=2n; h00, h=2n; 0kO0, k=2n; 004,
d=2n. These reflection conditions indicate that the centro-
symmetric space group is Pbcm. The Guinier powder pattern

of a sample which exhibited diffraction lines attributed

only to the Tazs phase vielded data which resulted in the
following lattice parameters: a=7.381ip.002£, b=5.574i0.001£,
and c=15.195i0.003£. A pycrometric determination of the
censity of this sample using water at 24°C as the displaced

medium yielded a value of 12.39 g/cc. The calculated density
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of TaZS based on 12 Ta,S units per unit cell is 12.46 g/cc.

- The hk/f indices, sinze(obs),sin26 and the estimated

(calc)
relative intensities of reflections for the Tazs phase

obtained from a Guinier powder pattern are listed in Table 4.

L]
Table 4. X-ray diffraction data for Tazs, A=1.5405A

4 sinze(obs)xlo 5 sinze(calc)xlo > I/I_x100
5,0.2 1032 1078 55
1.0.0 1085 1089 50
1.0,2 21212 . 2116 10
0.0,4 4116 4112 10
2.1.1 6521 6521 15
1,14 7106 7110 10
2,12 7295 7295 18
0,21 7887 7896 80
2,12 8573 8577 80
1,21 8789 8784 35
0.0,6 9244 9249 25
1,15 9416 9421 80
3,0,0 9792 9802 25
0.2,3 9943 9953 40
1,0.6 10354 10338 50
3,02 10826 - 10832 50
1,23 11033 11038 100
510 11726 11709 40
2201 ] 12253 ~
21202 12242 12253 100
2.1,5 12680 12691 5
2.0,6 13593 13605 40
30103 12027 12021 20
2.2.3 14307 14307 20
1,25 15148 15154 5
2.1.6 15532 15519 35
2018 15817 15824 25
0.0.8 16440 16446 10
2.2.5 18419 18419 15
1373 19286 . 19300 5
2.3,0 21565 21543 18
1.3.2 22389 22389 15
2,302 22592 22571 15
2.1.8 22732 22710 10
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Using the crystal of Tazs previously described to deter-
mine the proper space group for this phase, single crystal
intensity data were initially collected using a General
Electric spectrogoniometer and nickel filtered Cu Ka
radiation. After the single crystalvorienter angles were
obtained for three linearly independent reflections, the
computer vrogram SCO-6 by D. E. Williams1 was used to calcu-
late the orienter angles for all other reflections. Data
were collected for 767 reflections in the range: 0°<26<160°.
A second set of integrated peak intensity data was collected
using a Hilger-Watts diffractometer coupled with an SDS
(910)-IBM(1401) computer configuration described elsewhere
(35). Mo K, radiation with a Zr filter was used to collect

data for 1104 reflections in the range 0°<26<60°.

2. Absorption correction

The calculation of accurate structure factors from in-
tensity data required that corrections be made for absorption
of the incident and diffracted radiation. The absorption
corrections are calculated in the form of a transmission

factor, A*, for each reflection by an evaluation of the

integral.

Williams, D. E., Department of Chemistry, Iowa State
University of Science and Technology, Ames, Iowa. Single
Crystal Orienter Program SCO-6. Private communication. 1964.



26

v
A* = 1/V J exp[-u(ra+reﬂdv : (1)
0

in which V is the volume of the crystal used to collect the
data, T, and rB are the path lengths of the primary and
diffracted beam, respectively, through the crystal and u is
the linear absorption coefficient of the material compfising
the crystal. The transmission factor coefficients were ob-
tained using a computer program by Busing and Levy (36)

in which the integral is evaluated for each Bragg reflection
by a Gaussian approximation. The calculation is based on
the dimensions and orientation of the crystal. The dimensions
and orientations of the crystal were obtained in the form of
a set of linear equations, with one for each face of the

crystal, expressed in the form
AX + By + Cz = D =0 (2)

in which A, B and C are the direction cosines of a normal
from a chosen origin within the crystal to a given face and
D is the length of that normal from the origin to that face.
The single crystal of Tazs was approximated by a volume
which had six faces, regquiring six eguations relating
direction cosines and normals from the origin to the six
faces. A Bausch-Lomb Stereozoom microscope which had in one
eyepiece a reticle calibrated against a series of lines 20 u
apart etched into a glass slide was used to measure the

dimensions of the crystal. The measured dimensions were
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approximately 15u x20u x 140u.

The linear absorption coefficient initially used in the
solution of the structure with the Cu data had a value of
2330.9cm-l based on a guess that the structure had 14 TaZS
units per unit cell. Subsequent determination of the structure
led to the value of 12 as the correct number of Ta,S units
per unit cell. The correct values for the linear absorption
coefficients were lllO.?cm-l for the Mo data and 1997.5cm_l
for the Cu data. The transmission factor coefficients ranged

from 0.1152 to 0.2156 and from 0.01402 to 0.1713, respectively,

for the Mo and Cu data.

3. Lorentz and polarization effects

The Lorentz effect results from the disvarity in the time
during which the conditions for reflection are met for
reflections with different Bragg angles. The polarization
effect .esults from the fact that the diffracted beam is
partially polarized while the primary beam is not. These
two effects are generally accounted for in one factor, a
Lorentz-polarization factor Lp, of the form for single
crystal intensity data taken on a diffractometer

l+cos226
2 sin2b

lp = (3)

where 6 is the Bragg angle of a particular reflection.
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4. Structural solution

a. The specific problem The intensity, I(hkf), of

a given reflection, with Miller indices nhk?, can be expressed

by the relationship:
I(nkf) = kLp A* ]F(th)lz, (4)

in which 'k is a scale factor, Lp is the combined Lorentz-
polarization factor, A* is the transmissiocn factor and
|F(hkf) | is the magnitude of the structure factor.

The structure factor for a reflection hkg, F(hkﬁ), is .
related to the scattering powers of the j atoms composing
the unit cell by the relationship:

F(hkd) = If. cos 27 (hx.+ky.+9z.)
5 J J J J

+ iTf. sin 27 (hx.+ky.+3z.)
: 3 J J J
J
in which fj is the scattering power of the jth atom at the
fractional coordinates %, y, 2z in the unit cell. For atoms
related by a center of symmetry the sine terms of the above
ecuations will cancel, and the relationship for a structure
containing a center of symmetry reduces to:

F(hkf) = £f. cos 27 (hx.+ky.+fz.). (5)
5 3 s B

Thus the various F(hk4) are not complex numbers in the

centrosymmetric case but are real numbers, either less than
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or greater than zero. The appropriate assignment of signs
to the structure factors, the magnitudes of which are
obtained from the observed intensities, constitutes the

- problem in a centrosymmetric crystal structure determination.
For the space grod? Pbcm, the egquation describing the

structure factor, F(hk{), may be expanded and rewritten in

the form (37):

F(hkf) = 8 ij cos 27 (hxs+ }-E-) cos 21 (kyj— d

J 4
J
4 &
x cos 27 ( z5+ 4) . (6)
b. The general method of solution A graphical

method of obtaining unsigned unitary structure factors out-
lined by Woolfson (38) was used in the solution of the

structure of Tazs.

The unitary structure factor for a reflection hk[,

Uhkﬁ’ is related to the structure factor by the following

relation:
10y pl = IF(th)I/;;fj . (7)
where fj is the atomic scattering factor uncorrected for

thermal effects of the jth atom in the unit cell. The
magnitude of ij is the maximum value for the magnitude of

3
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0 < thkil < 1 . (8)

Harker and Kasper (39) derived a series of inequalities

for unitary structure factors based on the Cauchy in-

equality:
2 2 2
12 a.b. | < (2]a.]|)(Z]b.]“) . (9)
3 J 3 5 J . J

In the case of a centrosymmetric structure the structure
factor possesses no imaginary component, and a very useful
result of the Cauchy ineguality can be obtained (38). This

result is that, fbr sufficiently large structure factors:
s(h,k,[)s(h',k',j')s(h+h',k+k',I+2')= +1 and/or (10a)
s(h,kx, £)s(h', k', £ )s(h-h' k-k', f-§")= +1 (10b)

in which s(h,k,{) refers to the sign of the unitary structure
factor Up,p. The minimum value of thkﬁl suggested by
Woolfson for use in these relations is 0.40, which was also
the minimum value of IUhkfl used in the solution of the
‘structures of the TaZS phase and the Ta6s phase. The above
two equations (l0a.and 10b) have been called triple-product
‘relations (38). |
Therefore, if a sufficient number of unitary structure
factors are sufficiently large in magnitude; and, if their

signs can be interrelated by the triple-product relations,

then positive or negative signs can be assigned to the

RN YN R ~— -
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structure factors (38). These signed structure factors can
then be used to calculate an election density map using the

equation:

pxvz) =2 T % £ F(hkd)exp[-27i (hX+kY+£2) ]

(11)

where 0(XYZ) is the election density at the grid point X,Y,2
in the mapping and V is the volume of the unit cell. This
ecuation can be reduced in the special case of a centro-

symmetric structure to

o (X¥Z) = % 5 Finkd)cos2w (hx+xY+22) . (12)

Lz
hxt
This map yields a trial structure. If this trial structure
makes “chemical sense," e.g. there are no unrealistically
short interatomic distances, then this trial structure,
which may not contain all of the atoms in the structure,
can be used to obtain signs for more structure factors than
those assigned signs by the direct method. This enlarged
set of sicgned structure factors may then be used to calcu-
late another electron density function, possibly locating
additional atoms in the structure. Once all the atoms in
the structure are found by repetition of this procedure,
then refinement of the structure which will be discussed in

section IV,5 can be accomplished.



c. The specific solution of the structure of Tazs

The Cu data were used to solve the Tazs structure. It was

decided to accept those data as "observed" for which
cI/I = JA+B / (B-A) < 0.25,

in which oI is the estimated standard deviation in the
intensity, I, and in which B and A equal, respectively, the
integrated peak intensity and the background intensity. All
other reflections were considered "unobserved." According
to this criterion, there were 366 observed reflections, or
about 17 data per variable, in the final refinement, using
the Cu data and 435 observed reflections, or about 21 data
pexr variable, using the Mo data.

The graphical method used to obtain unitary structure
factors involved the calculation of the magnitude of the
unitary structure factors from the intensity data. The
ratio of the sguares of the magnitude of the unitary structure
factor to the intensity, Icorr’ of a given Bragg reflection
corrected for absorption and Lorentz and polarization effects
was computed. Tﬁis ratio, ¢2, is a function of 6 which
combines a scale factor, k, and an overall thermal parameter,
B, for all the atoms of the uvnit cell.

In detail, the \Uhkﬁi values were obtained as per -the

following description. The unitary structure factor is
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defined by the relation:

£,
Upyg = ;[Eif exp[zni(hxj+kyj+ﬂzj)]] (13)

373
where fj is the atomic scattering factor uncorrected for
thermal motion and Xj’ yj, zj are the positional parameters
for the jth atom in the unit cell. The square of the
magnitude of the unitary structure factor, thkZIZ’ is the

product of Uhk( and i1ts complex conjugate, Uhkf given by:

2 _ ~
0ng 17 = Unp - Ut (14)
£.
= §[f%;(exp[Zwi(hxj+kyj+ﬁzj)]]
£s
Llss exP[—zni(hxi+kyi+£ki)]] . (15)
i “*i :

This product can be simplified by substituting the unitary

atomic scattering factor defined as:

n
n, =£f./ I f.. (16)
Combining terms,
|u k£]2 = Zn,z + Z Z n;n. expl2rilh(x.-x.)+k(y.~-y.)
. j 3 iy 3 j 1 j 41
i#3

+ ﬁ(zj—zi)] . , (17)
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For a general reflection, the term containing the cross-
product will not equal zero. However, for most distribu-
. . - . . - 12

tions of unitary scattering factors, if values of [Ukkf'
are summed over a sufficiently large number of reflections
with phases varving between 0 and m, the second term on the
right of equation 17 will tend to zero since there will be

as many positive terms as negative terms in the sum (40, 41).

This 1s equivalent to requiring that the distance between

any tv

70 atoms be greater than one half the minimum spacing

of the reflections considered (41l). Therefore, to a first

approximation, the average for a sufficiently large number

of reflections is given by:

; 2 _ 2
thkzl =z ny . (18)

The average scuare of the magnitude of the unitary scatter-
. - . 2
ing factor, |U Kﬁl

n , the average of the square of the unitary

. . - . 2 . .
scattering factor, I n. , and the average corrected in-

tensity, Icor*’ for a given region of § sufficiently small

such that ¢~ 1s essentially constant, are related by:

2 2 2
I = = & - {7
=Lhkﬂl z nj @ (Icorr) (19)

. 2 , o , . .
Thus ¢~ can be readily calculated as a function of 9§ using
tebulated atomic scattering factors, fj’ and the observed
corrected intensities. Woolfson (38) suggests that a range

of + 0.05 in siné for the calculation of lUkaIZ and T_

- orr
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is both sufficiently large that the interval contains suf-
ficiently many data that Equation 19 is wvalid and is
sufficiently small that ¢2 is essentially constant over the
interval for most distributions of structure factors.

Values of corrected intensity data, I for all

corxr’
reflections for the Cu data were serialized in increasing
order of sin6, where 6 is the Bragg angle. The intensity
value for each first octant reflection was multiplied by

its relative weight in the total reciprocal lattice: 1

for an h00,0k0, or 00£ reflection; 2 for an hk0, hof, or

okl reflection and 4 for an hkZ reflection for which h#0,
k#0, and,Q#O. The weighted intensity data for regions of
sin®=+0.05 starting with sin6=0.05 were summed. If an
allowed reflection had an observed intensity of zerxo, it was
assigned one half of the minimum intensity observed in its
sinf6 range and the adjacent two.sine ranges. The average

of the weighted intensities was computed for each siné
‘region by dividing the weighted intensity sum by the weighted
numper of reflections in the sin® region. The number of
reflections, the weighted number of refléctions and the
average weighted intensity for the various sinf ranges are
listed in Table 5. The data for neighboring sind regions
were combined to determine the average sinf and average
weighted intensity values which are listed in Table 6. The

average weighted intensity value, I

corr’ for sind equal to
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Table 5. Number of reflections, weighted number of re-
f}ectiong and the average weighted intensity per
Sin@ region
Sing Number of Weighted Number Average Weighted
Reflections of Reflections Intensity
0.0-0.1 1 ' 2 -
10.1-0.2 11 20 5,950
0.2-0.3 23 54 15,840
0.3-0.4 36 105 47,960
0.4-0.5 60 176 8,742
0.5-0.6 88 273 18,485
0.6-0.7 110 352 12,532
0.7-0.8 141 477 6,882
0.8-0.9 186 | 630 6,666
0.95-1.0 187 637 - 3,704
0.10 was not determined due to lack of sufficient data in
the sind region 0.0 to 0.10.
The evaluaticn of [Uhkﬁlzby means of Equation 18 re-
quires a knowledge of the number and kinds of atoms in the

unit cell. In the case of the TaZS structure, it was

initially guessed that there were 14 Tazs units per unit cell.

