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The compounds ThPba, UPb a, ThPb and UPb have been prepared and their structures determined. 
Special precautions were taken to prevent oxidation during X-ray powder examination. 

ThPb 3 and UPb 3 are cubic, but, because of the small differences between the atomic scattering 
factors of lead, thorium, and uranium, it has not been possible to distinguish directly whether the 
atomic arrangements are ordered or disordered. Evidence based upon lattice dimensions favours 
the ordered L12 structure. 

ThPb and UPb have a simple 'face-centred tetragonal' crystal structure, which has a close 
geometrical relationship to the cubic structure of ThPb a and UPb a. Possible atomic arrangements 
are discussed in terms of this relationship and atomic packing. It  is concluded that  ThPb and UPb 
are most appropriately described by a body-centred tetragonal structure of space group I4/amd. 
This structure is related to that of a-ThSi 2. 

1. Introduction 

The u ran ium- lead  system has been invest igated by  
Frost  & Maskrey (1953) and by Teitel (1952, 1956) 
who agree on the existence of two compounds. These 
are formed as single phases in preparat ions containing 
75 and 50 at. % lead respectively and are accordingly 
described as UPb3 and UPb.  Both phases are pyro- 
phoric and are therefore difficult  to s tudy by X-rays. 

In  the invest igat ion by  Frost  & Maskrey UPb8 was 
found to have a cubic structure with a cell dimension 
of 4.783 A. I t  was concluded tha t  the structure was 
of the Lle  (ordered AuCu3) type. The phase UPb  was 
found to have a more vigorously pyrophoric character  
t han  UPb3 and  satisfactory specimens for X-ray  
analysis could not be prepared. 

The crystal  structure of UPba was also invest igated 
by Ferro & Iandel l i  (1952) who reported a cubic 
structure with a cell dimension of 4.787 A; Teitel 
(1952) gave the somewhat  higher value of 4-791/~. 
This difference was a t t r ibuted  to the use by  Frost  & 
Maskrey of values for the wavelength of Cu K radia- 
t ion expressed in kX. instead of /~ngstrSm units.  
Invest igat ion of the less stable U P b  phase (Teitel, 
1956) was made using neutron diffraction techniques 
on mater ia l  sealed in a lumin ium cans under vacuum. 
In terpre ta t ion  of the pa t te rn  of diffraction peaks 
from an alloy containing some UPb3 indicated that 
U P b  had a complex body-centred tetragonal  s tructure 
with the cell dimensions 

ao= 11.04, co-- 10.6 A .  

The cell contents of the phase were es t imated at 
24 molecules of U P b  from which the calculated densi ty  
of 13.7 g.cm. -8 was obtained. No details were given 
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of the possible space-group symmet ry  or the positions 
of the atoms for this  crystal  structure. 

Phases in the system thor ium- lead  have been 
invest igated by  Weiner  and by Bryner  & Teitel, and 
pre l iminary  results published in the compilation of 
u ran ium and thor ium constitution diagrams, BMI 1300 
(Rough & Bauer, 1958). Collectively, the results of 
these authors indicate tha t  the system contains three 
compounds ThPba, ThPb2 and ThPb  but  crystal  
structure da ta  are not given. Ferro (1958) confirmed 
the formation of ThPba and reported tha t  i t  was 
isostructural  with UPba and tha t  the cubic cell 
dimension was 4.856/~. 

In  the present invest igat ion the special technique 
described below was adopted to prevent  oxidat ion 
during X-ray  analysis.  

2. E x p e r i m e n t a l  detai ls  

2-1. Method of preparation 
The u ran ium- lead  and thor ium- lead  compounds 

were obtained by direct reaction between the elements 
in sealed glass capsules. Uran ium and thor ium were 
used in powder form and the lead was cut from a rod. 
Charges of the elements, total l ing 25-50g. ,  were 
loaded into glass capsules which were evacuated to 
10-Smm.Hg.  and then sealed. The capsules were 
heated in the temperature  range 500-600 °C. for 3 to 
7 days to form homogeneous products. 

