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reported also in other substances in which the bisector 
of the lone-pairs is directed toward a metal ion or 
toward a hydrogen bond donor group (Chidambaram, 
Sequeira & Sikka, 1964). 

The replacement of hydrogen by deuterium should 
have very little effect on the lattice energy if the crystal 
structure is the same. The major effect of the replace- 
ment then will be the difference in the zero point energy. 
In a fiat and highly asymmetric potential field in which 
the hydrogen atom moves, the higher zero point energy 
of the proton will be associated with an increase of 
the OH length over the OD. The difference in the zero 
point energy affects the strength of the hydrogen bond, 
as indicated theoretically by Gallagher (1959) and 
Reid (1959). In the case of oxalic acid dihydrate, how- 
ever, the difference of the vibration energy is so large 
that the effect is not sufficiently compensated by the 
elongation cf the short hydrogen bond alone but neces- 
sitates a transformation into a more stable crystal 
structure. In c~-(COOH)2.2H20, the hydrogen bond 
between the hydroxyl group of the oxalic acid mol- 
ecule and the oxygen atom of the water molecule is 
strong enough for one of the lone-pairs to be speci- 
fically directed toward the donor group. In fl-(COOD)2. 
2D20, on the other hand, the corresponding hydrogen 
bond is slightly weaker so that it seems to be rather 
unfavorable for only one of the lone-pairs to be specifi- 
cally directed. Consequently the bisector of two lone- 
pairs is directed toward a hydrogen donor group These 
small changes in the interatomic force seems to alter 
the entire crystal structure. 

We are grateful to Prof. Sadao Hoshino and Mr 
Shoichi Sato for their help in the experiments. 
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Pu2Zn~9 has a hexagonal subceU with a= 14.43 and c= 14.14/~, probable space group P63/mmc. The 
true unit cell appears to be hexagonal with a doubled a axis but this apparent hexagonal symmetry 
may result from twinning. A reasonable solution has been obtained for the subcell and leads to the 
formula Pul3Zn58 or PuZn4.46. The subcell is similar to and probably isostructural with recently re- 
ported phases Ce2Cd~9, Ce2Zn~9 and Y2Zn~9. 

Introduction 

As part of an investigation of binary phase diagrams 
being carried out in this Laboratory, the Pu-Zn system 
has been studied. Four zinc-rich phases, PuZn2, 

* Work performed under the auspices of the United States 
Atomic Energy Commission. 

PuzZn-9, PuZns and Pu2Znx7 have been reported by 
Cramer, Ellinger & Land (1960). Recently, Cramer & 
Wood (1966) have found evidence of other phases in the 
high-zinc region of the phase diagram. The rather com- 
plex phase PuzZn--9 is the subject of the present report. 

While this work was in progress, Elliott & Lemons 
(1964) found, through vapor pressure measurements, 
a series of 'microphases' in the Ce-Cd system near 
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Ce2Cd9. Roof  & EUiott (1965) in an X-ray study of 
these microphases found a hexagonal subcell with a 
number of different superlattices. Pu2Zn~9 has a sub- 
cell apparently isomorphous with Ce2Cd~9. However, 
only one type of superlattice has been observed in 
PuEZn-9, and this superlattice is different from any ob- 
served in CeECd~9.  Renewed impetus for study of the 
PuEZn~9 structure was given by the discovery of the 
similarity between these two systems. 

Lott & Chiotti (1966) have recently studied the Ce- 
Zn system and have found a compound CeEZn~9 which 
has a unit cell similar to the Pu2Zn~9 subcell. Also, 
they reported that an analogous yttrium compound 
probably exists. We have computed powder patterns 
for CeEZn~9 and Y2Zn-9 using our final parameters for 
Pu2Zn~9 and these computed patterns are reported by 
Harsha (1966) to be in good agreement with the ob- 
served patterns. No superlattice has so far been ob- 
served in Ce2Zn-9 and Y2Zn~9. 

E x p e r i m e n t a l  

An alloy of nominal composition PuZn4.5 was prepared 
by the method of Cramer et al. (1960). Metallographic 
examination showed the button to be predominantly 
a single phase. Recent metallographic studies of this 
phase by Cramer & Wood (1966) have shown pro- 
nounced twinning. 