Using this supposition, the values of thkﬁlz were calculated

for values of sinf in increments of 0.10 starting with

sin&=0.

The atomic scattering factors used in this research

were given by Hanson, Herman, Lea and Skillman (42) . The
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results of the evaluation of ]Uhkﬁlz are listed in Table 7.
Values of siné, ¢2 and ¢ are listed in Table 8. A plot of o
versus sinf (data from Teble 8) is given in Figure 2.
Magnitudes of unitary structure factors, Uhkf' were calcu-
lated from the relation Uhk,? = ¢/TZ;;;, using interpolated
values of ¢ from Figure 2. These magnitudes were only
evaluated for reflections for which sin6 > 0.300 because the
region of the graph for which sin® < 0.300 was poorly deter-
mined, presumably a result of an insufficient number of
observed reflections for this portion of the low angle
region.

The Cu data yielded 41 unitary structure factors with
magnitudes greater than or equal to 0.40 for Bragg angles,
8, such that sinf > 0.30. These unitary structure factors
comprised approximately 11% of the observed reflections.

In the solution of the structure by the direct method,
it is possible to assign signs to one, two or three unitary
structure factors, cubject to restrictions discussed below.
This arbitrary selection of signs fixes the origin at one
of the centers of symmetrv. In a centrosymmetric triclinic
unit cell, there are eight possible independent centers of
symmetry in the unit cell which.can serve as origins. These
centers are located at 0,0,0; 1/2,0,0; 0,1/2,0; 1/2,1/2,0;
/2,0,1/2; 0,1/2,1/2; and 1/2,1/2,1/2 in a given unit cell.

The effect of arbitrarily choosing structure-factor signs
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Table 6. Mean weighted intensity per average sinfé region

for TaZS
Average sin® : Mean Weighted
Region Intensity
0.20 13,135
0.30 | 37,038
0.40 | 23,390
0.50 14,667
0.60 15,132
0.70 9,281
0.80 6,759

0.90 5,176
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Table 7. Calculation of |U|2 for Ta,S (Cu data)

. 2 2 2 2 —
n n n n 14n 28n,, 2
28f O TE. Ta S ; S ; Ta S ra |U]|

sin0 f, f l4f - - -
S Ta "3 (x107%) (x10 3 4 2y (x10

Ta S ) (x107°) (x1073) (x10”%) (x10” 2)

0.2 13.4 66.8 188. 1870. 2058. 3.25 6.51 4.20 1.06 5.90 2.97 3.03
0.3 11.6 62.4 162. 1747. 1909. 3.27 6.08 3.70 1.07 , 5.20 3.00 3.05
0.4 9.9 57.8 139. 1618. 1757. 3.29 5.63 3.20 1.08 4.50 3.02 3.07
0.5 8.8 53.6 123. 1501. 1624. 3.30 5.42 2.90 1.09 4.10 3.05 3.09
0.6 8.1 49.6 113. 1389. 1502. 3.30 5.39 2.90 1.09 4.10 3.05 3.09
0.7 7.5 45.4 105. 1271. 1376. 3.30 5.45 3.00 1.09 4.20 3.05 3.09
0.8 6.9 42,2 97. 1182, 1279. 3.30 5.39 2.90 1.09 4.10 3.05 3.09

0.9 6.3 39.2 88. 1098, 1186. 3.30 5.31 2.80+ 1.09 3.90 3.05 3.09

6¢



Figure 2. Graph of phi, ¢, vs. sin0 for TaZS (Cu data)
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Table 8. ¢2 and ¢ values for an average sin6 region for

Tazs
Sind ¢2 X 10-6 6 x lO—3
0.20 2.31 _ 1.52
0.30 0.82 0.91
0.40 1.31 1.14
0.50 2.11 1.45
0.60 2.04 1.42
0.70 3.33 1.82
0.80 4.57 2.14
0.90 5.97 2.44

(phases) is shown in the following specific example. Con-
sider the general structure factor for a centrosymmetric

structure:
F(hk{) = ij cos 2w(hxj + ky. +,£zj), (20)

with the origin initially at 0,0,0. The effect of shifting
the origin from 0,0,0 to 0,0,1/2 is to change the structure

factor to
7' (hkf) = If; cos 2mlnx; + ky; + £ﬁzj +1/2)] (21)

which can be rewritten as
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F'(hkf) = Ify cos 2n(hxj+kyj+£&j)coskm£)

- Tf; sin 2w(hxj+kyj+2%j)sin(w1) (22)

£

for which sinmf{=0 for all integral values of}g and cos (7w )=(-1).
£ : ..
Therefore, F' (hk£)=(-1) F(hk[), and changing the origin
from z=0 to 2=1/2 alters the sign of. F (hkd) when.f is odd.
Shifts from an origin 0,0,0 to the other sites mentioned
above yield similar results. Thus structure factors with
all indices even are unaffected by any of these shifts, and
structure factors with odd indices, after a shift of one
half along the corresponding axes, are changed in signs.
Shifts involving a translation of one half with respect
to two or three axes result in a change in sign of the
structure factor if the sum of the Miller indices of the
affected axis are odd and in no changes if this sum is
even. Table 9 summarizes the sign changes from an initially
positive set of reflections for the origin 0,0,0 for all
possible sets of parities, even(e) or odd(o), of nk [/
reflections (382).

As a result of the variety cf possible origins in the
crystallographic unit cells it is possible to assign arbitrary
signs to one, two or three structure factors subject to
certain restrictions. No sign assignment can be made to a
structure factor whose indices are all even since the signs

of the group of structure factors are structure invariant,
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Table 9. Parities of hkf{ reflections

Origin eee eeo ele e(C Oee 0e0 00e 000

0,6,0 + + + + + + + +

1

5,0,0 + + + + -

0,%,0 + + - - + + - -

1

0,0, + - + - + - + -
.

Lis s o oo e

%,O,% + - + - - + - +
11

O,E,-é- + - - + + - - -

Ll . - e o s e -

i.e., the signs of these reflections are independent of the
origin chosen for the cell. Signs cannotbbe assigned to
more than one reflection from each parity grcup of Table 9,
and the parity of these three assigned reflections cannot
be linearly related.

The origin in the structure of Tazs was fixed by assién-
ing phases to three unitary structure factors from the set
of unitary structure factors for which IUthI > 0.40. These
three unitary structure factors had the following respective
Miller indices, parities and assigned signs: 1,2,3,(0e0),(+):
2,5,3(e00),(+); 2,3,4,(e0e),(-). The assignment of signs
to additional unitary structure factors in this .set was

accomplished by use of the triple product relations:



45

s(h,k,£)s',x', 0" ,)s(h+h',k+k', f+0) = +1 (10a)

and

sth,kx,ysth',x',f")s(h-h' ,k=k', f-4) = +1 (10b)

described earlier.
In detail, this procedure can be exemplified by using

these relations to assign a few signs, s(hkﬂ) for reflections

in this set. Thus, for example,

s(1,2,3) - s(1,2,3) = s(0,4,0), (23)
where

s(1,2,3) = + by assignment (24)
and where

s(1,2,3)

-s(1,2,3) (25)

by symmetry conditions oI the space group Pbcm. Therefore,

s(0,4,0) = - . (26)

Furthermore, by combining the signs for Ul,2,3 and
U0,4,O’ the sign for Ul,6,3 can be obtained:

s(1,2,3) - s(0,4,0) = s(1,6,3). (27)

Therefore, s(1,6,3) = (+) (=) = -
Similarly, i ¥ i £ nd U 4a +i
milarly, using the signs o Ul,2,3 a 1,2,3 and noting
that _
s(1,2,3) = -s(1,2,3) (28)

due to space group symmetry,
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s(2,0,6)

s(1,2,3) * s(1,2,3), (29)

and

s(2,0,6) (+) (=) = - . (30)

By continuing this procedure, it was possible to assign
signs to all 41 unitary structure factors in the set.

A Fourier electron density function was obtained.using
a computer program by D. Dahml and the 41 structure factors

with assigned signs. This function indicated the presence
g g

th

of five strong peaks in the asymmetric unit cell: one half

Hh

of the length of the a-axis, the full length of the b-axis,
and one quarter of the length of the c-axis. A "trial
structure" was proposed with five Ta atoms in the positions

ive peaks. An electron density function was calcu-

th

of the
lated on the basis of this trial structure, and this function
clearly indicated the presence of two possible sulfur

positions in the asymmetric unit cell.

5. Structure refinement for Tazs

The structure thus obtained was refined by least-sguares
computation (43). The scattering factors given by Hanson,

Herman, Lea and Skillman (42) were corrected for both real

ané imaginary dispersion for both the Cu and Mo sets of data

1 , . . .
Dahm, D., Department of Chemistry, Iowa State Univer-

sity of Science and Technology, Ames, Iowa. General
Fourier Program. Private communication. 1967.
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using the values given in the International Tables for

Crvstalloaraphv (44).

In the case of the data obtained using Cu radiation and
rcfinement using isotropic temperature factors, the structure

refined until the unweighted reliability index, defined by

R = Z]]Po]—k]FcH / T|F]| (31)

where X is the scaling factor and F and Fc are the observed
and calculated structure factors, respectively, was 0.100
for the 366 observed reflections. The data obtained with
Mo data wererefined using isotropic temperature factor
coefficients until the unweighted reliability index was
0.085 for 435 observed reflections. The positiocnal and
thermal parameters for both Mo and Cu data are listed in
Tables 10 and 11, respectively. Graph 1, written using a

s . R} l g h)
computer program written by S. Porter™, lists the obsexved

fu

nd aprroximately 40% of the unobserved structure factors,

(=8

ndicated by an asterisk (*), for the Mo data. The unweighted

All sicgns assigned by the direct method agreed with those

obtained for the structure.

1 . - .

Porter, S., Department of Chemistry, Iowa State
University of Science and Technology, Ames, Iowa. A Computer
Listing Program. 1867.
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Positional and thermal parameters from Mo
radiation for Ta,S

2

atom  WYSROTT - 1p%x/a 10%wp 10%z/c B (a*2)

Ta (1) e 966x4  8933+8 901+2 G.36%5

Ta (2) e 2843+4  3945+8 154242 0.28+5

Ta (3) d -93+7  6307+11 2500 0.22+6

Ta (4) 4 3526+6  8742+11 2500 0.41+7

s (1) c 1834+33 2500 0 0.29+31

S (2) e 4092429 7724+42  939+12 1.13+28

Table 11. Positional and thermal parameters from Cu
radiation for Ta6

atom  YROTT 10%x/a 10%wp 10%z/c B

Ta (1) e 969+4  8930+9 90042 1.01+7 A°

Ta (2) e 2841+5 395249  1541+2 1.06+8

Ta (3) a -90+7  6305+15 2500 0.94+8

Ta (4) a 3528+7  8709+13 2500 1.09+9

s (1) c 1809+38 2500 0 1.36+39

s (2) e 4132+27 7651+49  955+14 1.63+29




49

£ £ K L Fu FC L Y | 3¢

»
-

+
(9]