Following this t rea tment ,  the capsules were opened 
under  paraff in to prevent  oxidat ion of the products 
and samples were taken for X-ray  analysis.  

2-2. X-ray examination 
In  order to prevent  decomposition, powder spec- 

imens for X-ray  analysis  were prepared and examined 
in an inert  medium of sodium-dried paraffin.  Each 
sample of alloy was crushed under  paraff in in an 
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aga te  m o r t a r  a n d  the  s lu r ry  which  resu l ted  f rom th i s  
t r e a t m e n t  was t h e n  p i p e t t e d  in to  sil ica quil ls  of 
0.3 ram. d i a m e t e r  f i l led w i th  paraf f in .  I n  t he  quill ,  
t he  solid phase  se t t l ed  r a p i d l y  to give a powder  spec- 
imen  which  was t h e n  sealed wi th  a qu ick -d ry ing ,  
non-aqueous  glue. Such  spec imens  could be p rese rved  
for several  d a y s  w i t h o u t  decomposi t ion .  

Clear ly  resolved X - r a y  p a t t e r n s  were o b t a i n e d  f rom 
specimens  m o u n t e d  in  an  11.46 cm. d i a m e t e r  powder  
camera .  Values  of 1.5405 a n d  1.5443 ~ were a s sumed  
for the  wave l eng ths  of Cu K a l  a n d  Cu Ka9 rad ia t ion .  
The  d i f f rac t ion  p a t t e r n s  of U P b  a n d  T h P b  were 
i ndexed  wi th  the  a id  of B u n n  char t s  for log d versus 
log c/a. 

In t ens i t i e s  in  the  p a t t e r n  of U P b  were measu red  
w i t h  a mic rodens i t ome te r  a n d  ca lcu la ted  in tens i t i e s  
were o b t a i n e d  f rom the  usua l  express ion 

Ih~ oc plF2[Av(1 + cos 2 20)/(cos 0 sin 2 O) . 

sugges ted  t h a t  t he  new phases  h a d  t e t r a g o n a l  c rys ta l  
s t ruc tu res  de r ived  b y  d i s to r t ion  of the  cubic M P b a  
s t ruc tures .  The  p a t t e r n s  of t he  M P b  phases  were 
sa t i s fac to r i ly  i n d e x e d  in  the  t e t r a g o n a l  sys t em a t  
a p p r o x i m a t e  va lues  for c/a of 1.15 for U P b  and  1.24 
for T h P b .  

On th i s  s imple  basis  the  M P b  compounds  can be 
r ega rded  as h a v i n g  ' face-cent red  t e t r a g o n a l '  s t r uc tu re  
cells con ta in ing  four  a toms  a t  0, 0, 0; 0, ½, ½-; ½, ½, 0 
a n d  ½, 0, ½. 

A l t h o u g h  a s impler  b o d y - c e n t r e d  cell con ta in ing  
on ly  two a toms  can be e m p l o y e d  to  descr ibe the  M P b  
c rys ta l  s t ruc tu re ,  t he  ' face-cent red  t e t r a g o n a l '  con- 
f igu ra t ion  is used in  v iew of i ts  r e l a t ionsh ip  to  t he  

Tab le  2. Diffraction data for T h P b  

Alternative space groups 
I 

P4/mmm 
In t ens i t i e s  in  the  p a t t e r n  of T h P b  were e s t i m a t e d  hkl 
visual ly .  OO2 

3. E x p e r i m e n t a l  r e s u l t s  111 2oo 
I n  general ,  t he  compounds  o b t a i n e d  above  were hard ,  202 
compact and grey-black in colour. All the preparations i13 220 
were py rophor i c  a n d  in  th i s  respec t  t he  ox ida t ion  of 004 
U P b  a n d  T h P b  was p a r t i c u l a r l y  v iolent .  222 

UPba  a n d  ThPb3 :  These  compounds  were o b t a i n e d  311 
as single phases  in  p r epa ra t i ons  con ta in ing  75 a t . %  204 313 
lead. I n  each ins t ance  the  c o m p o u n d  gave  the  diffrac- 4o0 
t ion  p a t t e r n  of a s imple  face-cent red  cubic phase  of 115 
the  A1 s t ruc tu re  t y p e  (space group Fm3m).  The 224 
s t ruc tu re  cell d imens ions  ca lcu la ted  f rom measure-  402 331 
m e n t s  of t he  600, 531 a n d  440 ref lect ions  are g iven  420 
in  Tab le  1. Dens i t ies  were ca lcu la ted  a s suming  t h a t  422 
each s t ruc tu re  cell con t a ined  one fo rmula  uni t .  

