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in  the  uni t  cell, calculated wi th  the values of para- 
meters  l isted in Table 1, are given in Table 3. 

Table  3. Interatomic distances in HgS0a.  H20 

Coordination Interatomic 
Atom Neighbour number distances 

Hg O(II) 2 2.44 A 
0(II) 2 2-47 
O(III) 1 2.10 
0(H~O) 1 2.34 

S O(I) 1 1.24 
0(II) 2 1.53 
o( i i i )  1 1"53 

0-0 distances in tetrahedron 

O(I) O(II) - -  1.95 
o(Iii) -- 2.24 

0(II) O(II) - -  2.53 
0(III) - -  2.51 

0-O distances in octahedron 

o(H) o(ii)  - -  3.91 
o(ii)  - -  2.89 
0(H20 ) - -  3.09 
O(H20 ) - -  3-18 
o(III) - -  3.85 
0( I I I )  - -  3.14 

The values for the distances from mercury  to the  
su lpha te -oxygen  atoms o(II) (2.44 and  2.47 J~) are 
near ly  equal  to the sum of ionic radi i  (2.45 A), if the 
values of 1.10 A, the general ly accepted value for the 
radius of the  mercuric ion, and  1.35 A for oxygen are 

used. Distances of near ly  the same length  (2.40 and 
2.42 A) are found to exist also in crystals of mercurous 
ni t ra te  dihydrate ,  between mercury  and the  n i t r a t e -  
oxygen atoms (Grdenid, 1956). 

Shorter distances between the mercury  a tom and 
the water  molecule (2.34 A) are found. I t  m a y  be com- 
pared wi th  the  distances between the mercury  a tom 
and the water  molecule in mercurous ni t ra te  d ihydra te  
(2.15 /~). A short  coordination t Ig -O bond has been 
shown to exist  also in mercury  die thylene oxide 
(2.21 A) by  Grdenid (1952), and much  shorter (2.03 J~) 
in t r ichlormercury oxonium chloride (~davni~ar & 
Grdenid, 1955) and  in  mercuric oxide (Aurivilius, 1954). 

The author  wishes to t hank  Prof. M. Paid (Physical 
Inst i tute ,  Facu l ty  of Science, Zagreb) for suggesting 
the work and  for his interest.  Thanks  are due to Prof. 
D. Grdenid (Laboratory of General and  Inorganic 
Chemistry,  Facu l ty  of Science, Zagreb) and to the 
members  of the Depar tmen t  of Structural  and  In- 
organic Chemistry,  Ins t i tu te  l~udjer Bo~kovid, Zagreb, 
for discussions and  reading the  manuscr ipt .  

R e f e r e n c e s  

AxmiVlLiUS, K. (1956). Acta Cryst. 9, 685. 
GI~I)ENId, D. (1952). Acta Cryst. 5, 367. 
GI~DEI~Id, D. (1956). J. Chem. Soc. 266, 1312. 
HOITSEY~A, C. (1895). Z. Phys. Chem. 17, 657. 
PAId, M. (1933). Ann. Chim. 29, 491. 
~dAvI~I5AI~, S. & G~DENId, D. (1955). Acta Cryst. 8, 275. 

Acta Gryst. (1961). 14, 119 

The Crystal Structure of URe2 

B Y  B .  A .  HATT 

Physics Laboratory, Fulmer Research Institute Ltd., Stoke Poges, Buckinghamshire, England 

(Received 4 April 1960) 

The intermetallic compound UR% has two allotropic forms. Up to 180 °C. it has an orthorhombic 
structure, space group Cmca; above this temperature a C14 structure is formed by a simple dilation 
of the unit  cell. The lattice parameters at 20 °C. are 

a=5.600,  b=9.180, c=8.460 A .  

For the hexagonal modification at 213 °C. a = 5.433, c = 8.561 J~. In  both modifications the thermal 
expansion coefficients are positive along c and negative along a. 