C 148 +Z

L LS K L Fa FC X« L+ 28 < Fay £C

i+ 0 2 6 192 =14 11 iy -177 7 & 306 240 O 6 146 einT VAR YR SR 30 irs elT7
J & 175 =222 2 7 66 6b® 1, 2 259 189 4= 3 SO 2e3 200 Lol 23T =271 31 0 7
J 0 el =9 2 8 X2 =R0% 1 3 602 =524 0 Q0 el 59 He 4 S W % =T {2 ind =100 3003 210 178
0 3 W2 e 2 Y 6ll ~asl 1 & 5049 =426 0 2 4659 =nén S 2 112 e %12 211 =207 1 3 1% a2 3 6 130 119
3 2 319 =62 210 12C 12 1 5217 1586 Q& 30é %0 O e e 54 S 16 254 =2h7 1 4 193 172 A6 269 263
d 13 320 =3ev 2 11 316 33 18 28 =228 G 6 16> =124 S A Sk 527 O 16 S2% 5434 L & 23y 297 16 141 1%9
0 12 7He  W7s 2 13 A0 =50%® 1 9 327 28s C  Hoahe 3 9 126 iv2 1 09 236 =223 « 1 10R =92 310 148 -119
9 14 145 =155% 2 16 25 -32% 1 10 18 148 €10 A% =60t9 G 1lu 5097 =¢34 1 1 216 Q9% L » &< 5%® 311 &2 -97®
Q16 206 =292 2 15 363 354 1 13 110 =111® 012 35% 3%3 2 16 110 1dle 1 2 277 256 1 9 W7 =353 & L 127 =11%
O 13 399 =<0 2 17 228 ~209 1 14 163 155 0 1% 21 =219 11 23 =12« 3126 -4 1 lu 96 =039 . 1 &n e
0 20 532 582 21 36 =46 1 15 348 =285 QO la 128 13% 12132 1ie 1 &« 11¢ -19% 1 289 W2 & 2154 13s
2 010 o6 2 20 < 6% 1 16 103 -31é 0 18 207 =197 [ SR M A U/ Q «®% 2 1 263 =277 4 &
2 1 &l 113 3 1 6o SA® 117 1%7 17 Q 20 252 31 1 4 193 1Sy 15191 =15y 32 O -i* 6 5
S 2 4Y =NV® 3 2176 168 119 les 136 1 0 636 b6t 1% %4n =604 1l 923 192 2 3 277 =275 “ &
2 3 W09 %9 3 & 306 205 2 0 95 =gRr 11 %540 =523 1 6 3446 =278 1 10 366 2h7 2 & O -1b* 4 9
2 4 11% =180 3 5277 31 2 1 561 =542 T2 7 S1® 1 7 438 o 111 196 =144 2 T 36 201 “ 10
2 5230 =30 36 679 ~552 2 2 M4 86® 1 3 376 =337 1 9 241 213 113 32 “4T® 72 9 170 154 “ 11
2 T 49 =1ll3® 3 T 247 <272 2 3418 360 2 4 396 =344 1 13 243 223 1 14 79 n3i® 2 135 c 5* 5.0
2 8 53 =T1* 3 8§ 58 S1® 2 4 109 a7 1 51110 a9 1 11 RS =90® 1} 15 ] 11 2 11 133 121* 5 5
2 9110 =126 3 06 77 -Ty% 2 5 182 1%3 1 6170 =132 112 67 53® 1 16 55 -=57% 2 12 59 -on® 5 &
2 11 271 =340 3 10 3eC 382 2 8 1 ~6® 1 722l 1w} 113 207 -2 117 < -3% 2 13 22% =233 s 7
213 285 295 31 2 22% 2 6 623 =585 1 10 <% “o® 1 16 a) =46% 2 0 260 =243 2 16 28 =24%
2 1 33 522 3 12 7Te 5)% 2 10 107 113% 1 11 275 289 119 136 115 2 1 832 =610 2 15 197 =195 o ¢
2 15 14 =123 3 13 lo6 lask 2 11 46+ S12 "1 12 343 233 117 146 =142 2 3 285 =242 3 0 199 196 o 2
2 17 223 =262 3 14 201 =138 2 13 117 =113« 1 13 2 1333 =119 2 4130 108 3 1152 19 G &
219 357 =327 315 132 <112% 2 1¢ o 2® 1 .% 2 2 3 =25% 2 7 2ep 2V} 3 2 19% -17» [ )
2 29 [ 7® 3 1s 22 22 218 [} % 1 s 2 3 lee 12y 2 11 €346 406 303 133 ~14% G ®
& 0 Sde =913 317 len 135 3 6 428 «S3 117 2 % TR =577 217 156 =153 36 W96 25 S 1C
“ 1135 Je~ 313171 =lod 31 17 «*® 119 2 4 lLS PT® 2 1Y 367 =35« 39270 224 w2
“ 233 “12 “ 0 326 =315 3 2 312 29 120 2 T 719 o4k 215255 =243 310 3¢y =249 1 "l
« 312 167 “ 1 1C0 Yo% 3 3 351 278 2 0 211132 110 NG Que =v2 3 11 21¢C =19 1 1
& 6 149 dué 4 2 6T =nn® 3 & 559 =LA9 2 1 2 12 el -5%® 3 1 12F =124 3 33 69 5% 1 2
& B 240 =075 & 3 ie2 119 3 5 130 =141 2 53 na 2 13 462 =453 302199 192 © 2 22 322 H 32
® 10 353 3% 4 & 106 19 386 139 =14 2 & ~ 2 15 251 268 3003 131 93 S 3 140 =1ls L4
<11 183 =172 & S 1llc 117® 3 6 201 =127 2 7 + 9 2 17 23 =302 3 4 67 =58® & | 421 =335 P
~ 12 537 =030 b & 35) &35 310 29T 287 2 s 3 32183 13 301 % S0® 4 A 162 137 P
e 13 132 Wo* & 7 1sl ~1a3 312 2e& 239 211 9 e &) 26® 3 3 lny =l6D e 2 236 =23 1 @
~ 15 120 100% & 9 123 -1t 314 137 149 2 13 O% 3 5 236 237 3 06 137 =12:% 410 339 273 1l
s 15 17 137 & 10 183 =1v3 3 15 207 2C6 2 1~ ™ 3 6§71 =621 3 10 266 263 LI 0 - 11
S 1u 103 1T “ 11 ¢ -1%® 2 1p 385 =<} 2 15 120% 3 T 235 =10u 311 136 122 S 1 240 227 112
S~ 1t 33% 3% 4 12 222 <227 & 2 39 =35% 2117 -il% 3 10 3%3 33 112 192 =ity S 9 16C =006 Ll
& O 348 =356 4 13119 136% & & 3C6 =313 3 0 ALY 5312 50 53% 3 13 36 -47® 5 7 118 129% 2
& 1 J37 =278 4 le 112 126% 4 5165 168 3 1 > 237 3 13113 12k%® 3 16 oS 3e® 5 9 385 325 2 2
& 3 lad =240 4 13193 1% o b AT Ld3 3 9 134 3 16 2181 =175 4 5 &30 &22 & 9 231 2l3 2 4
6 & 21s 33 S 0 Ta =75 & T 135 =127 3 4 411 ~365 315 BS -9e# ¢ 1 le7 -iT2 6 1 128 Je3% > g
4 11 17 151 S & 12 «l67® 4 B @3 ~2« 3 T 171 =133 3 3 0 lo* & 2270 23> 6 & 123 -112* 212
s 12 150 =227 S 5 2F1 &9 4 9100 =%h® 3 R’ 30 =22® & QO 3§ -23% 4 3 237 =212 Hs 7 3 C
& 13 115 -124® 5 & 131 123% & 10 218 -2Q7 3wl <« 2176 178 4 & 525 =51 I 2 236 21y 31

5 7 31 =31 1l o VA S S s 3 138 =02 4 S ILT lL.® 3 2233 -t 3 4

4 1 S 9 22% =253 & 12 53 ~%53e 13 RS o} =% & 4112 107%™ 1 & 17 =1T9 3 e
S 0 385 S 5 11 146 lonw “ 13 4o <9 3 e 4 8 135 -Se &« 8130 -1s5 J 5 3" 274 3 1n
3 2 188 112 9 13157 17 “ 1% IR7 201 316 “ & 37T =320 5 9 12 TH® 3 1 375 =251 “ O
S - 2 “® 5 15 165 =140 “ 16 226 =240 314 4 T %8 Te® & 10 LR8 174 J 12 %2 T.* & 1
3 o 505 =4Td 5 16 123 =1ls® L 1T 3w e L 06 « 9 2.0 leov & 12 202 QL I 16 110 114 & 2
o » 36 23% o5 0 L7 -hfe & g s =12% & 1110 AL “ 13 32a 316 4 13106 =04® L 5 255 =087 . 2
9 lv 227 2% 6 1142 157 S 1 213 19 e 2 623 29 4 11 <7 «9ue & 14 V4D 228 1 2109 «2® & &
312 285 er2 6 2 12¢ ~10%% 6 2 192 =191 “ 3 s 1 2 =2%® & 15 2C3 =10 L2 23l 20 “ bH
3 14 33 -3Ce® o 3 507 =421 S 3 465 1 & & v 2 0 ie® S Q0 165 17s 16 T ne
2 i 2le =021 6 o 12 11T 4 &4 221 g7 4 & S & 13 3% 5 1 la9 =1s8% 15 17 2% 0 4 2ea 26
1 3 0 1C® o 9 352 602 S 6 Al ~T77T% & & 5 5 343 367 S 2 leB =217 L6 160 155 3 o S(s =825
1 & 2le 138 6 10 132 -155% 5 8 125 1C® & 12 5 A 172 147 b & 126 124® 1 7 135 -4a G K 1lls AT.
1 5 039 =579 6 11 224 =229 5 & 284 =2:C “ 122 5 7 385 =316 5 3 192 139 1 8 19 ~14% 0 10 1490 1a¢
1l o 563 =0l v 13 <& Si% 50 193 =177 “ ls S 3 281 =242 5 9 low =154 L 9 2546 =247 1 2 ST Q5@
1 2 en3 w8 T 2 ap =Ts# 5 12 160 1%5® & 1a 157 =163 S 13 537 -35% 5 10 1&2 -122% 1 10 155 =157 L3 22 255
109 266 259 T 3 S 35® 5 16 323 33S S 17 31 =27% S 11 129 L18%® 4 Ll a7 ia 12 171 =17 1«12 155
1010 225 253 T 6 1e0 =125% 5 0 4% 15T s o 7 =?a® 6 13 168 196 512 198 3 Lls %6 INl® 1 6 it 178
111 195 =134 T 64671 432 6 1310 3N 5 1 36% 389 & 1 20s 20i 6 0 317 200 1 15 140 1n3%® 1 48 5% 65 ®
113 197 =22 7 8 V] 13" 6 2135 ~1C9 S 3313 250 & 3 171 =136 6 1 3al 243 2 1 114 =109 1 97271 =28}
1 16 058 =235 T 9 92 =97T* 5 3 21N -lh 5 7 15% =10¢ o § «02 4dL 6 2 6l =LH® 2 2 40 =4® 1 1 163 =170
115 181 2LC 5 4 31 =2i1% 5 3§ ¢ i® 5 5 275 =250 &5 3 le7 13y 23 242 236 2 1 1ol =18
1 15 207 1ite 2 S © 25¢ 26T 5 11 2869 =269 & Y 441 =370 & & 196 =182 2 6 3 -1i%" 2 3 lee il
1 17 21s =229 0 ¢ 9% =93 4 9 32 330 5 13 193 224 5 1% 2C6 34 o T 190 =174 ? 5 o%5 =€l 2 5 2is 218
1 1% 133 =134 9 2 53 “l® g 10 227 =217 Sl [+} -iw T 3 2% na s T 5 62 134 2 7T loy =155
121 is% 1Al ¢ % &C2 333 6 11 293 =3¢5 5 15 276 267 T 1 139 =3%% 3 4 les =142 2 T S2! <« 3 1138 lte®
2 0 1.7 110 G 6 dle =757 7 & 233 =221 6 1 53 -olw 7 2 150 ~12C 0 2 &21 -39 2 6 9 w3 T 16s =153
2 1235 =275 C 10 34 2% 7T 1 s Tie 6 & 2 2 4 SeAa 025 2 16 8% -93® 3 2 17) -163
2 2 84 T2® QL& 3¢ =21 T 212 -L15% o6 2 3 39s A2 211 Qa 1 Ha 10
2 3 86l T C 16 232 245 7 4 323 302 6 7 O 10«59 =437 22 ) -2% 8 U398 35D
2 % 160 =121 ¢ i8 152 =229 T o 5 “ew 5 1C 3 14 loo =210 2 13 305 =20 L & 267 =248
2 5175 =157 1 ¢119 B9 7 8 106 120% 7 O S 16 «&2 915 2 16 5% S55% 1 1 166 =161 *

Granh 1. Fobs and Fc - . for TaZS (Mo data) (*=unobssrved
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6. Weilochting scheme for intensities

A weighting scheme based on the estimated reliapbility

Fh

of each reflection was used in the refinement of the structure

Fh

o TaZS. A weighting scheme based on estimated errors,

primarily, was used in the least sguares treatment of both
sets of data. The weights were assigned by calculating a

relative errxor in the magnitude of the structure factor for

2

each reflection, namely, the weights were taken to be (cF) ’

wheare

+ (gF/3Lp) “(olp)“1° . (32)

In this expression ¢I is the estimated error in the

measured intensity o

(1}

a reflection and is taken as VA + B
in which A and B are respectively the total peak count and
bacxground peak count for a given reflection. The term G2
is the estimated error in the reciprocal of the transmission
factor coefficients and was taken to be 0.05 for all re-
lections in both Cu and Mo sets of data. The term oLp

is the estimated error in the reciprocal of the combined

Lorentz and nolarization corrections and was evaluated by

the expression:

cLe = (6Lp/5(20))0(20), (33)
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for which the estimated error in 26, o (28), was taken as
0.02°. Eguation 32 was obtained using the propagation of

errors treatment for the relationship:

I = kKA*Lp ]F}z, (24)

where I is the measured intensity, Lp is the combined
Lorentz-polarization correction factor, A* is the trans-
mission factor coefficient, [F! is the magnitude of the
structure factor and k is a scale factor. The weights calcu-
lated in this fashion were revised using a computer program
written by S. Porterl, so that the line obtained when

(7 !—!k?ci)z/(cF)z was plotted versus |F_| had approximately
zexo slopa. After refinement, the quantity referred to as

the standard deviation of an observation of unit weight,

defined by:

|-

{Z(|F i-IxF_]) /(67 %1/ (m-n) 12, (335)

for which m is the number of observed reflections and n is
the number of variables,were 1.051 and 0.871, respectively,
for the ohserved reflections in the Mo and Cu cases. For

he data in Graph 1, the value of this quantity is 0.938.

?o:,er, S., Department of Chemistry. Iowa State
-n;1 =rsity of Science and Technology, Ames, Iowa. A
‘ghts Change Computer Program. Private communication.
-
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. F ie ifference Ve
7 Fourier differ analyses

A difference Fourier function was calculated for each
set of data using all observed reflections. In the case of
the Mo cdata, the synthesis indicated an approximately 2
electron peak above the position occupied by Ta(l), i.e.,
x=0.097, v=0.893, z=0.090, and a second peak of the order
of 1.8 electrons at x=0.328, y=0.611, and 2=0.032. All
other residual peaks were less than 1.7 electrons in magni-
tude. In the case of the Cu data, there were 2 peaks at
x=0.109, v=0.889, z=0.145 and at x=0.297, y=0.389, 2=0.097,
corresponding to a peak height of 3 electrons. Each of these

o
caXxs was within 1 A of the center of a Ta atom. 2all other

‘g

‘U

eaks from the Cu data corresponded to scattering by less
than 2.6 electrons. It was concluded from the absence of
common residual peaks in the difference Fourier synthesis

for the Cu and Mo data that the residual peaks in the

bh

c¢ifference FTourier maps were due to errors in the data.

8. D

ty
|J-
H

awing of the structure of Ta,S and the interatomic

2

distances

The Thermal Ellipsoid Plot computer vrogram written
b Johnson (45) was used to draw a projection of the structure
cdown the b-axis with the radius of the atoms arbitrarily chosen

e proportional to Slater's radii (46) for the elements.

(O}

TOo

e

This view is illustrated in Figure 3. The interatomic



Figure 3. Projection of the Tazs structure on the XZ
plane



Ta(3)
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distances obtained using Johnson's program are listed in
Table 12. The upper limits to the uncertainties in these
interatomic distances are estimated to have the following
values: 0.008£ (Ta-Ta), o.ozﬁ (Ta-S), and 0.032 (8~-8). The

results from the Mo data were used for these calculations.