Tab le  1. Structure cell dimensions of thorium-lead 
and uranium-lead phases 

Cell dimensions Calculated 
Com- Crystal ^ . density 
pound structure a o (A) c o (•) (g.cm. -a) 

ThPb a Cubic 4.855 12.31 
± 0.001 

UPb a Cubic 4.7915 12.93 
± 0.0002 

ThPb Tetragonal 4.545 5.644 12.51 
± 0.001 ± 0.003 

UPb Tetragonal 4.579 5.259 13.27 
± 0.001 ± 0.001 

The  cell d imens ions  quo ted  above  are u n c h a n g e d  b y  
va r i a t i ons  in  lead con ten t  on e i the r  side of the  75 at .  % 
l imit .  I t  is ev iden t  therefore  t h a t  UPb3 a n d  ThPb3 
h a v e  on ly  na r row  ranges  of composi t ion .  

U P b  a n d  T h P b :  These  compounds  were o b t a i n e d  
as single phases  in  p r e p a r a t i o n s  con ta in ing  50 a t . %  
lead. T h e y  gave  closely s imi lar  d i f f rac t ion  pa t t e rns .  
Compar i son  w i th  the  p a t t e r n s  of ThPb3 a n d  UPb8 

II  
I4/amd 

hkl do dc Io 
004 2.80 A 2.821A w 
112 2.77 2-793 vs 
200 2.26 2.273 m 
204 1.76 1.770 ms 
116 1.618 1.624 m 
220 1.601 1-607 ms 
008 1.408 1.411 vw 
224}  1.393 1.396} vs 
312 1-393 (diffuse) 
208 1.196 1.199 w 
316 1.140 1.142 m 
400 1.134 1.136 w 

11,10 } 1.062 1.065 } 
228 1-060 vvw 
404}  1.054} 
332 1.053 1.053 ms 
420 1.015 1.016 ms 
424 0.9558 0.9562 s 

%=4.545, %= 5-644 A, ct=2Co, Co/ao= 1.24. 

Tab le  3. Diffraction data for U P b  

Alternative space groups 
I 

P4/mmm 
hkl 
111 
002 
200 
202 
220 
113 
311 
222 
004 
400 
204 
313 
331 
402 
420 
224 
115 
422 
333 

II  
I4/amd 

hkl do dc Io Ic 
112 2.74 A 2.76 A 100 100 
004 2.61 2.63 27 20 
200 2.28 2.29 78 40 
204 1.72 1.73 70 70 
220 1.613 1.619 53 30 
116 1.539 1.541 36 60 
312 1.393 1-396 100 100 
224 1.376 1-378 55 50 
008 1.313 1.315 3 5 
400 1.143 1.146 13 20 
208 1-134 1.140 10 40 
316 1.115 1-117 40 80 
332 1-056 1.058 40 40 
404 1.049 1.050 36 40 
420 1.023 1.024 
228 - -  1.021 ~ 55 60 

11,10 - -  1 . 0 0 0  - -  1 

424 0"9538 0.9541 90 100 
336 0.9189 0"9191 30 50 

%=4"579, co= 5.259 A, ct = 2%, co/ao= 1"15. 
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MPb8 structure from which it is derived. This similarity 
forms the basis of the discussion of possible atomic 
arrangements given below. 

Cell dimensions for these compounds obtained from 
measurements of the 315, 424 and 440 reflections are 
given in Table 1. Densities were calculated assuming 
that each unit cell contained two formula units. 

Diffraction data for the first nineteen reflections in 
the X-ray powder patterns of ThPb and UPb are given 
in Tables 2 and 3. 