Specimens, presumed to be single crystals, were ex- 
amined by Laue and precession photography. The 
observed Laue symmetry is 6/mmm. Lattice constants 
were measured on a General Electric Co. single-crystal 
orienter with an XRD-5 spectrogoniometer using Mo 
radiation (2 Kcq=0.70926 A) and are a=28 .86+0 .02  
and c =  14.14 + 0.01 A, with a pronounced subcell hav- 
ing a =  14.43 A and the same c axis. The symmetry of 
the subcell is apparently that of space group P63/mmc, 
if centric, or P63mc or P~2c if non-centric, for reflec- 
tions hhl with 1= 2n + 1 are absent or weak. The few 

weak reflections that violate the above extinction rule 
are similar in intensity to those few weak reflections 
that double the a axis of the subcell. The assumption 
has been made in the present analysis that the weak 
hhl reflections in the subcell which violate the extinc- 
tion rule originate from the large unit cell with doubled 
a axis. Although no evidence for Laue symmetry lower 
than 6/mmm has been found for the true unit cell, in 
view of the twinning observed by Cramer & Wood 
(1966) and the clear evidence of orthorhombic and 
monoclinic superlattices found by Roof & Elliott (1965) 
in Ce2Cd-9, it is very possible that the true unit cell 
has lower symmetry. 

Many crystals were examined from three differenl 
preparations. No evidence for microphases such as 
were observed in the Ce-Cd system was found. All 
crystals had the same, doubled hexagonal unit cell, and 
all showed the same violations of the c glide. Vapor 
pressure measurements of the type which first detected 
the Ce-Cd microphases have not been made. 

The density of the bulk sample was found to be 
9.05 g.cm -3. Calculated densities for subcells contain- 
ing Pu26Znlx6, Pu26Zn118, Pu26Zn120 are 8.98, 9.06 and 
9.15 g.cm -3 respectively. 

Intensity measurements were made by the stationary- 
crystal, stationary-counter, fixed-time method with the 
single-crystal orienter using Zr-filtered Mo K~ radia- 
tion. Three sets of data in the range 20 < 50 o were col- 
lected at various times and were in substantial agree- 
ment. The first and third sets contained all reflections; 
the second set contained only reflections of the subcell. 
The subcell reflections of data set three were subse- 
quently used in the detailed analysis. The crystal used 
was approximated to be a sphere of 0.035 mm radius 
(/zR= 1.7), and an absorption correction was approx- 
imated by the ~0 and sphere method (Larson & Cromer, 
1962; Larson, Cromer & Roof, 1964, LA-3043). Long 
after these data had been collected it was noticed that 
three reasonably strong reflections (052, 083 and 0,11,4) 

X 
Pu( l )  0 
Pu(2) 0.2062 (2) 
Pu(3) 0.5415 (3) 
Pu(4) 0.8730 (4) 

Zn(l) 0 
Zn(2) ~- 
Zn(3) ~- 
Zn(4) 0.3663 (10) 
Zn(5) 0.0963 (7) 
Zn(6) 0.0856 (11) 
Zn(7) 0.4371 (6) 
Zn(8) 0.6008 (6) 
Zn(9) 0.7630 (6) 
Zn(10) 0.2706 (9) 
Zn(l 1) 0.1986 (16) 
Zn(12) ½ 
g=l -2+  12x 10 -9 

Table 1. Least-squares parameters for Pu2Zn-9 

Standard deviations, in parentheses, apply to the rightmost digit 

y z fill X 104 fl22 X 104 fl33 X 104 
0 0 38 (6) fill 53 (8) 
- x  0.0518 (3) 29 (2) fill 18 (2) 
--x ¼ 29 (3) fill 22 (3) 
- x  ¼ 27 (4) fill 172 (11) 

0 ¼ 32 (17) tilt 29 (21) 
k 0 (13) flll 50 (25) 