B. The Determination of the Structure of Ta6S

1. Collection of intensity data

The Ta6S rhase was prepared as described in sections
II,B and C with a very important modification. The tungsten
cell used in this preparation did not have an orifice in
the 1id as it did for most vreparations. This modification
in the construction of the cell resulted from the observation
that samples of the approximate stoichiometry Ta6S tended
to lose a sulfur bearing vapor smecies on heating to about

1600°C, leaving behind proportionately large amounts of

=
o
o

allic tantalum in the condensed phase. The final anneal-

ing t©

W

mperature for the Ta6s preparation was 1620°C.
Due to a veryv hich incidence of twinning in this phase,

-

cle cryvstal suitable for the determination of the

& sin

structure was found only after numerous attempts. ‘his

-3

stal was mounted on the end of a glass fiber by Duco

4

cry
Cement. A Charles C. Supper Co. Weissenberg camerz was used
TC take a rotation photograph and n0d, nil, and n2Z

Wieissenberg layer photographs with rotation about the b-axis.

Reciprocal lattice plots from these layer photographs indi-



56

Table 12. Bond distances for Ta,S

Reference Neighbor Number of Distance(i)

Atom Neighbors

Ta (1) S(2) 1 2.403
S (1) 1 2.497
S(1) 1 2.604
Ta(3) 1 2.840
Ta(3) 1 2.942
Ta(2) 1 2.975
Ta(4) 1 3.079
Ta (1) 2 3.131
Ta(l) 1 3.169
Ta(2) 1 3.255
Ta(2) 1 3.267
Ta(l) 1 3.307

Ta(2) S(2) 1 2.475
S(2) 1 2.534
S (1) 1 2.587
Ta(3) | 1 2.897
Ta(2) 1 2.910
Ta(3) : 1 2.923
Ta (1) 1 2.975
Ta(4) 1 3.051
Ta (4) i 3.085
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Table 12 (Continued)

Reference Neighbor Number of Distance(i)
Atom Neighbors
Ta(l) 1 : 3.255
Ta(l) 1 3.267
Ta (4) 1 3.284
Ta(3) Ta(3) 2 2.790
Ta (1) 2 2.840
Ta(2) 2 2.897
Ta(4) | 1 2.908
Ta(2) 2 2.923
Ta(l) ' 2 2.942
Ta(4) 1 2.995
Ta (4) S(2) 2 2.474
Ta(3) 1 2.908
Ta(3) 1 | 2.995
Ta (2) 2 3.051
Ta (1) 2 3.079
Ta(2) 2 ' 3.0853
Ta(2) 2 3.284
S(1) Ta(l) 2 2.497
Ta (2) 2 2.587

Ta (1) 2 2.604
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Table 12 (Continued)

]

Rcierence Neighbor Number of Distance (A)
Atom Neilghbors
S(2) Ta(l) 1 2.403
Ta (4) 1 2.474
Ta (2) 1 2.475
Ta(2) 1 2.534

cated that the lattice is monoclinic. The following syste-

matic conditions on the Miller indices fcr reflections were

observed:
hkZ,h+k=2n; hk0,h+k=2n; r04,h=2n,f=2n; 0kx0, k=2n.

These conditions for the observation of reflections indicated

that the centros

<

mmetric space group is C2/c.

Single crystal diffraction data were collected using
the Hilger-Watts diffractometer with an SDS (910) - IBM
(1401) computer configuration previously described in section
iV,A,l in conjunction with the data collection for the
Ta25 pnase. MoKa rédiation was used with a Zr filter to
collect data for all reiflections in the range 0°<26<60°
in octants hk/Z, hxZ, thj and TixZ. Tlorentz and polorization
corrections were applied as described in section IV,A,S3.

Lbsorption corrections, based on the crystal's rectangular

prismatic shape (about 40u x 30n x 10n) determined from
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photographs taken of the crystal by H. Baker, were computed

as described earlier (Section IV,A,2). A linear absorption
coefficient of 1413 cm—l for MoKa radiation was used to

obtain the integrated absorption corrections. The values of
the transmission factor coefficients ranged from 0.0830

to 0.2352. Fobs values for hkZ and hkf were averaged for
comrmon h, x, and £ indices in the symmetrically equivalent
octants. The lattice parameters were determined at 25°C

from a Guinler powder photograph indicating lines attributable

[
only to TaGS using KCl, a=6.29300+0.00009Aa (32) as an

!_I
o
0}
A

[
nal stancdard and CuKa radiation, A=1.5405A. The
1
lattice parameters deternmired by least sguares treatment
[} [}
of the powder data are: a=14.158+0.0040A, b=5.284+0.0013,

o

c=14.789+5A& and B=118.01°+0.02°. The nkf indices,

.2 o s . o . . .
bs)’ sin~ § and the estimated relative intensi-

(calc)
ties o0f reflections for the Ta,S nhase obtainedé from a
6 -

Guinier vpowder photogranh are listed in Table 13. A pyco-

]

nometric determination ¢f the density of this sample using

water at 24°C as the displaced medium yielded a value of

th

15.18 g/cc. The calculated density of Ta6S on the basis o

~

¢ formula units per unit cell is 15.20 g/cc.



(o]
Table 13. X-rayv diffraction data for TaGS’ A=1.5405A

nx 4 sinze(obs)xlos sin26(calc)x105 I/I %100
002 1388 1392 10
200 1524 1519 5
-3 11 £867
-3 12 4871 2886 *
0 0 4 5561 5569 1
311 6923 6914 1
020 8480 84¢9 25
021 "8863 8848 60
312 8992 8982 25
-3 15 9118 9123 70
-1 15 9508 9498 20
-5 13 9621 - 9631 25
2 0 4 9813 9318 20
0 22 8885 9396 20
-5 11 102G3 10258 100 -
-5 1< 10375 10359 80
-6 0 2 10951 10968 55
-2 23 11110 11104 85
0 2 3 11631 11636 90
313 11743 11748 60
0 06 12523 12529 1
-2 2 4 12854 12854 1
115 12919 12913 56
-4 2 3 3617 13611 70
-6 0 6 13912 13906 5
0 2 4 14032 14069 1
2. Structural solution
The method used to determine the structure of Ta6S was
arnalogous to that employed in solving the structure of Ta,S.
It was cdecided to accert those cdata as "observed" Ifor

wnhich cI/I, as defined in section IV,A,4,c, was less than
or ecgual to 0.40. The remainder of the reflecticns were
considered to be "unobserved." According to this criterion,

there were 668 "obsexrved" reflections.
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The graphical method, as described in section 1IV,32,4,c,
was used to calculate the magnitude of the unitary structure
factors from the intensity data.

The method of evaluation of TETi for a given range in
values of sinf was modified slightly to account for the
fact that that space group of TaGS was centered and not
primitive as was ‘the case in Tazs.

The unitary scattering factor, nj, for a primitive

cell was defined by the relationship:
n. =£./ I f. (36)

for the N atoms in the unit cell. However, in a centered
cell, this relationship can be slichtly modified to account
for the centering condition which, in the case of the space
group C2/c, places an atom at 1/2+x, 1/2+y,z in the unit

. cell for each at x,vy,2. This can be expressed as:

N/2

n. =f. /23% f. . (37)
3 3 j=1 3

. . 2
Accordingly |U]2 for a centered cell, call this value, |U_]

c
can be evaluated from the expression:

N/2
lUcl2 =21 102, (38)
j=1J
N/2 N2
=21 (£/21£)°, (39)

3=1 J=1




N/2 N/2
L (£./ ¢ £.)7. (40)

N b

But the contents of the entire centered unit cell can be
divided into two eguivalent halves, each of which is a
simple primitive cell containing one half of the total

number of atoms in the centered cell, in which the atoms in

one primitive cell are related to those in the other primi-

tive cell by the centering condition, and ]U]2 for the

N . .2 .
primitive cell, call this value {Up] , can be written as:

— N/2 N/2 2
!UOI = T £,/ £ £.)°. (41)
& j___l - j=l J
Combining eguations 40 and 41, lUc]2 and |U_|” are related
by the relationship:
v 1% =1/2]u_}? (42)
1Ug 21050 -

Consecuently, Qc for a centered cell is given by the rela-

tionship:

2 | 2
ol = iU (£3)
c i c[ / corr) !
- It 12/(2.% o
‘Lp‘ /(2 *corr) (22)
Thereiore,
o= o 2-1 . (&£5)
Mol e corr
Values 0f corrected intensitv data, Icorr' for all

reflections were serialized in increasing order of siné

(3 is the Bragg angle). The intensity datum for each
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@flection was multivplied by its relative weight in the
reciprocal lattice according to the following scheme:

2 for an h00,0k0, or ool reflection, 4 for an Okﬁ reflection,

o

for an hkO, hk0, hol, or an hol reflection, and 4 for

an hxZ or an hkf reflection for which h#0, k#0, and Z#0.

The weighted intensity data for regions of sin€+0.05, starting
with sin6=0.05, were averaged. If an allowed reflection

had an observed intensity of zero, it was assigned one half
of the minimum intensityv observed in its sin$ range andé the
acdjacent two sinf ranges. The averaée of the weighted
intensities was computed foxr each sing region by dividing

the weighted intensity sum by the weighted number of

lections in the sind region. The number of reflections

and the average weighted intensities for the various

]
3
[4p)

A

es are listed in Table 14. The data for neighboring
sinf regions were combined to determine average weignted

intensity values for ranges of average sinf. These data

. 1 2 . s as

ne evaluation of |U b'ﬂ requires a knowledge 0f the
N~

numnpers and kinds of atoms in the unit cell. In the case of

the ia6S structure, it was cuessed that there were 8 TaGS

tnits ver unit cell of centered cell. Using this suvposi-

he
s . s 2
tion, the value of |U,, 7|

ch for a centered cell were calcu-

lated for values of sing in increments of 0.100 starting
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Number of reflections, weighted number of
reflections and the average weighted intensity
ver sind region

Sind Numbexr of Weighted Number Average Weighted

180 Reflections of Reflections Intensity
0.0-0.1 34 80 16.44
0.1-0.2 186 596 354.44
0.2-0.3 530 1756 215.38
0.3-0.4 938 3266 162.52
0.4-0.5 1566 5588 111.56
Table 15. Mean weighted intensity per sinS recgicn

Average Sin

Mean Weighted Intensity

312.29
249.51
181.00

130.36

The results ¢f the evaluation of are

16. Values of sing, ¢ listed

of 0. versus sin$ {(data from Table 17)

The magnitudes oI the uni

gUth‘ , were calculated from the relation:

C
¢ f(Icorr)

N
AR
Ul

C hke



Table 16. Calculation of ]U]c2 for Ta,S

6
N

sing £ o 45 24£,,_ TE. (xlaéz)
0.10 13.00 66.00 52.0 1584.0 1636.0 2.034
0.20 9.45 56.50 37.8 1356.0 13293.8 4.054
0.30 7.73 47.25 30.9 1134.0 1164.9 4.056
0.40 6.60 40.00 26.4 960.0 986.4 2.055
0.50 5.59 34.25 22.4 822.0 844.4 2.056
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2-n Ta an S 'Ui 2 ]U] 2
Y -4 2 °
(x20°7) L0707y aanTh)
390.55 2.53 393.08 196.54
394.44 1.84 395.27 198.14
3924.82 1.76 396.59 198.29
394.63 1.79 395.42 198.21

394.82 1.75 3%6.58 198.29
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Table 17. @cz and ¢c for an average sinf region
—_— 2 . a4 L aa—2
sinég éc x 10 ¢C x 10
0.10 0.6254 0.793
0.20 0.7641 0.891
0.30 1.0955 1.047
0.40 1.5204 1.233

using the interpolated values from Figure 4.

The Mo data yielded 105 unitary structure factors with

to 0.40. These unitary

}-J

magnitudes greater than or egua

structure factors comprised approximately 16% of the

h

reflectiorns.

m
[of]

Observ

t

As discussed in section IV,A,4,c, signs can be assigned
to one, two, or three structure Zactors subject to certain
restrictions. In the solution of the structure of Ta

due to the existence of centering in the unit cell, only

0
ct
o

two unitary structure factors could be assigned sig

fix the origin. These two unitary structure factors from

h

the set of those for which !Uhkfi > 0.40 had the following
resvective Miller indices, parities and assigned signs:
2,2,3,(e,e,0), (+) and 3,1,3,(0,c,0), (+). The assignment
of sicns to additional unitary structure factors in this set
was accomplished by use of the triple product relaticns as

ciscussed in section II,A,4,c. One unitary structure factor



, Vs. sin§ for TaGS
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possessing the set of Miller indices 4,2,5 was assigned
the variable sicn b. Accordingly, by using the triple
product relations, it was possible to assign signs to ail

106 unitary structure factecrs oi this set with cne variable
sign.

Two Fourier electron density functicns were computed
using a computer program by D. Dahml and the 106 structure
factors with assigned signs and with the variable sign, b,
positive for one function and negative in the other function.
Both maps contained six strong pveaks per asymmetric unit.
There was an unreasonably shorc Ta-Ta distance (2. 132) in
the asymmetric cell obtained with the variable sign positive.
Acccrdingly, the atomic positions implied with the variable
sign necative were used as atomic positions in a triel
structure. The electron density map calculated on the
basis of this trial structure clearly showed one possible

sulfur position in the asymmetric unit.

3. Structure refinement

he structure thus cbtained was refined bv least-scuares
conputation (43). The scattering factors given by Hanson,

Herman, Lea and Skillman (42) were corrected for pboth real

né imaginary dispersion using the values given by the

-

)

nternational Tables for Crystallography (

>
IRy

) .
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The structure was refined until the unweichted reliability
index, R, using isotropic temperature factors was 6.6% for
the 668 "observed" reflections, about 23 reflections per veariable
in the refinement. The positional and thermal parameters fcr
Ta,S are listed in Table 18. Graph 2, written using a com-
puter program writiten by S. Porterl, lists the "observed"
and approximately 14% of the unobserved reflections. The un-
welghted reliability index for these data is 6.8%. The posi-
tional and thermal parameters for these two sets of F
data agree within the standard deviation of the related
parameters in Table 18. All signs assigned by the direct

method acgreed with those obtained Zor the structure.

>
W
I,.l
Q
D
cl
[
3
Q
n
0
o}
[0
3
O
Ih

cr intensities

-

A weighting scheme analogous tc that described for

ct
th

Ta,S in section IV,A,6 was usaed. The standard deviation o
an cbservation of unit weicht, as defined by Eguation 33,

was 1.29 fcr the 6638 "observed" reflections.

A dilfference Fourier synthesis was performed using all

]

O

e}

n
)

csrved reflections. The svnthesis indicated a peak
attributable to approximately 1.3 electrons at x=0.410,

v=0.826, and z=0.200. An examirnation of the FO Fourier

bs

lPorter, on. cit., a computer listing orogram.




Graph 2.