4. Discuss ion  

There are only small differences in X-ray scattering 
power between lead on the one hand and thorium and 
uranium on the other. X-ray patterns of compounds 
formed between these elements are virtually those of 
a single atomic species. Accordingly, the cell dimen- 
sions and space groups assigned to the compounds in 
Section 3 refer to simplified crystal structures in 
which the atomic arrangements of the true structure 
cells cannot be determined directly. I t  is, however, 
possible to discuss the probable atomic arrangements 
in the light of packing considerations and analogies 
with known and established structures. Such consider- 
ations are reviewed below. 

4.1. The crystal structure of ThPb3 and UPb3 

The above results confirm previous reports that  both 
these compounds have a cubic structure which gives 
the pattern of a face-centred cubic lattice. The 
measured cell dimensions are in good agreement with 
the results quoted by Ferro (1958) and Teitel (1952). 

The diffraction effects observed for these compounds 

can ~)e exp~a~ae(~ equally we]] ~y a c~isoraerec] ~ace- 
centred cubic structure or by a fully ordered atomic 
arrangement of the L12 (AuCu3) structure type (see 
Fig. 1). In this connection Coffinberry & Ellinger 
(1955) describe the isostructural compound PuPba as 
having a disordered face-centred cubic structure. The 
difference between the scattering powers of Pu and Pb, 
however, is again too small to permit detection of an 
ordered superlattice, should one exist, and their con- 
clusion is based upon intensity measurements for yet 
another isostructural phase, InPus. 

By comparison, the L19. crystal structure has been 

Projection along 
[100] • 

Fig. 1. L12 crystal structure of MPb a. 

T h P b  3, UPb  3, T h P b  AND U P b  

established for the related compounds UA18, UGa3, 
USis, UGea, USn8 (Frost & Maskrey, 1953) and for 
PuGe8 and PuSn8 (Coffinberry & Ellinger, 1955), 
where the differences between the scattering powers 
of the pairs of elements are sufficient for superlattice 
reflections to be detected. On this basis it is reasonable 
to assume that ThPb3, PuPb3 and UPb~ also have the 
L12 structure. 

In view of the different values which have been 
reported for the cell dimension of UPb3, the diffraction 
data published for this compound by Maskrey & Frost 
have been analyzed. Calculations show that  their 
value of 4.783/~ is a correct result and not one which 
arises from the use of incorrect figures for the wave- 
length of Cu K radiation as suggested by Teitel. I t  
seems reasonable to conclude that  real differences in 
structure cell dimension exist for different preparations 
of UPb3 and that these are not attributable to varia- 
tions in composition. The differences, roughly 0-2% 
of a0, are comparable with those observed between the 
ordered and disordered crystal structures of AuCus. 
This comparison is interesting in view of the high 
temperatures, in excess of 1000 °C., used by Frost & 
Maskrey to anneal their samples of UPb3. 

With these considerations in mind, it is suggested 
that  UPba can undergo an order-disorder transition 
comparable to that  observed in CuAus. Values of cell 
dimensions quoted for UPb3 by Frost & Maskrey and 
by Ferro are accordingly attributable to a more-or-less 
random distribution of U and Pb atoms while the 
results reported by Teitel and in the present investiga- 
tion probably correspond to an ordered atomic ar- 
rangement. 

I t  is possible that  order-disorder transitions can also 
occur in the phases ~Pu])b3 and Thl~b8 but ~urther 
investigation is required to establish this point. 

4.2. The crystal structure of ThPb and UPb 
X-ray analysis shows that these two compounds are 

isostructural and have a simple 'face-centred tetrag- 
onal' crystal structure. The X-ray-diffraction data for 
UPb obtained in the present investigation calmot be 
reconciled with the neutron-diffraction data published 
by Teitel. In view of the simplicity of the X-ray 
diffraction pattern of UPb and its analogy with ThPb, 
it seems possible that  Teitel's results are in error 
because of some fault in the quality of the sample 
used in his examination. 