I n t r o d u c t i o n  

During an invest igat ion of the  u r a n i u m - r h e n i u m  phase 
d iagram an in termetal l ic  compound URe2 was ob- 
served (Brook & t ta t t ,  1954). An alloy of composition 
u ran ium 66.7 a t .% rhen ium appeared single-phased 
when examined  microscopically and  b y  the X-ray  
Debye-Scherrer  powder method,  whereas alloys with 

higher rhen ium content  showed free rhenium,  and 
those of lower rhen ium content  free uranium.  Spacing 
measurements  indicated a negligible solubil i ty of 
ei ther rhen ium or u ran ium in URe2. 

S t r u c t u r e  d e t e r m i n a t i o n  

Alloys of URe2 were prepared from u ran ium bar 
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supplied by  the Atomic Energy  Research Establish- 
ment,  Harwell ,  and rhen ium sponge of 99.9% puri ty.  
The sponge rhen ium was first arc-melted into but tons  
on a water-cooled copper hear th  under a purified argon 
atmosphere.  These were then  arc-melted with uranium 
to give alloy but tons  of approximate ly  10 g. Heat- 
t rea tments  were carried out by  sealing the buttons 
contained in an a lumina  crucible inside an evacuated 
silica glass capsule. No chemical analyses have been 
made but  the melt ing losses were less t han  0.5%. 

Debye-Scherrer  powder photographs were taken 
from the crushed alloy, after a hea t - t rea tment  of two 
weeks at  1000 °C. followed by water quenching. The 
alloy was very  bri t t le  so tha t  crushing introduced 
negligible cold work. A powder pa t te rn  taken  with 
Co K~  radiat ion showed 58 resolvable diffractions. 
These could not  be indexed and so rotat ion single- 
crystal  photographs were taken  using an irregular 
shaped fragment,  selected from the crushed alloy, 
which showed a pseudo six-fold axis of symmetry .  
Subsequent ly  this was shown to consist of several 
grains. At tempts  to obta in  single grains were un- 
successful. The diffractions on the rotat ion photograph 
about one of the axes of two-fold symmet ry  did not 
lie on s traight  layer  lines but  were scattered about 
possible layer-l ine positions, indicat ing a repeat  dis- 
tance of 5.6 A. The rotat ion photograph about  the 
pseudo six-fold s y m m e t r y  axis showed straight  layer  
lines giving a repeat  distance of 8.2 A. Using these 
two values all the diffractions on this lat ter  fi lm could 
be indexed with an orthorhombic cell with dimensions 
5.6, 9.2 and 8.2 A. These cell constants enabled all 
the powder diffractions to be indexed, and the follow- 
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Fig. 1. P ro jec t ion  of the  a toms  of a U R e  2 C14 structtu 'e on to 
a (0001) plane.  The let ters  refer to the in tera tomic  dis tances  
given in Fig. 3. 

ing systematic  absences were observed: 1) hkl when 
h + k = 2n + 1, 2) hO1 when l--  2n + 1. These conditions 
are satisfied by  space groups Cmcm-D~ and Cmc21 C ~2 - -  2v" 
Oscillation photographs taken round the pseudo six- 
fold axis showed tha t  the f ragment  consisted of several 
grains, all with a common 8-2 A axis but  oriented 
round this axis at approximate ly  120 ° intervals.  

Uran ium compounds of the form UX2 often crystal- 
lize with structures of the so-called Laves phases. 
These tend to form when the ratio of atomic diameters  
of the elements is about  1-2. For U and Re this ratio 
is 1.16 and so its structure was expected to resemble 
one of the Laves phases. In  order to determine the 
atomic sites of the present or thorhombic structure its 
relat ion to the C14, hexagonal,  Laves structure was 
considered. 