Chserved and cealculated structure
(x0.10) for TaES (*="unobserved",
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e 18. Refined vnositional and thermal parameters for
Ta6S using the 668 "observed" reflections. All

atoms occuny eigntfolé general positicns (I)
x v z of the space group C2/c

Atom 10%x/a 10%v/5 10%2/¢ B(2%)
Ta(l) 2480+3 4£067+7 2513+3 0.04+5
Ta (2) 3401+2 656849 4547+3 0.26+5
Ta(3) 4364+2 1628+8 4051+2 0.13+5
Ta (%) 358+2 1460+8 1740+3 0.12+5
Ta (5 2111+2 1475+8 3969+3 0.06+5
Ta(6) 1063-2 6792+7 317343 0.06+5
s (1) 3920+15 9185+41 437416 0.51+30
svnthesis at this position indicated no positive peak. All
other pveaks corresponded tc one electron or less; These
small neaks Ifound in the difference Fourier svnthesis co
not necessarily lie on positions of positive electron con-
centraticn in the Pobs Fourier. It was therefcre concluded
that the small peaks in the cdifference Fourier synthesis
were dvue to errors in the data.
&. Drawing of the structurs of Ta6S and the interatomic
distance
The Thermal Ellipsoid Program written by Johnscn (453)
was used to draw a projection of the structure down the b-axis
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with the radii of the Ta and S atoms chosen to t

V)]
]

proportion-—
al to Slater's radii (456) for the elements, this view is
illustrated in Figure 5. The interatomic distances, listed

b

rogram. The

g

in Table 19, were also obtained using this

Oak Ridge Fortran Function and Error Program by 2using,

Martin, and Levv (£47) was used to determine the erroxs ir

rt
o)
0}
|,J
3
o
0]
<
8]
s
o}
2]

ic distances. The average error in the Ta-Ta
(o)
distance is 0.005A; the average error in the Ta-S distance

is 0.020A.

[+
Reference Neighbor Numnher of Distance (&)

Atom Neighbors

Ta-1 Ta-1 2 2.644
Ta-5 1 2.765
Ta-3 1 2.828
Ta-3 1 2.873
Ta-3 1 2.890
Ta-6 1 2.953
Ta-2 1 2.964
Ta-6 X 2.979
Ta-4 1 3.001
Ta-4 1 3.004
Ta-2 1 z.008

Ta-2 -1
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Table 19 (Continued)
Reference Neighbor Number of Distance (2)
Atom Neighbors
Ta-6 S-1 1 2.465
Ta-6 1 2.722
Ta-5 1 2.839
Ta-1 1 2.953
Ta-2 1 2.9€6
Ta-1 1 2.979
Ta-3 1 3.055
Ta—-4 1 3.094
Ta-5 1 3.140
Ta-2 1 3.2038
Ta-4 1 3.222
Ta-3 1 3.227
Ta-4 1 3.387
S-1 Ta-3 1 2.443
Ta-6 1 2.465
Ta-5 1 2.435
Ta-5 1 2.489
Ta-4 1 2.503
Ta-2 1 2.525
Ta-3 1 2.529




Figure 5. Projection of the Ta6S structure on the XZ
plane



79

0.852
Ta(5)/0.320
Tal(s)
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V. THE PREPARATION AND X-RAY CEARACTERIZATION
OF THE GROUP IVB DIMETAL SELENIDES:

Tizse, Zrzse, HfZSe

A. Ti.Se

2

l. Collection of intensiiv data

The Tizse phase was prepared as outlined in sections 1II,
A and B. The annéaling temperature was 1580°C. maintained
for.3 hours.

A Charles G. Supper Co. Weiésenberg camera was used
to take rotation photographs and hk0 and hk[ Weissenberg
laver photographs about the c-axis of a crystal of TiZSe.
Reciprocal lattice plots from these layer photographs indi-
cated that the lattice is orthorhombic. The following

syvstematic conditions on the Miller indices were cbserved:

by
o
<
5]
O
Q

onditions; 0xZ, kx+Z=2n; nofd, h+f=2n; hk0, no condi-
tions; k00, h=2n; 0k0, k=2n; 002, Z=2n. These systematic
conditions for observed reflections indicated that the centro-
symmetric space group is Pnnm. A comparison of the Weissen-
berg layer photogranhs for Ti.Se and for Ti,S$ (20), which
exhibits the TazP (48) structure type, indicated that the
tmm>phasesTi28 and TiZSe are isostructural.

Single crystal diffraction data were collected using
the G. E. spectrogoniometer for the Ti2Se thase as described

n section IV,A,1l. CuKa radiation was used with a Ni filter

'-l-

to collect data for hk0, hkl, hOX, and Okz,reflections for



8l

0°<20<90°. Lorentz and polarization corrections were applied
as described in section IV,2,3. Absorption corrections,
based on the crystal's rectangular prismatic shape
(apvroximately 35u x 28u x 100u) determined from photcgrapns
bv H. Baker, were computed as cdescribed earlier. 2A linear

. . - -1
absorption correction of 271.8 cm for CuKa radiaticn was

[
fo}

sed to calculate the absorption correction using Busing

f

nd Levv's program (36). The lattice parameters, determined
at 25°C from a Guiniler powder photograph, using XC1,

[+]
a=6.29300+0.0000%A (32) &as an internal standard and CuKa

o o o
radiation, A=1.5403a, were: a=11.744+3A, b=14.517+3A,
c=3.4564+8§. The th indices, sihze ’ sinzﬁ and

- (obs) (calc)

o7
Al

estinate elative intensities from a Guinier powder photc-
graph are listed in Table 20. The calculated density for
Ti,Se on the basis of 12 T;zse units per unit cell 1is

5.91 g/cc.

jl

aAZte

at

the intensity data were taken, it was discovered
that the crystal used to collect the data was twinned. The
examination of the Weissenberg laver photographs..indicated

e crystal was twinned and that both twins were aimost

f

egual in size. Single crystal intensity data were taken forx

v
O
O
[
ct
o
ut
(a1

eflections from both crystals comprising the twin,
and the magnitude of the respective intensities £for these
lecticns were approximatelv ecgual. Desvpite the fact that

the crvstal was twinned, it was decided to attempt to refine



Table 20. X-ray diffraction data for Tizse, 3\=l.5405£
nx £ sin’g (obs)XlOS sin“g (calc)?L0 %oxloo
220 2848 2845 1
140 4924 4935 5
320 4988 4996 10
011 5242 5246 10
101 5402 5394 8
22420 6218 6227 1
330 6401 6405 1
211 6681 6967 15
4 10 7173 7164 3
0 31 7510 7501 8
221 7798 7812 30
201 8828 88338 20
3211 9118 9113 3C
2 31 9218 9218 30
1 4 1 9860 9901 30
060 10152 10137 10
3250 109¢3 10908 183
510 11575 11580 10
2 & 1 11181 11192 100
331 11369

11369 100
240 11391
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Table 20 (Continued)
5 5 I .
1 5] 1 =
h 1} f sin e(obs) 10 sin e(calc)x-o IOALOO
1 5 1 12437 12431 20
£ 21 12972 12977 30
530 13290 13319 20
341 13343
360 13952 140GC9 10
170 14228 14222 25
520 15253 15261 15
511 16015 16002 20
1 8¢ 18466 12466 18
6 0 2 19867 19861 70
4 6 1 21990 21983 10
6 31 23017 22938 3
the structure using the intensity data.

ture refinement of Ti.Ss

NS
wn
¢l
[a
[
Q
N

cr egual to 0.25. The remainder of the reflections were con-

wn
}‘J
[N
I
N
(]
[oN)
ct
0]
O
0
o
81
O
o
n
®
]
<
(]
u
N
Q
(9]
)
Y
[o)}
'_l
3
\Q
r'-
(¢)
ct
oy
-
n
Q
H
j-
p
0
H
'.l -
O
o]

there were 205 “observed” reflections.

T e
il

ct
[
-

Q
ot

ositions oI the resvective Ti and S atoms in

(0]
o]



TiZS as initial positions for the respective Ti and Se atcms
in Ti,Se, the structure of Tizse was refined by least-sguares

techniques (43) using one isotrovic thermal varameter for

th

the Ti atoms and one isotropic thermal parameter for the Se
atoms. The unweighted reliability index for this refinement
of the structure of 7.2%. There were 20 variables in this
refinement, resulting in apout 10 reflections per variable
parameter. The thermal and positional parameters obtained
from this refinement are listed in Table 21. Table 22

lists the hkf, Fobs’ and ¥ _.  values for the 205 "opserved"

calc

o8}

The interatomic distances were calculated using a program

written by D. Bailev™, these values are listed in Table 23.

i,8¢ were based on a statisticael treatment of the intensity

data similar, but not identical, tc that used in the structure

Bailey, D., Dev ent of Matallurgy, Iowa State
sity o Science and Tecnnology, Ames, Towa. 3Bond
ces Computer Prcgram. Private communication. 1967.
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Table 23. Bond distances in Tiose

Refercnce Neighboxr Numbexr of Distance
Atonm Atom Neighbors

Ti (1) Se(2) 2 2.64

Se (3) 2 2.64

Ti (4) 2 2.91

Ti(4) 2 3.G5

Ti(5) 1 3.31

71 (6) 2 3.35

Ti(3) 1 3.40

Ti(2) " Se(l) 2 2.59

: Se (3) 2 2.64

Se(2) 1 2.83

Ti{3) 2 2.95

Ti(53) 2 3.18

Ti (4] 2 3.19

Ti(5) 1 3.38

Ti(6) 1 3.40

Ti(3) Se(2) 2 2.58
Se {i) 1 2.62

Ti(6) 2 2.85

Ti(6) 2 2.94

Ti(2) 2 2.55

Ti(3) 1 2.99

Ti(5) 1 3.26

Ti (L) 1 3.40

Ti(4) Se {3) L 2.64
Se{2) 1. 2.87

Se (1) 1 2.75

i (1) 2 2.51

Ti({5) 2 2.55

TTi(1) 2 3.05

Ti(4) 1 3.16

Ti{(2) 2 3.19

Ti(53) Se (3) 1 2.5%
Sz (1) 2 2.59

Se{2) 2 2.60

Ti(4) 2 2.95

Ti(2) 2 3.18

Ti(3) i 3.26

Ti(6) 1 3.30

Ti (1) 1 3.31

Ti(2) 1 3.38
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Table 23 (Continued)

Reference Neighbhor Number of Distance (&)

Atom Atom Neilgahors

Ti(6) Se(3) 1 2.57

Se(l) 2 2.68

Se(2) 1 2.81

Ti(3) 2 2.85

Ti(3) 2 2.94

‘Ti(5) 1 3.30

Ti(l) 2 3.35

Ti(2) 1 3.40

Se (1) Ti(2) 2 2.59

Ti(5) 2 2.59

Ti(3) 1 2.62

- Ti(6) 2 2.68

Ti(4) 1 2.75

Se (2) Ti(3) 2 2.58

Ti(5) 2 2.60

Ti{l) 2 2.64

Ti(4) 1 2.67

Ti(¢&) 1 2.20

Ti(2) 1 2.88

Se (3) Ti(5) 1 2.54

Ti{6) 1 2.55

Ti (%) L 2.54

Ti (1) 2 2.€4

Ti(2) 2 2.64

-

wnere all the terms have becn vreviously defined. If k, L,

-

v and A¥ are assumed to be constant, then I andé !F! ar

o
cr
by
0

only variables. Therefore, on differentiating Zcuation 4

di = 2kLp a* |F| & IF|. ’ (46)
If &I is assumed to equal ¢I and &|F| is assumed to ecual

ci¥!, on rearranging terms:
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o|F| = oI/(2kLp 2% [F]|) . (£7)

The term ¢I can be evaluated using th
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refliect and account for instrumental instability.
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1. Structure cetarmination

The ZrZSe phasa was vrepared by the nethod outlined in

3
3

e final annealing temperature and

2 Charles G. Supper Co. Weissenberg camera was used to

Thctogranhs about the c-axis. The diffraction vattern and
extinction conditions again indicated that the centro-
syrmetric space groud is Pnnm. A ccomparisocon oI the

Weissenberg laver photographns of ZrZSe with those of Tizs

and TiZSe indicated that all three of these rhases are
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Later, L. J. Norrby (49) used this crystal to refine

the structure o:f Zr,Se. He cbhtained an unweighted reliability

index o 10.6% for 438 reflections. The lattice parameters
for this phase at 25°C obtained from a Guinier vowder nhoto-
. :
graph using KCl, a=6.29300+0.00009A (32), as an internal
=]
2.640+3R,

standarxd and CuKaradiation, A=1.5405A, are: a=

[~ <]
b=15.797+32, c=3.602+1~. The hkJ/ indices, sin
2

(€3}

sin and estimated relative intensities for

(calc)

Zr,Se are listed in Table 24. The calculated density

th

of Zr,Se is 7.24 g/cc. The reiined atomic and thermal

parameters are listed in Table 25.

The HEZSe phase was vrepared hy the metheds outlined

1500°C ZfZor about 2 ncurs.

A Charles G. Supper Co. Welsserberg camera was used o
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24. X-ray dififraction data for Zr,Se, x=1.3403A
Vi 2 v nD .2, 5 -y

i , =1 in~ 6 x10 I/ x
A sin™9 <10 s cale o
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centrosymmetric space group is P63/mmc.
The lattice parameters for this phase were obtained

&

at 25°C Zrom a Guinier photograph using KC1l, a=6.29300+0. OOOO9P

Q
(32) as an internal standardé and CuKa radiation, A=1.5405A.
o l o
These parameters are: a=3.4502+9A, c=12.640+3A.
2 A . 2

The hkA indices, sin”§ sin™ 8 and the esti-
. o r 2" Y (obs)’ (calc) - -
mated relative intensities from a Guinier photograph are
listed in Table 26.