~t 0.0956 (15) 12 (8) tilt 0 (9) 
0.0334 (8) 0.1005 (7) 60 (10) 23 (8) 21 (4) 
- x  0.1573 (12) 45 (10) fll~ 44 (10) 
0.3674 (11) ¼ 14 (9) fill 19 (7) 
- x  0.1416 (10) 29 (8) 1~1l 13 (6) 
--x 0-0548 (10) 19 (7) fill 18 (6) 
- x  0.1573 (9) 22 (7) [/11 9 (6) 
--x ¼ 33 (12) fill 7 (9) 
0 0 68 (13) 127 (27) 170 (25) 
0 0 97 (24) 9 (16) 72 (18) 

ill2 x 10 4 

/hi 
32 (6) 
31 (8) 
36 (10) 

,8tl 
,811 
,811 
17 (12) 
74 (23) 
2 (16) 

42 (18) 
26 (16) 
13 (18) 
36 (28) 
fl22 
/322 

ill3 x 10 4 

- 6 (2) 

- -12 (12 )  
12 (9) 

-15 (6) 
0 (7) 
5 (7) 

114 (23) 
8 (16) 

/123 x 104 

--fl13 

42 (11) 
--ill3 

--B13 
~fl13 
--fl13 

2B~3 
2fl13 
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were missing from this third data set, apparently be- 
cause of a setting error when they were measured. 
These reflections were present in the other data sets 
and on all appropriate films. 

Determination and refinement of the subcell structure 

The space group of the subcell was assumed to be 
P63/mmc and the ultimate structure factor agreement 
shows that this assumption is at least a very good 
approximation. For least-squares refinement the quan- 
tity minimized was 27 w(Fo-F*~) 2 with w = 0  for un- 

observed reflections and for those few hhl reflections 
with l =  2n + 1 which violate the assumed space group. 
For all other reflections w =  1. Reflections were con- 
sidered to be observed if ( l - B a c k g r o u n d ) > 2 . 5 ( / +  
Background)~; otherwise the intensity was assumed to 
be less than 2 .5( /+  Background) ~. R indices quoted are 
2: JlFol IF~*IJ/~ IFol with unobserved reflections and 
observed hhl reflections with l =  2n + 1 omitted. In the 
above, 

{ F*=KF~/ 1 + g (1+cos220) z J Lp F~ , 

Table 2. Observed and calculated structure factors for Pu2Zn~9 
Column headings are l, Fo/K and F~*/K (see text). 

A minus sign preceding Fo means 'less than'. 
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Standard deviations are 

Pu(1) 

Table  3. Interatomic distances in Pu2Zn,,,9 

Vu(2) 

about 0.01 A 

Pu(3) 

Zn(1) 2 3.535 
Zn(5) 6 3"278 
Zn(11) 6 2.865 

Pu(4) 

Zn(3) 1 3.237 
Zn(4) 2 3.106 
Zn(4) 2 3.127 
Zn(5) 1 3.125 
Zn(6) 2 3.190 
Zn(7) 2 3.190 
Zn(8) 2 3.138 
Zn(9) 1 3.055 
Zn(10) 1 3.231 
Zn(11) 2 3.120 
Zn(12) 2 3.840 

Zn (2) 1 3.128 
Zn(4) 4 3-092 
Zn(6) 2 3"292 
Zn(7) 2 3"027 
Zn(8) 2 3.132 
Zn(9) 4 3.126 
Zn(12) 2 3.684 

Znfl) 1 3-174 
Zn(4) 4 3.332 
Zn(5) 4 3.154 
Zn(6) 2 3.286 
Zn(9) 2 3.046 
Zn(11) 4 3.877 

Zn(1) Pu(1) 2 3.535 
Pu(4) 3 3.174 
Zn(5) 6 2.741 

Zn(2) Pu(3) 3 3.128 
Zn(8) 6 3.214 
Zn(9) 6 2.742 

Zn(3) Pu(2) 3 3.237 
Zn(7) 3 2.673 
Zn(8) 3 2.690 
Zn(10) 3 2.688 

Zn(4) Pu(2) 1 3.106 
Pu(2) 1 3" 127 
Pu(3) 1 3.092 
Pu(4) 1 3.332 
Zn(4) 1 2.963 
Zn(5) I 3.469 
Zn(6) 1 2.609 
Zn(7) 1 3.001 
Zn(8) 1 3-089 
Zn(9) 1 2.669 
Zn(l 1) 1 2.636 
Zn(12) 1 2.628 

for Pu-Zn distances and about 0.02 for Zn-Zn distances. 