Fig. 1 shows the projection of a C14 structure on 
to a (0001) plane together with the orthohexagonal  
cell derived from it. If  the atomic positions are inter- 
preted in terms of the orthorhombic space group Cmcm 
then these become, with respect to the equivalent  
positions (0, 0, 0; ½, ½, 0), 

8 U atoms in sites (f) 
0, yl, Z1;  0 ,  ~]1, Z1; 0, yl, ½-  Zl; 0, ~, ½ + Zl 

8 Re atoms in sites (g) 
x2, y2, ¼; ~2, y2, ¼; x2, ~2, ~" x2, y% 

4 Re atoms in sites (c) 
0, Y3, ¼; 0, ~3, 

4 Re atoms in sites (a) 
0, 0, 0; 0, 0, ½. 

Since the C14 structures have axial ratios about 
1.63 then the ideal orthohexagonal cell has a:b:c= 
1:V3:1.63. The actual orthorhombic cell determined 
for URee has a:b:c--l: ]/2.7:1.52, and since a:b is no 
longer exactly ~/3 the hexagonal diffractions split into 
groups with differing multiplicities as shown in Table I. 

:]?able 1. Comparison of the hexagonal diffractions with 
those for the orthorhombic cell when b/a deviates from ]/3 

Orthohexagona l  (distorted) 
Hexagonal 

. - - -  Number of 
hkil p diffractions P 

O,O,O,1 2 Single 2 
h,h,2h,O 6 Double 2, 4 
h,h,2h,l 12 Double 4, 8 
0,k,~,0 6 Double 2, 4 
0,]¢,~,l 12 Double 4, 8 
h,k,i,O 12 Triple 4, 4, 4 
h,k,i,l 24 Triple 8, 8, 8 

The intensit ies were calculated from the formula 
I oc plFhkzl2 (1 + cos ~- 20)/sin ~ 0 cos 0, in the usual  nota- 
tion. Satisfactory agreement  with observed v a l u ~  
were obtained with _ 1 y l - -  ~, z~=~,  x2----- 41, y2----~, y3---- - - ~ .  
No detailed ref inement  of these parameters  has been 
under taken  but  they are probably  correct to _+ 0.01. 
Observed and calculated values of intensit ies and d 
spacings are given in Table 2. 
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T a b l e  2 .  Observed and  calculated values o f  d spacings  and  in tens i t ies  f o r  the orthorhombic modi f i ca t ion  o f  
U R e 2  at 2 0  ° C .  

W a v e l e n g t h  of  X - r a d i a t i o n  u s e d  Co  Kay, A = 1 . 7 8 8 9 0  A 

R e f .  N o .  hkl do dc Io Ic x 10 -6  

002 - -  4 . 2 3 0  A - -  0 .4  
111 - -  4 .162  - -  < 0.1 
021 - -  4 .032  ~ < 0.1 
112 - -  3 .168  - -  1.7 
022  - -  3 .110  - -  0 .8  

1 200  2 . 7 8 6  A 2 . 8 0 0  w 14.1 
2 130 2 . 6 6 4  2-691 m 22-3 
3 113 2 . 4 1 9  2 .431 m-s 49 .5  

4 ~ 023 2 .388  2 . 4 0 4  ~ 24-4  m 
[ 220  2 .391 [ 5 .6  

5 202  2 .325  2 .333  m 39 .8  

040  2 . 2 8 6  2 .295  ~ 4.1 
6 221 2 .299  s [ 63 .0  

7 132 2 .257  2 .271 m-s 72.7 
8 041 2 .206  2 .215  m 31 .3  
9 004  2 . 1 1 ]  2 .116  w - m  16.9 

l 0  222 2 .072  2 .081 w - m  10.2 
11 042 2 .012  2 .017  w 4.7  
12 114 1-931 1 .935 w--m 7.2  
12a  024  1.921 w 3-6 

223 - -  1 .824 - -  0 .8  
311 - -  1 .788 - -  < 0 . 1  
310 - -  1-780 - -  < 0 - 1  
240 - -  1 .774 - -  < 0.1 
150 - -  1 .743 - -  < 0 . 1  
241 - -  1-737 - -  < 0 . 1  
151 - -  1-707 - -  < 0 . 1  
204  - -  1 .687 - -  0 
134 - -  1.661 - -  0 
242 - -  1 .637 - -  0-3 
152 - -  1 .612 - -  0 .3  