A comparison of the Weissenberg layer nhctcgraphs and

Guinier photographs for HI_ S and Hf,Se indicated that Hf,Se

). The calculated density of

It was found that the Hf.,Se phase had to be kept under

<
0
O
o
£
O
H
',J
3
m
[
|,.J
V3
ﬂ)
[ 1
cf
g)

tmosphere to avoid reaction of the

vhnase with air. Neither Tizse nor Zr2Se exhibited this

13

tendency to react with air.

o)
Table 26. X-ray diifraction cdata for ijse, A=1.54054
nk 4 sin’s 16>  sins x10° I/I_x100
~ (obs) (calc) o
G 0 2 1582 1580 1
G 0 & 6320 63146 HEY
=~ 00 6¢e51 6647 20
= 0 1 7043 7039 en
20 2 3238 8224 70
20 3 10211 10200 100
i 0 4 129483 12960 75
0 0 6 14203 14209 15
110 19916 19937 50




VI. DISCUSSICN OF POESSIBLE ERRORS INVOLVED IN TH

ty

CALCULATION OF THE MACNITUDZ OF UNITARY STRUCTURE
FACTORS BY THZ GRAPZICAL METHOD

D“”“ MINATION OF THE STXUCTURES OF Ta2S and Ta
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(determined on the basis of 12 Ta,.S units ver unit cell) vs.

sin®. The interpolated ¢ valiues obtained from this graph are,

calculated ¢ versus sinf Zor Ta,S (with 12 Ta,S units rer



IFigurce 6. Interpolated curve of calculated phi values for Ta?S

(determined on the basis of 12 Ta,5 units per unit cell)

vs. sin0
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Interpolated curve of the calculated phi values for TaZS

Figure 7.
(determined on the basis of 12 Ta7S units per unit cell) vs.

Points represent unitary structure

sin® as the solid linc,
Upper and lowvor

factors with magnitudes greater than 0.40.
dotted lincs represent the boundarics of the region about the
calculated phi curve in which all the observed unitary structure
factors, except for two points, with magnitudes grecater than

0.40 lic
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Figure 8.

Interpolated curve of calculated phi values for TaZS

(determined on the basis of 12 '.I.'u?S units per unit cell)

vs. sin0 as the solid lin~., Points vepresent unitary
structuvre faclors with magnitudes greater than 0.30
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which would be calculated on the basis of the sclid curve.

The behavior of this reflection with respect to calculated

ané observed values for the magnitude of its unitary

structure factor voints out a source of difficulty in the

method used to make sign assigrments in this research.

th

Explicitly, if a reflection were determined by the method

previousliyv discussed to have a unitary structure factor of

assign a sign to this reilection could lead to erroneous

reflections are suificientlv large.
e Structure of Ta,S

-Cl6

igures 9 and 10 are pvlcts ¢f the interpoclated curves

of the calculated cc values for 1a68 listed in Table 17
versts sing as solid lines with the plotted values of ¢

a2t the appropriate sing valiue for reilections having unitary

structure factors greater than 0.40 and 0.30, respectively.
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macnitudes ¢reater than 0.40. Upper and
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of the region aLout the calculated ohi curve
in which all the observed unitarv structure
factors with macnitudes greater than (.40 lia
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mately 129 below the solid line while the uprer dotted line

lies approximately 192 nicgher than the solid

C. Comparison of thae Cal
Curves for Ta,S and Ta_ S wi

&
Calculation of Unitzry Structure TFactors

The granh of the calculaced ¢ values versts siné is

9 - e “ - 3 - = - p P - . -~ = o —-3 -

better characterized for the structure oI Ta,.S, Tigure &
5 C

-— - = T~ —— - - =g M= - -~ - mi~ - = = -— -

cnan Zor the structure oif Ta.S, Tigure 7. This ciiferen

= ™y S m ~ -1 - 2 A o o~
Zor Ta,5 anda Ta,.S respectively, are poorly characterized

O
v
n
Y3

Y - ) = ; +~ R P £ %A : o K
in compariscn to the remainder cf the sing recgi

int=0.23 wnherecas for Ta.S the c¢rava is undefineld belcw

=~
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characterized regions of the graph could be exvected t

O

<

ield dubious values £for the calculated magnitudes of these
unitaryv structure factors. Also, in the case of the Cu

data for the Tazs structure, intensity data were onlv taken

ctiorns for which 26<160° or sinf<0.985.

Thereiore, the set of intensity data for the sinf range:
0.80<sind<1.0 is incomplete, and it can be expected that the
region of the curve of calculated ¢ values versus sind above
sing=0.85 is not as well characterized as it would have

been if the data for the region of 1.0>sin$>0.985 had been

obtzined and utilize

(o]

n future structural determinations involving th
graphical method of calculating the magnitude of unitary
structure factors, the initial set of reflections which

are given signs in oxrder to f£ix the origin of the unit cell,
should ke selected freom the well characterized region of the
calculated versus sinf curve.

vsis cf the Assumption of a Gaussian

D. BAnalvy
istribution of Unitarv Structure Factors

D

Assuming a Gaussian distribution of unitary scatterin

¢

e

Zacters, Wilson (50) has shown for a centrosymmetric st

B

uc-
Ture that the vnrobability of a unitary structure havinc a

value between U and U + dU is given by
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1
D(G)AU = (27e) 2 exp(~U%/2e)du, (£9)
in which:
)
e = (U7). (50)

From tables of the probability integral (51), it is seen
that 10¢ of the area of a normal distribution will be beyond
the values of il.G/E. Woolfson (38) claims that structures
that have 10% or more of the U's with magnitudes greater
than 0.40 will be solvable by inequalities. Thus according

Eo the above:

1.6/ = 0.40 ox (51)

"
I
o
L]
o
o)
%}
w
.
~~
vl
N
-~

This Vvaive o0f ¢ sets an avproximate upper limit to the

complexity of a structure which might be solved by an in-

and 0.03%8 Zor the primitive cell associated with Ta_.S.
3oth of these values are supstantially lowexr than the value

suggested as the lower limit by Wococlfson for solving a

Toolfson (38) states that structures having a value of ¢
less than 0.0625 mayv have hich structural, if not crysctallo-

crannic, syvmmetryv and abnormal U distributions and still be



Figurce 11. An interpolatoed cucve of the number of unitary structure
factors between U and UJU for wa,S for Bragg reflections

2
0°<20<160° (Cu data)
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Figure 12. An interpolated curve of the nunber of unitary structure

facltors hetween U and UGU for Ta,.s (centered cell)
6

for Pragg reflections 0°<20460°
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values in a given range oI U

ot
)

respectively. In

}__l

and 3%, respectively, of the

4

R

he Ta.S and

025 for Tazs and Ta6S,

S structures, only 5.

unitarv structure factors

exhibit magnitudes greater than

or equal to (.4C.
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VII. DESCRIPTION OF THE STRUCTURES REPORTED IN
THIS RESEARCH

A. Taas and Ta,S

6

m?>.
Higel

(]

Ta atoms in both TaZS and Ta6S structures are all

ontained in chains of slightly distorted body-centered

9

ventagonal antiprisms sharing faces. These chains run

varallel to the b-direction in both structures. In Ta2S,

ot
jon
(1]
o]
<
0]
H
v
O
()
-3
V]
|
)
V)
fon}
l_l
U?
s
Q
()
Hh

rom the central Ta atom to the Ta

’ (<]
ztoxms forming the ventagonal antiprisms is 2.%1A, in TaGS

o
Gistance is slightly larger, 2.93A. In Tazs, the distance fronm

ct
*
H.
n

[}
a central Ta atom to the next such atom is 2.7S%2 while in r"'a(,)s

<]
his distance 1s 2.6%4h, a remarkably short Ta-Ta distance. Thus

rt

in both structures each central Ta atom is surrounded by 12

l__l

a atcms in a slichtlyv distorted icosahedron in which each

iccsahedron in the crhain. The average Ta-Ta distance on the
< =
face o0f the antiprism is 3.14A 1in Tazs and 3.0%a in Ta_.S.
The coordéination ebout the sulfur atoms is totally

diffZerent in the two phases.

Iin Lazs, the two sulfiur atoms serve structurally diI-
ferent roles. The first tvpe, S(1), is bonded to six Ta atoms
forming the faces of two of the antiprisms with an average

=]
Ta-S distance of 2.56A. The coordination polvhedron about

S(l) can be described as a distorted octahedron. This is the
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[(t)
e}
3
le]
'

which a chaicogen is Zound in a cocrdination nvclyn

o three Ta atoms forming the face of one antiprism in one

ct

column of Ta atoms and to & Ta atom at the corner of an anti-

{e]

rism in another column. The average Ta-S(2) distance is

o
,7:

[88)
.
1S
3
.

The coorxdination polvhedron about £(2) can be

Zrcem one o the triancular faces of the vrism missing. The
[}
average Ta-S(2) distance in Ta,S 1is 2.533A.

S s N T Eaz s = g P ~ Y T Saa P
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Sl DATALLe8L TO Thie D-aXls TnIidugn Tne strulctuire resulting

in an emnty channel. The dimensions cf the octazhedron, andé
[o]
in giIZect the Gimensions of the channel, are 5.40A from

“

revresents the width o the cnhannel. I the radii of the
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sulfur atoms comprising this distance are subtracted, using
. Q

the Sliater radius (46) of the sulfur atom (1.00Z), the

R <
net width of the channel is 2.20A.

In TaGS the chains of Ta antiprisms are bridged in

the a- and c-directions by sulfur atoms. The sulfur atoms
are bonded to seven Ta atoms from three chains of antiprisms.

Two chains each supply two Ta atoms to the arrancement,
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ird chain suopplies three Ta atoms. The averace
Ta-S distance, 2.49a4, in TaGS is slightly closer to the sum

o
of the Slater (46) racdii (2.453A) for Ta and S than is the

L]
average Ta-S distance in Ta,S, 2.33A. The shortest distance
-‘O
between sulfur atoms is 3.932 in Taas while in Ta.S the

The coordinazion polvhedron around the suifur in
Ta_S can be described from two different points of view

although each describes a distorted capped itrigeonal prism

o
Ta-S distance of 2.48a. The seventh Ta atom, Ta(2)
o
one cof the rectancular faces at a distance of 2.532 This
trigonal orismatic coordination shout the sulfiur atom in
S is similar to that about the sulfur atom in a—V3S (19)

excent that there i1s an additional atom off another rectangular



Figure 13. Coordination polyhedron about the sulfur atom

-

in TaGS. View I
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face in a—V3S. From this viewpolnt, the sulfur coordination
polvhedron in both structures arce distorted in a similar
fashion, namely, two short edges of the ideal trigonal

prism are slightly rotated relative to each other such that

rt
(]
Cad
o

emain at least approximatel

<
4]

erpendicular to the

three-fold axis of the ideal prism.

From the second point of view, shown in Figure 14, six

of the Ta atoms descrike a trigonal prism with an averace

Ta-5 Cistance of 2.4%3 with the seventh Ta atom, Ta(3), at
(=]

a CGistance of 2.533A oiff one of the rectangular faces. The

trigecnal prism described from this point of view 1s less

distorted than the one descriked previously.

In the ?aos and Ta6€ structures there is a metal atom
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tom in the metal-rich
cnhaiconide and vnictide structures. The metal atom in the
center of the pentagonal antiprism is too far away frcm the
nearest suiifiur atom to be consicdered to be bonded to it

[~ -]
Trnis Ta-S distance is 3.74A and 3.872 in Tazs and TaGS,

B. The Group IVB Dimetal Selenides

Tre Ti,Se and Zr.S isostructural with

2 2
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O
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)
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Ti,5 (20) ancd Zr,S (52) all of which exhibit the Ta,?

structure tvne.



Figure 14. Coordination polvhedron about the sulfur atom

in TaGS. -View II
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Lach Se atom in both Ti,.Se and Z2r.Se is found in an
2 2

augmented trigonal pnrismatic environment with between one

0

and three augmenting metal atoms off the rectangular faces
of a slicghtly distorted trigonal prism. There are no close
Se~Se distances in either Ti,Se or Zr,Se. The shortest

. . o, . . .
Se-Se distance is 3.48A in TLZSe and 3.61 in ZrZSe.

2. HIf.Se

HI,Se is isostructural with HfZS (28). The chalcogen
atoms in both the HfZS and Hf,Se structures are in trigonal
vrismatic environments while the hafnium atoms in each

ctahedral environment of three
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hafnium atoms and three chalcogen atoms.
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VIII. MAGNZTIC PROPERTIES OF TaZS and TaGS

As a result of the uncommon structural characteristics
of the Tazs and T“6S structures as compared with other kncwn
metal-rich chalconide and pnictide phases, i.e., the
segregation of metal and non-metzal atoms intr di
regions of the unit celill 1in both structures, the columns
of metal atoms in both structures, and the empty channel in

the Tazs structure, it was decided that it would be worthwhile
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andé co-worxers (53) was used to measure the magnetic sus-
centibilities of the Ta,S ancd Ta,S phases from room

ture, approximately 253°C, cown to the tempmerature of liguid

ones used to measure the densities of the respective phases.

The magnetic susceptibllities were cealculated by a

scuares Honda-Owen treatment of the data using a computer

oI both Ta,S and Ta,.S are tenmperature independent para-

“Greiner, J., Department of Metallurgy. Iowa State
University of Science and Technologv, Ames, Icwa. Macgnetic
Stscestibilities Program. Private communication. 1569.
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73.12(+5.32) x 1076 cc/géatom and 427.1(+9.6) x 107°

cc/g=-atom, respectively.

The amount of ferromagnetic impurity present in the
samples was also determined by the Honda-Owen treatment of
the data. Assuming iron to be the only ferromagnetic
constitutent present in the samples measured, the maximum of

iron concentration present was approximately 3 ppm.



125

A number of points concerning the nature of the chemicel
bonding in transition metal chalconides are raised hy the
structures rexorted here. In order to discuss the boniing
n Ta,S and Ta_S, and the interrelaticon between these com-

oounds and other metal-rich chalconides, a general discussion
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o the consideration cf metal coordination polyneéra in

metal-rich chalconides.

Since band thecries of the solid state have not

vregressed suificlently to allow treatment of structures and

ponding from this point oI view, more cualitative discussions
are ustally given. Such discussions oif the bonding ia the

ondensed state are essentially concerned with accounting

O

Cr the characteristics of the free atoms wnich lead to
interacticons between atcms to stakilize a given structure

2 description of ponding in the metal-rich chalconide
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phases must account for the physical properties observed
in these phases: the metallic luster, the relatively high
electrical conductivity and a very high degree of brittle-
‘ness.

Metals are geherally characterized as exhibiting a high
luster, high thermal and electrical conductivities, high
malleability and high ductility. Although these properties
vary from metal to metal, they are not generally found for
non-metals which are characterized by low luster, low
thermal and electrical conductivities, low malleability
and low ductility. The metal-rich chalconide phases dis-
cussed in this thesis possess properties of both metals |
and non-metals, a fact which must be accounted for in a
bonding description.