Zn(5) Pu(1) 1 3.278 A 
Pu(2) 1 3.125 
Pu(4) 2 3" 154 
Zn(1) 1 2.741 
Zn(4) 2 3"469 
Zn(5) 1 2-622 
Zn(6) 2 2.914 
Zn(11) 2 2"647 

Zn(6) Pu(2) 2 3.190 
Pu(3) 1 3"293 
Pu(4) 1 3.286 
Zn(4) 2 2-609 
Zn(5) 2 2.914 
Zn(6) 1 2.832 
Zn(7) 2 3"002 
Zn(10) 1 2.593 

Zn(7) Pu(2) 2 3.192 
Pu(3) 1 3.027 
Zn(3) 1 2"673 
Zn(4) 2 3.001 
Zn(6) 2 3.001 
Zn(7) 1 3.067 
Zn(8) 1 2.933 
Zn(10) 2 2.733 
Zn(12) 1 2-546 

Zn(8) Pu(2) 2 3.138/~, 
Pu(3) 1 3.132 
Zn(2) 1 3.214 
Zn(3) 1 2.690 
Zn(4) 2 3.089 
Zn(7) 1 2.933 
Zn(8) 2 2-853 
Zn(9) 2 2.577 
Zn(12) 1 2.635 

Zn(9) Pu(2) 1 3-055 
Pu(3) 2 3.126 
Pu(4) 1 3.046 
Zn(2) 1 2.742 
Zn(4) 2 2.669 
Zn(8) 2 2.577 
Zn(9) 1 2.623 

Zn(10) Pu(2) 2 3.231 
Zn(3) 2 2.688 
Zn(6) 2 2.593 
Zn(7) 4 2.733 
Zn(10) 2 2.716 

Zn(l l)  Pu(1) 1 2.865 
Pu(2) 2 3" 120 
Pu(4) 2 3-876 
Zn(4) 2 2.636 
Zn(5) 2 2.647 
Zn(11) 2 2.865 

Zn(12) Pu(2) 4 3.830 
Pu(3) 2 3.684 
Zn(4) 4 2.628 
Zn(7) 2 2.546 
Zn(8) 2 2-635 



74 T H E  C R Y S T A L  S T R U C T U R E  O F  PuzZn~9 

where K is a scale factor, g is an extinction parameter  
(Zachariasen, 1963), Lp is the Lorentz and polarization 
factor and Fe is the ordinary calculated structure fac- 
tor. Anisotropic thermal  parameters were in the form 

exp[-(h2fl :  1 -at- k2f122 -k- 12fl33 -t- hkf112 q- hlf113 q- klflz3)]. 

Scattering factors were taken from Cromer  & Waber  
(1965) and were modified by the real parts of  the anom- 
alous dispersion terms from Cromer  (1965). 

A three-dimensional  Patterson function was calcu- 
lated for the subcell and the approximate locations of 
24 Pu atoms were found. Several Fourier  and least- 
squares iterations led to a structure consisting of 26 
Pu atoms and 116 Zn atoms in the subcell. R was 
15.1% at this stage of  refinement. All atoms were then 
given anisotropic thermal  parameters and R was re- 
duced to 10.3%. The final parameters are listed in 
Table 1 and the observed and calculated structure fac- B~ 
tors in Table 2. At the last cycle the ratio A~/~r~ < 0.06 Pu(1) 2"4 (4) A2 
for all parameters ~ and the average value was ~ 0.001. 2.4 (4) 
The value of a(p) was 1.6 e./~ -3. Difference Fourier  4.2 (7) 
maps showed several peaks of  4 to 5 e.A -3, but  attempts Pu(2) 1.9 (2) 