13 .~ 330  1 .586 1 .593 w - m  5-9 
115 1 .595 2-5 
224  - -  1 .584 - -  0-4 

14 ] 060 1 .528 1 .529 m-s 3.0  
~ 313 1"535 13.8 

15 243  1 .496  1-502 w - m  13.3 
16 332 1-486 1.491 s 22 .2  
17 153 1 .479 1 .484 m 12.8 
18 062 1 .434 1 .437 w- -m 9.8  
19 006 1 .407 1-411 w 1.0  
20  400  1 .395  1 .400 m-s 13.9 

21 ~ 314 1 .378 1 .384 s 2 .9  
[ 225 1.381 27 .6  
I 045  1 .362 13.0  

22 244  1-357 1 .359 mb 2.7  
116 1 .353 2 .4  
026  1"348 1"1 

23 154 1 "338 1"346 s 2"5 
260  1 .343 24"0 
420  - -  1 .339 - -  < 0.1 
402  - -  1 .329 - -  < 0.1 
421 - -  1 .323 - -  < 0 . 1  
350 - -  1-309 - -  < 0.1 
351 - -  1 .294  - -  < 0 . 1  
262 - -  1 .279 - -  < 0.1 
422  - -  1 .277 - -  < 0.1 
170 - -  1 .276 - -  < 0 . 1  
171 - -  1-262 - -  < 0 . 1  

R e f .  N o .  hkl do dc Io lc x 10 -6  

, 206  - -  1 .259 m < 0.1 
[ 352 - -  1 .250 - -  < 0.1 
I 136 - -  1 .248 - -  < 0-1 
i 
i 315 - -  1-243 m 0"5 
l 

172 - -  1 .221 - -  < 0 . 1  
245 - -  1 .225 - -  0 .5  

24  ~ 226 1 .212 1-214 10 .3  
i ~ 155 1 .214 m 0 .5  

25 423  1 .207 1 .210  m 7.5 
' 2 5 a  046  1 .202  1.201 w 5.1 
i 25b 440  1 .195  vw 1.2 

26  353 1 .186  1 .187 m 7 .4  
27 441 1 .182 1 .184  m-s 10.0  

! [ 117 1 .172  2"4 
28 / 027  1-166 1-169 w--m 1-2 

' 404  1 .167 6"2 
29 173 1.161 1 .162 w - m  6.6  

" 30 ~ 442  1 .150  2 .0  
! ( 080  1.147 wb 1 .148  0 .6  

I 081 / 1.137 2-4 
! 31 264  1-132 1-133 mb 12.4 
I 424  1-132 1-8 

3 1 a  ] 316 1 .114 1 .117 1.5 
: V W  

[ 354 1 .113 1-7 
510  - -  1.111 - -  < 0 . 1  
246 1 .104 1.4 

31b 082 1-104 1"108 vw 1"0 
! 511 1"103 < 0" l  
• [ 174 1-093 1"6 
~ 31c / 156 1.091 ! -097 vw 1.4 

443  1 .100 0.2  

i 32 f 2 2 7  1.078 1.078 2.2 
I I. 512  1"075 0"1 
j 370 - -  1 .073 - -  < 0 . 1  

{ 371 { 1 .065 < 0 . 1  
[ 3 2 a  083  1 .064  1 .063 w < 0.1 
i 280  1 .062  < 0.1 

32b 336 1 .055  1 .056 vw < 0.1 
281 1 .053 < 0 . 1  

33 530  1.051 1 .052  w-m 2.2 
066  - -  1 .036 - -  < 0 - 1  
118 1 .033  5 .6  

34 028  1-032 1 .033 2-8 
460  1 .032  m-s b 2 .4  

513  1 .035 6.1 
282  - -  1 .029  - -  0.I 

35 532 1 .020  1.021 m - s  10.8  
317 1"009 11.2  

190 1"003 1 .003 2 .6  
36 373 1"003 s 6 .5  

462  1 .003 11-2 
247  0 . 9 9 4 0  2-2 

157 0"9938  0 . 9 9 4 9  2 .2  
37 406  0"9938 6' 5"5 

283 0 . 9 9 3 8  6"4 
38 138 0 . 9 8 4 2  0"9845  w-m 4.8  

39 ] 192 0"9759 0"9763 s 9"9 
I 445  0 . 9 7 6 3  16.2  

3 9 a  266  0 -9727  0-9721 m 10.8 

vw = v e r y  w e a k ;  w = w e a k ;  m = m e d i u m ;  s = s t r o n g ;  b = b r o a d .  