Metals can be thought of as having more orbitals available
for bonding than valence electron pairs. The high electrical
conductivity and high thermal conductivity derive from the
ability of valence electrons to move more or less freely,
subject to certain core potentials, through the metal
lattice. The high malleability and high ductility of metals
arise from the fact that if one or more bonds between atoms
are broken by mechanical work done on the.metal, due to the
large surplus of available orbitals suitable for bonding,

other orbitals become involved in bonding and new
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bonds are formed.

The non-metals, on the other hand, do not possess a
surplus of orbitals available for bonding in comparison to
the number of valence electron pairs present. In fact, in
- non-metals the vaience band is filled, conseguently
electrons in the non-metal structures are not free to move
through the lattice, as is the case in the metal lattice,
and accordingly the electrical conductivity and thermal
conductivity of non-metals are significantly lower than
they are for metals. Due to the lack of surplus orbitals
to form suitable alternate bonds, when bonds are ruptured
due to mechanical work done on the non-metallic materials,
the substance will fracture under stress, resulting in low
malleability and low ductility.

Three approaches have been proposed to describe the
bonding in the inter-metallic and metal-rich composition
range of metal-non-metal systems. The first way of viewing
these structures is as the insertion of non-metal atoms
into available interstices in the metal lattice (54, 55, 56,
57). Accordingly atoms are viewed as inert spheres occupying
a certain volume, and structures are considered to be
stabilized primarily by a high packing efficiency with regard
to the insertion of an atom into an interstice of a par-
ticular size. In the second description, structures are con-

sidered in terms of arrangements of cations and anions which
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form sitable structures by a minimization of energies due
to coulombic interactions. ©The third apoprcach to bonding

considers structures to be composed of atoms sharing

electrons covalently.

—

With respect to the consideration of structures es
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titial compounds, i.e., the non-metal simply occunies
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vailab vacancies in the netal lattice, there is a minimum

consideration given to atomic orbitals, their respective
svmmetry or availebility from energy or spatial consideratiorns

these Zactors may influence the

)
v
Q
0]
o]
e}
kl.
3
n
O
h
fu
H
o))
)]
fv
<
(0]
h

value of the atomic radius. In this approach an important

factor in donding is the minimization of void spaces in the
unit cell. From the interstitial viewpoint, the hich electri-

cal conductivity of matal-non-metal systems is due to an
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of the phases with the Ta2P structure tvee, i.e., Ti,S,
Ti.,8e, Ir,S, ZrZSe, Esz {58, prAs (39), in this manner,
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important in determining the structures of the metal-rich

compounds. Consider, Zor example, the fact theat Ta2P and

[3R)

TaZS exhipi

rt

such radicallyv cifferent structures

Hh

of having very nearly ecuval radius ratios. Since there is
no reason to consider Ta25 anc Ta6S 0 be radically cifferent

from other metal-rich chalconides, i1t must be concluded that

this apvroach is not entirelv sufficient to explain the
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halconide structures.
The second approach to a bonding cescripticn based on

an ionic descrivtion does not seem appropriate when applied

to metal-rich chalconide structures because of the very
large nunmber of short metal-metal contacts. IZ all of the

and vhases with structures having far fewer short metal-

— e~ ~ - — -2 T =~ - o~ = <= Ean s . . .
metzl distances. On the basis 0f the electrostatic or ionic
-~ T D _- o~ @ de e dmgm =T ,.\,.:':_l - D mde o Wi ER N
TOLEZL O STIXULTUIrEsS allll SsoriufCtiliXxal TNClkels Ccongzscgnit wicen

xcal/mole. Accordingly, Ti,S and Ti,Se would exhibit & great

zendency toward disvpronortionation to either TiC(s) + Ti(s)



a structure with pronounced covalent character could exist
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o
I

even though the calculated LH sing Kapustinskii's ecuation

for lattice energies is a relatively large wnositive value.

Pauling (61) proposed a covalent description of the

metallic compounds is fractional in characiter, i.e., the

localized throughout the entire structure in a conduction

band. The c¢general »hvsical properties cf metals, i.e., high

structure irrespective of the structure or radius cf the

metal: all the monoxides and all the reliablv Xnown monoc-—

on

th

carzicdes and monconitrides of the third, fourth ardéd £i



groun metals vossess the NaCl structure whereas only Sc,

La, Ce and Th exhibit a cublc closest racked structure
(63). In view of this tencency to form the NaCl structure

-~

tvpe, according to Runcle, csome efifect, other than mere

insertion of the non-metazl into the metal lattice, must be

occurring to cause the rearrangement of metal atoms to form
the octahedral "interstices” for the non-metal atoms.

for bonding in the ™X prases nmust account for:

comzounds, irresrective of the metal lattice;

2. nicgh melting points of the MX phases despite an

2. the brittle character ¢f the MX nhases as comtared
with the malileakility of pure metal;
£. <the relatively high electrical conductivity oI the

poncing there are, Zor the Ti0 vhase with the NaCl structure
tne, 2 tcoctal of 6 or 8 bonding electrons,derending on

inether or not the two g valence electrons of O were
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involved in bonding, »er Ti0 unit. These electrons axe

metal and non-metal atoms in the 7i0 structu

Al

e.
The resulting octaledral coordination of metal atoms

about non-metal atoms, and vice-versa, accounts fcr the

o
H
=
ol
c
1—
()
3
®
n
n

NaCl structure observed in these vhases. The

£ b CEN T -— o~ . 4 -~ —~ L -,
the structure. The very high melting points okserved for

pavsical properties oi MX vhases from the viewnoint of
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states with consecouent stabllizaticn cf the Nall structure.
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the metal atom uses d7sp” hybrid orbitals and the non-
netal atom uses its vaience » orbitals and an s» hybrid to
cond together by means oI both ¢ and 7 konding moleculiar
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zdination svmmetry about the comvonent atoms in this

compound.  Slater furtihier suggests that the covalent effects

seilenium and tellurium to e Zound in a trigonal drismatic

gnvironrent in transition metal moncchalconides under certain
coniiticns. The conditions are cn the metal associated with
trhe cnhalccocgen, anamelv, that, Zirst of all the metal vcssess

enougn valence electrons to cdonate four electrons to six

1)

-~ = =~ « 2 e Y Y A e -7
scnas and secendly the metal cossess six empnty valence

croitals to be used in bonding to non-metals. The initial
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condition was derived from the fact that the application of
Pauling's empirical equation (Eguation 50) to representative
structures of monochalconides in which the chalcogen is in
a trigonal prism yielded calculated valences of the metal
atoms which were approximately four. This criterion rules
out finding a transition metal monochalconide in which the
chalcogen is in a trigonal prism for those transition metals
having less than four valence electrons, such as in the
case for Group IIA metals, Sc, Y, La, the rare earths and
the actinides. The second condition rules out metals in
Groups IB and IIB, i.e., Cu, Ag, Au and Zn, Cd, Hg,
respectively, since these metals will not have six free
valence orbitals for bonding to the chalcogen. The use of
Pauling's empirical relation (Eguation 50) to determine the
valence of the chalcogen in transition metal monochalconides
has yielded values between 3 and 4. Consequently, if these
values are to be believed, the chalcogen must employ outer
orbitals resulting in delocalized electron bonding. The
outer orbitals involved might either be d orbitals or the
.next valence level s orbital. However the use of d orbitals
seems to be indicated since these d orbitals, unlike the s
orbital, have directional properties associated with them.
Group theory calculations based on an ideal trigonal
prism having D3h symmetry indicate that vossible hybrid

orbital configurations utilizing six orbitals would involve




135

either threce & orbitals and three » orbitals or cne s
orbital, three p orbitals and two d orkitals. The chalcogen
involved in bonding tc metal atoms coordinated asout it in a

trigcenal prism could use, in the IZcrnaticn ¢ six bonds,
its valence electrons and four electrons £rom the
six metal atoms to make six honds of order 2/3. Anotner

vossible hvkrid orbital configuration for the chalcogen
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invoive one s and two » orpitals. The

cevtually T bond tTo the nvorid so° chalcogen orbitals,
however the &ifficulcy with this bonding vropcsal is that

electrically conducting compounds such as HIS is relatively

iow [ZPzuling bond order c¢i C.15 (Zguztion 50) Zor a HI-ZZ
bord in HES] indicating that electrical conducticon does not

Trimarilv cccur as a resulit o metal-metzl bonding. This,
anc similar results ZoOr other monochalcornides, suggests
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yulred to excite an electron into such an orbital

as compnared with the amount of energy returned on bond forma-

(70) , using liartrce-rock ECI' calculations, decternined that
for sulfur the lowest vaience state involving d orbitals

- o -
s 5 2 3.1
namcly the "D{(s™n"d™)

state, lies 166.20 kcel/mcle and

P{s " ). Moorc (71, renorts on the basis of snectro-

- ~ - -~ O ¢ — ) -~ - e -~ ~- J — — + E
scevnic data that the enezxgy from the ground state to thne
5 2.3.2
™ = S 2 . = ~ -~ =z - e 2 1~ =1 a
D (8TnTa7) state Zor sulfur is 193.93 kcal/mole.
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This promotion energy for carbon to the lowest valence
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orbitals is dropped in energy in comparison to the other
four 4 orbitals (73). 1In the case of an octahedral symmetry
three of the d orbitals have their energies lowered with
respect to the other two d orbitals. The metal atoms can
also be expected to have the degeneracy of the 4 orbitals
split with respect to the energy levels of the isolated
atom. This splitting of the d orbitals to remove their
degenéracy will result in the subsequent lowering of the
energies of certain orbitals. Figgis (74) lists values

of the electrostatic splitting of the energy levels for the
first row transition metal oxides, sulfides, selenides and
tellurides from Ti to Cu calculated on the basis of an
electrostatic model for MX compounds consisting of M+2
cations and X_2 anions.- The average crystal field splitting
for these MX compounds is 59 kcal/mole with extreme values
of 114 kcal/mole as a high and 29 kcal/mole as a low value.
Orgel (72) lists spectroscopically determined crystal field
splittings for transition metal complexes the average of
which is 54 kcal/mo_e with high and low values of 97 kcal/
mole and 10 kcal/mole, respectively. Although the ionic
model was rejected earlier as an explanation of bonding in
metal-chalcogen ;ystems, the consideration of crystal field
splittings for various solids might be useful as an indi-
cation of the approximate energy involved in this effect.

Both the calculated crystal field splitting energies of
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'Figgis and the observed ones of Orgel suggest that crystal
4fie1d splitting enérgies are not trivial and can well be .
expected to be effective in lowering the energy of the d
orbitals thereby making them more accessible for bonding.

The second effect to stabilize the type of structure
postulated for the transition metal monochalconides is the
energy gained from the delocalization of electrons throughout
the structure. The resonance energy of benzene is 36 kcal/
mole (75) or 6 kcal/mole per C-C bond. This amount of
energy, 6 kcal/mole per C-C bond, is by no means insignifi-
cant. And, if this energy per bond is assumed to be the
same order of magnitude in the transition metal monochalconides,
this effect could be expected to be important in stabilizing
structures of transition metal monochalconides.

Unfortunately experimental values for the crystal field
stabilization and delocalization energies are not available
to corroborate what has been postulated with respect to their
effect on stabilizing the transition metal monochalconide
structures. However a simple series of calculations can.
be made to give an approximate measure of the sum of these
two effects with respect to offsetting the rather high
promotion energy tc the szp?’dl valence state of sulfur.
Consider, for example, solid TiS (1) with the NiAs structure
type. The chalcogen, S, in this structure is in a trigonal

prism formed by six metal atoms. The calculated valence of S
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in Ti1S, accoxding to Pauvliang's empirical relation (Zguation

model under discuss.on, in TiS there are six mconds cf
avoroximately 2/3 oxder from the S atom to the metzl atoms
composing the trigonal prism, this bonding froxm the S atonm
can be conceptually considered to involve 4 single bonds.
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reszectively, 128 kcel/moles, 19 Xcel/mole znd 194 Xcal/mole.



(AJ°)1 = (LE°) . =+ (LEC) .+ (A:—I°)_,1 or (35)
z K )

(AJ°)1 = 341 kcal/mole . (36)
Now consider the dissociaticn energy of the diatomic mclecule
TiS according to the folliowing reaction:

2iS(g) = Tilg) (s26%) + s(g) (s%p%), (LH®).. (57)

- e Z —_— 2

The value of (;H°)5 is 108 kcal/mcle (76) and is the energy
reguired to rupture the tonds holding the gaseous molecule
together. It seams plausible to suggest that, at least to &
first apvroxixmation, two single bonds are involved in the
TiS gaseous molezcule. This dcrives frxom the feact that the
Ti atom by donating
orbitals o the cha
Eguation 537 since the

valence state cavable oI forming two honds.

It is assumed in this sinmple anproximation that the bond
energy 15 prozorxtional to the boad number. The apparant
encrgyr dilifference detween & sing.e Ti-S bond in the condensed
TiS nhase according tc Zguation 38 and a singlie Ti-S kond
In the 718 gaseous molacuice accoriing to Zguation 57 wiil
Then e a Teasure oI the sum oI the crvsital fizld and
lzlcczlizaticn effects in sciid TiS. The apparent energv o=
& single Ti-S bond in the condensed phase is (ZH®)./4 or 25
xcal/ncle, and the same Ti-S single bond in the gaseous Tis
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molecule is (AH°)5/2 or 53 kcal/mole. The difference in
these energy values is 32 kcal/mole which represents a con-
siderable, but not unbelievable, stabilization energy

in solid TiS per mole of Ti~S single bonds involved in
resonance and crystal field effects.