1"9 (2) 
to place an addit ional a tom or partial  a tom at any of  1.1 (2) 
these locations have thus far resulted in impossibly Pu(3) 1"7 (3) 
large thermal  parameters for the addit ional  atom, even 1.8 (3) 
though many  of the locations are in sufficiently open 1.7 (2) 
regions to accommodate  another a tom after small  Pu(4) 1.2 (4) 
shifts of  surrounding atoms. However, since the pre- 1.9 (4) 
sent analysis is known to be an approximat ion to the 13.8 (9) 
true structure, it is not surprising to find significant Zn(1) 2.0 (11) 
features in the difference Fourier. 2-o (11) 

Certain of the atoms, namely Pu(4), Z n ( l l )  and 2.3 (16) 
Zn(12), have large anisotropic thermal  parameters.  Zn(2) 0 
These atoms were split into two hal f  atoms somewhat  0 
off the symmetry elements and given isotropic thermal  4.0 (20) 
parameters,  the remaining atoms being retained as an- Zn(3) 0.8 (5) 
isotropic. This refinement proceeded to the same R, 0.8 (5) 0 
10.3 %. Hence, it is not possible to distinguish between 
these models, and for purposes of discussion we will Zn(4) 5-4 (7) 
use the ordered anisotropic model. -o .  1 (4) 2"5 (5) 

Discussion 

Table 3 lists the interatomic distances between neigh- 
boring atoms. Atoms are defined as neighbors i f  the 
midpoint  between the two atoms is closer to these 
atoms than to any other. Standard deviations are about  
0.01 A for P u - Z n  distances and about  0.02 A for Z n -  
Zn distances and were computed with the use of the 
full inverse matrix and include lattice constant errors. 
There are no other distances less than 4.0 A. Table 4 
gives the size and orientation of the thermal ellipsoids. 

Table 4. Thermal ellipsoids for Pu2Zn~ 
~, fl and ~, are the angles which the ellipsoid axes make with 

the real lattice axes a, b, and e. 
Standard deviations, in parentheses, apply to the rightmost 

digit. 

0 o 120 ° 90 ° 
90 3O 90 
90 90 0 

46 (7) 134 (7) 127 (10) 
60 60 90 
58 (8) 122 (8) 37 (10) 

30 150 90 
60 60 90 
90 90 0 

30 150 90 
60 60 90 
90 90 0 

0 120 90 
90 30 90 
90 90 0 

0 120 90 
90 30 90 
90 90 0 

0 120 90 
90 30 90 
90 90 0 

26 (9) 128 (7) 113 (6) 
100 (5) 48 (5) 136 (6) 
66 (9) 66 (7) 55 (9) 

Fig. 1. The unit-cell contents of Pu2Zn~9 lying between the mirrors at z=¼ and ¼. An orthogonal coordinate system is defined 
with X parallel to a, Y parallel to b* and Z parallel to e. The direction of view is defined by the vector [001]. The letters P and 
Z are plotted at the Pu and Zn locations respectively. 
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Table 4 (cont.) 
B~ ~ ~ 7 

Zn(5) 0.7 (7) 34 (5) 146 (5) 106 (11) 
3.4 (9) 60 60 90 
3.7 (8) 76 (9) 104 (9) 16 (11) 

Zn(6) 2.0 (6) 38 (22) 158 (22) 90 
0.7 (6) 52 (22) 68 (22) 90 
1.5 (5) 90 90 0 

Zn(7) 2.1 (6) 53 (9) 127 (9) 136 (12) 
2"1 (7) 60 60 90 

-0"0 (5) 52 (9) 128 (9) 46 (12) 
Zn(8) 0.7 (5) 30 (2) 150 (2) 92 (36) 

1"3 (6) 60 60 90 
1"5 (5) 89 (32) 92 (32) 2 (34) 

Zn(9) 2.0 (7) 33 (8) 147 (8) 75 (20) 
1.2 (6) 60 60 90 
0.6 (5) 103 (17) 77 (17) 15 (20) 

Zn(10) 1.9 (10) 30 150 90 
2.1 (10)~ 60 60 90 
0.6 (7) 90 90 0 

Zn(11) 3"0 (11) 0 120 90 
2"2 (9) 90 45 (3) 125 (4) 

19.2 (28) 90 60 (3) 35 (4) 
Zn(12) 7.8 (21) 0 120 90 

0.5 (10) 90 31 (2) 96 (12) 
5.8 (15) 90 85 (10) 6 (12) 

Fig. 1 is a stereo drawing of the unit-cell contents lying 
between the mirrors at z = ¼ and ¼. 