The structures of UPb and ThPb may be derived 
from those of UPb3 and ThPb8 by a simple tetragonal 
distortion. Thus the tetragonal a0 and co dimensions 
are obtained from the cubic structure cell by appro- 
priate expansions along the [001] and contractions 
along the [100] and [010] directions. In addition, it is 
noteworthy that  the separation of the planes of closest 
packing is substantially the same in the MPb and the 
corresponding MPb3 compounds. This is demonstrated 
by values for the 111 interplanar spacing of 2.76 /~ 
for UPb and UPb8 and 2.79/~ for ThPb and ThPbs. 
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Table 4. Details of coordination in structure proposed for MPb phases 
I n t e r a t o m i c  d i s tances  

Coord ina t i on  of C o o r d i n a t i o n  of ~ ,- 
M a t o m  P b  a t o m  I n  t e r m s  of 

• ~ . t e t r a g o n a l  
N e i g h b o u r  C.N~ N e i g h b o u r  C.N." cell d imens ions  F o u n d  in T h P b  F o u n d  in U P b  

P b i  4 M I  4 ao/V2 3.214 A 3.238 /~ 

P b l I  4 M I I  4 (a02 + e02)½/2 3.622 3.487 
M 4 P b  4 (a2o+c~)½/2 3.622 3.4S7 

These structural relationships provide a basis for 
discussing the probable atomic arrangement in the 
MPb structure cell. Thus the ordered L12 structure 
of the MPb3 phases can be used as a starting point to 
derive an ordered atomic arrangement in the MPb 
phases. Two of the simplest and most likely alterna- 
tives are as follows. 

(I) The L10 (AuCuI) crystal structure, space group 
P4/mmm: This structure is obtained directly from the 
L12 structure by substituting M atoms for the Pb 
atoms with coordinates ½, ½, 0. 

Simple packing considerations suggest that  the 
distortion associated with such a substitution should 
lead to a structure cell in which the tetragonal a0 
dimension is greater than the co dimension. Crystal 
structures with axial ratios less than unity are there- 
fore to be expected and most compounds with the L10 
structure, including the ordered AuCuI phase, do in 
fact have axial ratios in the range 0.8-0.95. In con- 
trast, ThPb and UPb have axial ratios greater than 
unity; they are therefore not likely to have this atomic 
configuration. 

(II) The tetragonal structure, space group I4/amd: 
This structure is shown in projection in Fig. 2. M and 
Pb atoms occupy equivalent positions and Table 4 
gives details of their coordination. 

The atomic arrangement may be regarded as a 
sequence of layers stacked in a manner derived directly 
from the L12 crystal structure. Each layer has the 
composition MPb and a rock-salt configuration of M 
and Pb atoms. The layers are stacked in a sequence 

A1B1A2B2A1 . . .  

so that  alternate layers A1 A 2 A I . . .  constitute a 
simple rock-salt lattice with tetragonal distortion. 

The distortion arises from the interpenetration of 
lattices A and B. The separation of successive layers 
A - B  etc., depends upon contact between the atoms 
with the greater atomic radius as shown in Fig. 2. 
This interatomic distance is (a~ + c~)½/2 and values for 
the expression calculated from the cell dimensions of 
ThPb and UPb, are given in Table 4. 

In ThPb this interatomic distance is 3.62 /~ which 
is in close agreement with the Th-Th distance of 
3-60 A found in the crystal structure of thorium. The 
value for the Pb-Pb distance in the lead structure is 
3.50 A. In UPb the distance (a~+c~)½/2 is 3.49 Jk. 
This is closer to the observed Pb-Pb distance than to 
the generally quoted U-U distance of 3.0 _~. Given 

that  in ThPb and UPb, rTh > rpb > r u ,  the packing in 
the proposed structure thus gives good agreement 
with the observed atomic radii of these elements. 

lO 

O 

M at height 0 

M at height ½ 

Pb at height 0 

Projection along 
[100] 

( ) Pb at height ½ 

Fig.  2. P r o p o s e d  s t r u c t u r e  of M P b .  