In the case of the metal-rich chalconides, the same
general physical properties are observed as those discussed
by Rundle in the MX compounds, e.g., metallic luster and
electrical conductivity, brittleness and high melting points.
Consequently, it seems plausible to extend Rundle's bonding
interpretation for MX compounds, i.e., delocalized electrons
in directional bonds, to these metal-rich phases. The
coordination of @he chalcogen in these phases is, with few
exceptions, trigonal prismatic with from zero to three
augmenting atoms off the rectangular faces of the trigonal
prism. These augmenting atoms, if they are bonded to the
chalcogen and are not merely close non-bonded atoms, could
result from the increased participation of outer orbitals
of the chalcogen atoms, the promotion energy in turn being
compensated by increased bonding, crystal field stabilization
and delocalization energies. If in TiZS one of the sulfur
atoms is using all six of its valence electrons to form bonds
each of order 2/3 to nine metal atoms arranged in an augmented
trigonal prism about the chalcogen and if to a first approxi-

mation each Ti-S single bond formed in Tizs returns 85



retur

rgy

cne

nt of

44

1/mole

=

ca

-
X,

)
4 ~
(U] >
K& ~—
¥ ¥ = )
)} W >
o 1) (O 53 'J @
3 ()] » ) £ § 0
I 0 O ) K& v O « « I
#0000 o O 0 o SR
U S 0] [N W iy “ m o wn Q4
Y -0 4 m ) w; N
o W SNl : S BT | 0] (] ~ o i
A 9O Q jod ) o) ] o . ¥ W 1 £ | M
i3] g o y o W N - n ) « ()
OIS S| B £y B ~ o -~ el
¢ (6] (O N > ﬁu 3 o 0} g ' -~ O O
el K] 1) [e) PN [0} ) &1 {Q =~ 4
>0 ) I ™~ Q. e} W T @ Q
0} 1o ) I | M A 1) o} oI ord 0 ~ -l
-~ [ = o) K « Lo 0 4 O —~ [0} 0
o o u [ = BN IR le) - o 0, V] 1J )]
Ny I'e] > 18 t$)) (O] 0 g 0 S 0 o]
I ) 6y o le) H " 0] = £ ~ Q o - 0.
G 0o P O o0 ] 0 “voQ “
-1 Uy 10} o4 U} ‘ L O Ky ul W =4 () W
« fe) e 13 ~i e} R 0= 0 J o~ R
1) U] I o] g 3 O i Y 0] ~ U] b
® 8] i f: Q (ORI . g NG~ M
R SR < I » B N O X 400 0 SN O
30 0 Q S e ol . o 0
@ Q ! i « iz . o0 54 i @ G N o Wy
£ = 1) © 0 3 ~ o 0, - | AR ) 0O
! « Q 0 M £i 3 £ iGom - 0 IS N @ -~
£ i3 e 5 T | O et o] S () . ©
0 Q I o b U W3 ) 0 @ 1) [ ) - 0 ~
o S I O SR o I RS ) &) ) N e~
1) o 0, %) ITe) i 2 0 o1 H §3 ~ (SIS {
52} n Q « o « o Uy i %)
oy Q) A > = WU M Uy ot (o) i U]
1% S0 - o O o\ e o M o ~ i
o . B O W 14 n O £1 73 O S~y -~
1] 0] I 3 .| a3 (W] O Y 4] QO ™ [6) M
PR B o l « I 0 @ W oo (NI o
O o B O 0} mo Y o ~
Q0 i | ) ~1 0 — 0w un § O e — O,
~ = 19 ~ i v Ke! SN0 et aj £ o~ 0 3
o P~ A a 0 J ol o M 0O
ol ] oM o K4 N n . 9] Qo ~ P> s
0~ 51 J o ed U § A Y ! @]
4o wmoe S SR Qe G R
o o 0 o > ] o) o~ IR
U o O & o o rit ) [ a) ~ " ~ K¢ £
—~{ — (@] n 1) -~ o 8] «© Y — 1) [0}
'3 N > A ~ I} H 0 i o o
0 o 0O M 3] W €1 . Q . ~ L 0
ORI N VI N = IR 5\ N o) 0 L0 e ey - O 4
o .Q Ul "m0 O - A ) Uy §)
£ ) ¢) ot 0] ) " 4 n n @)
1 4 49 — 49 Y-l 1 [$) o - M n ;
T I a f as W o o> W
> e 15 SR R o £ ! I s !
.Q = o~ 0 0 () 0] P « o S fil

system oFf

Ti-8

m

peletc




145

anocroximate

xistence of

e

-
cne

S Con

o~
PO

conn

additiona

.’l

ret

result of further ca

=

-

structures o

9

11

point w

first

ne

o
)’Ie

hich C is %

o

ure, in v

- - PN
struct

-

™, A -
ey

e
VD

AV

¥~
L

_on o

ne ciscuss:

<

of

ol

U
O

.u
)
Q
]
I
~
e
)
£

TOly




146

as compared with that found in Ta,P.

2

l. The non-existence of an Mzs or MZSe phase, with M a Group

VB metal, exhibiting the TazP structure

The Group IVB metals, with the exception of Hf, form
dimetal sulfides and selenides with the TazP structure type
which is structurally characterized by a trigonal prismatic
coordination polyhedron about the chalcogen and a more or
less distorted body-centered cubic (bcc) environment about
each metal atom. The coordination number for the chalcogen
atoms in these phases isostructural with Ta2P is quite high,
namely six to nine. The calculated valence using Pauling's
empirical relation (Equation 50) for the chalcogen atoms in
these phases is quite high, namely about 4. The densities
of these phases are comparable in magnitude to the densities
of the metals, e.g., for Tizs, p=4.8 g/cc and for Ti,
p=4.5 g/cc (20, 80). A

The Group VB metal-rich chalconides can profitably
bevviewed as belonging to either one of two groups, Group
I and Group II, neither of which exhibit the TaZP structure
type. The first group, Group I, is characterized by phases
with the stoichiometry MnC for which n>2.00. For these phases
the coordination of the chalcogen atom is high, between
six and nine, and the valence of the chalcogen atom, calculated

using Pauling's empirical equation (Equation 50), is high,



about 4. The densities ¢ these phases are cguite high

in compwarison with those of the metals: for Xh.,S,., and
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Nb (22, 80), p=8.8 g/cc and 8.6 g/cc, respectively, Zfor

a—V3S, 5-V3S and V (19, 80), 0=5.90 g/cc, 5.%4 g/cc ané
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higher for the Group II phases than for the Group I phases.

The Group II phases, TaZS and NbZSe, are both structural-
ly characterized by channels devoid of atomic centers which
run through the respective unit cells. These empty channels
are surrounded by arrangements of non-bonded chalcogen.atoms
in Ta,S and Nb,Se. In Ta,S the shortest S-S distance is
2.863, and in Nb,Se the shortest Se-Se distance is
3.432 (77).

The structures of Group IVB dimetal sulfides and
~selenides can profitably be considered from the viewpoint of
valence electron concentration (v.e.c.) per M2C unit. For
| Ti,S, TiZSe, zr,S and 2Zr,Se, the v.e.c. is equal to
2 x4+ 6 or 14 electrons. For HE

2P, Hszs and Ta.,P, the

2
v.e.c.'s are 13, 13 and 15 electrons, respectively. The
v.e.c. for both Tazs and NbZSe is 16 electrons. Therefore,
it seems reasonable to suggest that for a hypothetical M2C
phase exhibiting a v.e.c. greater than 15 the Ta2P structure
is destabilized with the resultant structure becoming either
a Group I or a Group II structure. For the formation of the
Group I phases, it is suggested that the hypothetical M2C
phase with the Ta,P structure type disproportionates to yield
6ne phase more chalcbgen-rich than M2C and one phase,
possessing the strﬁctural properties described for the Group

I phases, more metal-rich than MZC' As for the Group II

phases, the stoichiometry of the phase remains MZC’ However,
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metal atom. Remnaﬂts of this becc structure can be seen
around the metal atoms in both Nb2Se and Nb2188. The metal
coordination about .V in both a- and B-V3S is quite complex
and not easily described. The coordination polyhedron about
Hf in Hfzs and HfZSe is a distorted octahedron composed of
three Hf atoms and three chalcogen atoms, while the Hf

atoms in Hf, P and Hf,As, both of which exhibit the Ta,P
structure type, are found in a bcc environment. More will

be said about Hf in the four phases Hfzs, Hf_ Se, Hf.P and

2 2
Hszs, but first the Ta coordinations are considered. The

configuration of Ta atoms in both Tazs and TaGS is unique
for any metal in any metal-rich chalconide or pnictide
phase.

It has already been pointed out that attempts to inter-
pret this strange ability of Ta to form columnar aggrega-
tions of metal atoms on the basis of radius ratio arguments
were totally unfruitful. Accordingly it was decided to
consider this behavior not as a simple size effect, but rather
the result of the specific behavior of electrons on the
Ta atom.

Brewer (81) has discussed the ideas of Engel correlating
the tendency of a metal to be found in a given coordination
polyhedron in the condensed state with thé promotion energy
required to obtain the gaseous metal atom in a given

electronic configuration. Accordingly Brewer and Engel
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non-metal atoms. Extending the Brewer-Engel correlation to
chalconides, this behavior can be related to the promotion
energy from the ground state to the gig state for the gaseous
metal atoms. According to Table 27, the gig state is the
ground state for the Nb atom in the gas state. The gi;i
state is not very interesting from the viewpoint of bonding
since there are only three unpaired electrons available for
bond formation. The next two excited states, the gi and
the gigé, are energetically guite removed, namely by 32
kcal/mole and 48 kcal/mole, respectively, from the gfg
ground state. Acéordingly, the Qﬁi state will make an im-
portant contribution to the valence state of Nb in con-
densed phases. Therefore it is no surprise to f£ind that

in the Nb2188 and NbZSe structure and in a metal-rich
phosphide Nb7P4 (82) many Nb atoms are in a more or less
distorted bcc arrangement of atoms.

With respect to the situation for Ta, the ground state
of the gaseous atom is QEEE, a rather uninteresting state
from the point of bbnding consideration. The first excited
state is not unexpectedly the gﬁi state, 28 kcal/mole above
the ground state. However, the second excited state, the
gi state, is 34 kcal/mole above the ground state or only 6
kcal/mole above the first excited state, the gfg state.
Therefore it can well be expected that the gfg and the d°

configurations can interact in the condensed state. It is
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Hsz and Hszs are isostructural with TazP. Obviously
anyAaﬁtempt to account for the variance of the Hfzs and
HEZSe structures from the TazP structure exhibited by Zr,S,
ZrZSe, Tizs, TiZSe, HEf.P and Hf.As on the basis of radius

2 2
ratio arguments is doomed to failure since the atomic radii
of Hf and Zr are equal (1.45%) and the atomic radii of S
and P and of Se and As are also equal, namely 1.oo£ and
1.153, respectively, according to Slater (46).
Therefore an interpretation of this disparate behavior

of Hf will be suggested on the basis of the Brewer-Engel

correlation, as was the case for Ta in the Ta.,S and Ta.P

2 2
structures. Table 28 lists the promotion energies, accord-
2.2 3

ing to Moore (71), to the lowest spectroscopic d"s™, d’s

and dzsp states with the maximum electron multiplicity for

Table 28. Promotion energies for the Group IVB metals in

kcal/mole
Metal a%s? 3m a3s COr) so ()
Ti 0 19 45
Zr 0 14 42
HE 0 40 51

the gaseous atoms of the Group IVB metals. It is interesting
to note that the stable form of the Group IVB metals at room

temperature is the hexagonal closest packed arrangement of
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promotion energies to the varioué valence states in the
gaseous atoms do not drastically differ in energy nor in
relative position for the atom in the condensed state, a
certain amount of interaction could be expected to occur
between these two levels, the gfg and the QEEEI for HE.
The existence of the two phases Hszs and HfZP with the
TazP structure type indeed suggests that, as was the situa-
tion for Ta in Tazs and TaZP, this is what is happening
here. For Hf in Hf2P and Hszs, there are an insufficient
number of valence electrons to effectively use the gigg

P and Hf. As

2 2
only the d3s state of Hf is involved in bonding, and so

state of Hf in bonding. Consequently for Hf

the Hf atoms in Hsz and Hszs are all found in a more
or less bcc environment. However, since the chalcogen
atom has one more valence electron than does the pnicogen
atom, in Hfzs and Hfzse the metals atoms are effectively
using the second excited state, the QEEB configuration, in
addition to the QEE state in bonding. In other words, Hf in
Hf,S and Hf,Se is using a considerable amount of p valence
orbitals in bonding while the metal in Hf2P and Hszs is
using primarily only the valence s and 4 orbitals.

The Brewer-Engel correlation also suggest an expianation
for the difference in metal coordination in the Hfzs and Tazs
structures. The QEE and éﬁi states for Hf and Ta,

respectively, lie lowest in energy for both metals in the
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X. CONCLUSIONS

There exists in the metal-rich region of the tantalum-
sulfur system twc phases, Tazs and TaGS’ which have not been
previously reported. In the metal-rich regions of the
titanium-, zirconium-, and hafnium-selenium systems, there
exXists three new phases: TiZSe,-ZrZSe and HfZSe, respectively.

The physical properties of these phases are explained
in terms of delocalizad electrons in directional bonds as
was originally proposed by Rundle to explain bonding in
transition metal monoxides, mononitrides and monocarbides
exhibiting the NaCl structure. It was proposed that the
chalcogen atoms uses outer d orbitals in bonding in metal-
rich chalconide phases.

The occurrence of the two metal-rich chalconide
structures for the Group VB metals was proposed to be the
result of a valence electron concentration effect. An
explanation for the coordination about the metal atoms in
the metal-rich chalconide structures was suggested in terms
of both the Brewer-Engel correlation and a valence electron

concentration effect.
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XI. SUGGESTIONS FOF FURTHER RESEARCH

In view of the uncommon configuration of metal atoms in
Tazs and TaGS, the tantalum-selenium system should be in-
vestigated to determine if the phases present there resemble
those found in the Ta-S system with respect to the coordi-
nation about the metal atoms. If metal-rich phases in the
Ta-Se system were found to be similar from the point of
view of metal coordination, this would corroborate the

bonding explanation proposed in this thesis for the metal

columns found in Tazs and TaGS.

It would he interesting to determine if there exist
phases VZS' NbZS and a phase more metal-rich than NbZSe,
and to determine the structures of these phases to check
the validity of the bonding scheme proposed in this thesis
for the two general types of metal-rich Group VB chalconide
structures.

In view of the disparity in the metal coordination found
for Hf in Hsz and HfZS structures and for Ta in the Ta, P
and Tazs structures for which an explanation_has been
suggested in terms of a valence electron concentration
difference between S and P, it would be very interesting to
prepare and determine the structure of a phase having the

stoichiometry Hf PS or Ta,PS.

4

A more thorough knowledge of the electrical and magnetic
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properties of the metal-rich chalconides would be most use-
ful in formulating a more quantitative bonding description
for these phases.

During the study of the metal-rich region of the Ta-S
system, it became evident that there exists a previously
unreported Ta-S vapor species of considerable importance.

The determination of the‘precise nature of this vapor
species, both with regards to a determination of its stoichio-
metry and thermodynamic properties, would constitute a very

worthwhile project.
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