The Pu atoms have Zn atom neighbors exclusively. 
With the exception of the 6 Zn(11) neighbors of Pu(1) 
at 2.87 A all Pu-Zn distances are longer than the sum 
of the metallic radii, ~hich is about 2.9 to 3.0 A de- 
pending on the value chosen for Pu. The coordination 

polyhedra about the Pu atoms are rather large, particu- 
larly the one for Pu(4). Figs. 2-5 are stereo drawings 
of the four Pu coordination polyhedra. Pu(1) has 14 
neighbors arranged to form a polyhedron with six 
pentagonal faces and six triangular faces. Each penta- 
gonal face is shared with a Pu(4) polyhedron. Pu(2), 
in Fig. 3, has 18 neighbors arranged in two pentagons 
on either side and a heptagon around the middle. One 
of the end pentagons is closed by the 18th atom. The 
other pentagon is shared with the Pu(4) polyhedron. 

Fig. 4 shows Pu(3) with its 17 neighbors. These neigh- 
bors form pentagons on either side and a heptagon in 
the middle. As with the other polyhedra, the pentagons 
are shared with Pu(4) polyhedra. The Pu(4) polyhedron 
is shown in Fig. 5. There are 17 neighbors forming a 
polyhedron which is rather elongated in the z direction. 
There are six pentagonal faces and three triangular 
faces. The pentagonal faces are shared, two each, with 
the other three kinds of Pu polyhedra. 

The Zn atoms have a variety of polyhedra with the 
number of neighbors ranging from 10 to 15. Zn(3), 
Zn(6) and Zn(10) have 12 neighbors arranged in dis- 
torted icosahedra. Zn(2) has 15 neighbors which form 
the triangulated polyhedron of Frank & Kasper (1958). 
The Zn(1) polyhedron can be described as a trigonal 
prism with atoms added at each of the five faces. Zn(11) 
is topologically similar to Zn(1) but rather distorted. 
Zn(4), which is the only atom in a general position, 
has 12 neighbors forming an irregular polyhedron. 
Zn(5) has a rather irregular polyhedron which with a 
little imagination can be described as distorted hexa- 
gonal close packed. Zn(7) and Zn(8), with 13 neigh- 
bors have the same point symmetry and the polyhedra 

Fig.2. The Pu(1) polyhedron as viewed along the vector [0, 0.866, 0.5]. 

Fig. 3. The Pu(2) polyhedron as viewed along the vector [0.49, 0, 0.88]. 
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are topologically similar. The Zn(7) polyhedron can be 
described as a belt of five atoms on one side and a 
belt of six on the other with an atom capping each belt. 
In the Zn(8) polyhedron the six-atom belt is more 
puckered than in the Zn(7) polyhedron. The Zn(9) 
polyhedron is a distorted Archimedes antiprism with 
atoms capping each end. The surroundings of Zn(12) 
are similar to a body-centered cubic arrangement, there 
being 8 Zn atoms appoximately at the corners of a 
cube and 6 Pu atoms displaced from the cube faces. 

The elongated Pu(4) polyhedron and the large ther- 
mal parameters of Pu(4) and Zn(11) suggest a possible 
mechanism for creation of the present superlattice and 
the microphases in the Ce-Cd system. An atom could 
be inserted between the Pu(4) atom and the pair of 
Zn(11) atoms, pushing the Zn(11) atoms in the direc- 
tion of the major axis of the thermal ellipsoid and 
displacing the Pu(4) atom toward the Zn(11) atoms at 
the other end of the polyhedron. A small displacement 
of Zn(4) and Zn(5) would also be required. These atoms 
have their major ellipsoid axis oriented so as to suggest 
that this displacement is occurring. 

Many trial and error attempts were made to solve 
the structure of the true unit cell but without success. 
Most of these trials assumed space group P6322. How- 
ever, as mentioned previously, the probability of twin- 

ning is high and the true unit cell may have Laue sym- 
metry lower than 6/mmm. Because of the uncertain 
symmetry we do not include in this report any data on 
the large unit cell. We will be glad to supply these 
data on request. 