The proposed structure has the space group I4/amd. 
The compound a-ThSi2 (Brauer & Mitius, 1942) also 
has this space group. The silicide configuration may 
be obtained from that  of the MPb phases on replacing 
each lead atom by a pair of silicon atoms aligned 
parallel to the tetragonal [001] direction. The positions 
of the M atoms are unaltered. 

From the above considerations of atomic packing 
and structure relationships, it is most probable that  
ThPb and UPb have structures with the space group 
I4/amd and the following atomic positions 

4M at 0 ,0 ,0 ;  ½,½,½; 
½, o, ½; o, ½, ~. 

4 P b  at ½,½,0; 0,0,½; 
o, ½, ½; ½, o, ~. 

The true cell dimensions at and ct are derived from 
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those of the 'pseudo-cell '  obtained from X- ray  da ta  
by  the t ransformat ion  

at = a0, c~ = 2c0. 

The au thor  would like to express his thanks  to 
Mr J .  A. Champion for his valuable help in the  prepara-  
t ion of the compounds. 
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The crystal structures of phases with the composition ThXe have been examined using X-ray powder 
and single-crystal techniques. Where X is Ni, Cu, Ag, Au, Zn, Cd, A1 or Si (fl-ThSi2) crystal struc- 
tures of the C32-type are found. Where X is Si (a-ThSi2) or Ga, the structures are of the Cc type. 
Related non-stoiehiometrie phases are ThSil.6~ (defect C32-type), ThGel. 5 (distorted, defect C32- 
type) and ThG%.62 (defect Cc type). Stoichiometric ThGe2 has an A-face-centred orthorhombic 
structure. 

Consideration of these phases suggests that  their crystal structures are influenced by the atomic 
radius r and the valency e of the X atom. Low values of e. r are reflected in crystal structures of the 
C32-type. Si has a critical value of e.r and ThSie is dimorphic. Ge has the highest value of e.r  and 
ThGe2 has an orthorhombie structure which may be derived from the C32 or Cc structures. The 
non-stoichiometric phases are formed at the boundary between two structure types. 

1. Introduct ion 

This paper  describes pa r t  of an investigation into the 
format ion of thor ium intermetall ic compounds. Of the 
compounds examined so far, those with the composi- 
t ion ThX2, except ThGe2, have been found to crys- 
tallize with either the C32(A1B2)-type or Cc (a-ThSi2)- 
type  structures.  These s t ructures  are described as 
follows. 

C32 type,  hexagonal ,  M = 1, Dlh, C6/mmm. 
Positions M :  l a  6/mmm 0, 0, 0. 

~/ . 2 ! 1  x:  24 ,,2 ~,~,~, ~,~,~. 
Co-type, te t ragonal ,  M = 4 ,  D~, I41/amd. 

Equiva len t  positions (0, 0, 0; 1, ½, ½)+ 
M" 4a 42m 0, 0, 0; 0, ½, ¼. 
X" 8e mm 0 ,0 ,  z; 0,0,~, ;  

0, ½, ¼+~; 0, ½, ¼-~. 

Thorium disilicide, ThSi2, can have either of these 

* Present addres: Institute of Chemistry, Uppsala Univer- 
sity, Sweden. 

s t ructures  depending upon the  t empera tu re  of pre- 
parat ion.  In  view of this dimorphism an a t t e m p t  has 
been made to relate these two crystal  s tructures,  and 
to define the principles which govern the mode of 
crystall ization of phases with the composition ThX2. 

2. Techniques  of preparat ion  and e x a m i n a t i o n  

2.1. General 

Most intermetall ic  compounds of thor ium are readily 
oxidized on heat ing even in vacua of l0 -4 mm.Hg.  
Many of the compounds are pyrophoric in character. 
This instabi l i ty  towards  oxygen, and oxygen-con- 
taining materials  such as silica, introduces m a n y  
difficulties into the prepara t ion  and  analysis of these 
compounds. I t  is believed tha t  there are some errors in 
earlier accounts of thor ium and uran ium compounds 
because the materials  subjected to X - r a y  s tudy  had  
suffered changes in composition through par t ia l  oxida- 
tion. Some indication is therefore given here of the 
techniques adopted  in the  present  work to prevent  
such oxidation. 