We do not intend to investigate the present com- 
pound any further. However, we hope in the future 
to investigate this phase in other systems. 

Note added in proof:- Wang (1967) has recently pub- 
lished some work on Gd13Zn58. He proposes a structure 
in space group P63mc although the structure is very 
nearly centric. If 0"265 is subtracted from all z co- 
ordinates in the proposed structure for Gd13Zn58, the 
result is quite similar to that which we give in the 
present paper. 

All calculations were done with an IBM 7094 using 
programs written by Larson, Cromer & Roof (1963- 
1965). The stereo drawings were made with an SC-4020 
microfilm plotter. 
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The crystal structure of dititanium sulfide, Ti2S, has been determined from single-crystal X-ray dif- 
fraction data. The compound crystallizes in the orthorhombic system, space group Pnnm, with unit- 
cell dimensions a=  11.35, b= 14.06, c=3.32 ~. The unit cell contains 12 formula units. All atoms are 
located in layers separated by c/2. Refinement of the structure was performed by least-squares treat- 
ment of x and y positional parameters and isotropic temperature factor coefficients. The sulfur bonding 
is interpreted with bond order calculations and is shown to be consistent with sulfur atoms utilizing d 
orbitals to form either electron deficient bonds to at least seven metal atoms or directional electron 
deficient bonds to six metals with trigonal prismatic symmetry. 

Introduction 

The titanium-sulfur system has received much atten- 
tion since a systematic study by Biltz, Ehrlich & Meisel 
(1937). The stoichiometries of the condensed phases in 
this system are still not thoroughly understood. In the 
lower sulfide region (M/S > 1) especially, the situation 
is unclear owing to a lack of information on the stability 
and homogeneity ranges of the reported phases. 

Filonenko & Kydryavtsev (1953) described a hexa- 
gonal 'r-Ti2S' phase which later was shown by Kudielka 
& Rohde (1960) to be a phase with the ideal composi- 
tion Ti2CS. Hfigg & Schtinberg (1954) suggested the 
existence of a stable Ti2S to explain powder diffraction 
data which were obtained from their subsulfide prep- 
arations. Abendroth & Schlechten (1959) reported 
some of the same diffraction lines as did Hfigg & 
Sch/Snberg, although they ascribed the other lines pre- 
sent in their subsulfide pattern to the 'TisS4' phase. 

In a review of transition metal sulfides, Jellinek 
(1963) suggested that the additional lines in H~gg & 
Sch/Snberg's and Abendroth & Schlechten's patterns 
were due to impurities formed by reaction of the metal 
with the quartz preparative tubes. Work on the extent 
of impurities in lower titanium sulfides was also per- 
formed by Bartrum (1958) and by Hahn & Ness (1959). 

* Work was performed in the Ames Laboratory of the U.S. 
Atomic Energy Commission. Contribution no. 1967. 

Franzen & Gilles (1965), while studying the vapor- 
ization behavior of TiS, prepared a subsulfide, the 
further characterization of which was undertaken by 
Stone (1963). 

Stone obtained accurate lattice parameters by a least- 
squares fit of Guinier powder diffraction lines. His 
values were a =  11.35, b =  14.06, c=3.32 A. The par- 
ameters obtained from single-crystal diffraction pat- 
terns in the work reported here are in complete agree- 
ment with these values. Stone also determined the space 
group symmetry and concluded that two space groups 
were possible, namely Pnn2 and Pnnm, in agreement 
with our findings as discussed below. Density deter- 
minations performed by Stone, employing a buoyancy 
method with two liquids and a pycnometer method 
with the same liquids, yielded an average density of 
4.80 g.cm-3, corresponding to 11.97 TizS units per unit 
cell. It was reported by Stone that combustion analysis 
yielded S/Ti =0.498. 

The work reported here was conducted for the pur- 
pose of establishing the existence and structure of the 
TizS phase. 

Experimental 

The dititanium sulfide samples were prepared by an- 
nealing pellets composed of equimolar quantities of 
titanium monosulfide and titanium filings. The titanium 
monosulfide samples were prepared by heating mixtures 
of titanium filings and sulfur in sealed Vycor tubes 