H i g h  t e m p e r a t u r e  m o d i f i c a t i o n  
T h e  r o o m - t e m p e r a t u r e  s t r u c t u r a l  w o r k  i n d i c a t e d  t h e  

p o s s i b i l i t y  t h a t  t h e  o r t h o r h o m b i c  f o r m  o f  U R e 2  h a d  

t r a n s f o r m e d  f r o m  a h e x a g o n a l  C 1 4  s t r u c t u r e  w h i l e  

c o o l i n g .  T o  c h e c k  t h i s  p r e d i c t i o n  s e v e r a l  p h o t o g r a p h s  

w e r e  t a k e n  w i t h  a U n i c a m  h i g h - t e m p e r a t u r e  c a m e r a .  

T h e  f u r n a c e  t h e r m o - c o u p l e s  w e r e  n o t  c a l i b r a t e d  

t h r o u g h o u t  t h e  r a n g e  o f  t e m p e r a t u r e  i n v e s t i g a t e d ,  

b u t  e x p o s u r e s  m a d e  w i t h  a s u p e r - p u r i t y  a ] u m i n i u m  
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T a b l e  3 .  Observed and calculated values of  d spacings and intensities for  the C 1 4  hexagonal modif ication o f  
URe2 at 655 °C. 

W a v e l e n g t h  of X - r a d i a t i o n  u s e d  C u  K a  1, A =  1 .54050  A.  

R e f .  N o .  hkl do dc Io Ic× 10 -6 

101 - -  4 - 1 2  A - -  < 0.1 
002  - -  4.36  - -  < 0.1 
102 - -  3 .19 - -  0 .7 

3 110 2-68 A 2-70 w - ~  10.2 
4 103 2 .44  2 .46  m - s  18.3 
5 200  2-32 2-35 w-m 3.3 
6 112 2 .28  2 .30  s 27.3  
7 201 2 .25  2 .26  s 22 .2  
8 004  2 .17 2 .18  w - m  3.9 
9 202  2-05 2 .07 m 3.7 

10 104 1.96 1.98 w - m  2.4 
203  ~ 1.82 ~ 0.3 
210  ~ 1.78 - -  < 0.1 
211 - -  1.73 ~ < 0.1 
212 - -  1-64 - -  0.2 

13 105 1-62 1.63 vw 0.8 
204  - -  1 .59 ~ 0.1 

14 300  1.552 1 .560 w - m  1.9 
16 213  1.507 1.512 s 8.6 
18 302 1.465 1 .468 s 7.3 
19 006  1.446 1.448 w 1.0 
20 205  1.393 1"399 s 8.2 
2 0 a  106 1.381 1.383 vw 0.7 
21 214  1 .369 1.373 w - m  1.7 
22 220  1-349 1.351 s 8.5 

310  - -  1-299 - -  < 0.1 
222  - -  1-290 - -  < 0.1 
311 - -  1 .284  - -  < 0.1 
116 - -  1-276 - -  < 0.1 

specimen mounted  s imilar ly  to the URe~ specimen 
indicated tha t  they  were reading 40 ° low in the tem- 
perature  range 100 to 200 °C. Temperatures  in this  
range have been corrected for this  error and  are 
probably  correct to _+ 10 ° whereas above 200 °C. the 
same error has been assumed but  the accuracy will not 
be as great. 

The URe2 powder was sealed in a silica quill  after 
evacuat ing to a pressure of the order 10 -2 m m . H g .  
X-ray  photographs were taken at  20, 151,210,340, 555 
and 655 °C. Before each exposure the powder was 
main ta ined  at the tempera ture  for 2 hr. Traces of U02 
appeared after 5 hr. at  655 °C. 

Up to 151 °C. the diffractions corresponded to the 
orthorhombic version of URe2 a l ready described. At 
210 °C. and above a new set of diffractions appeared 
which could all  be indexed on a hexagonal  cell. The 
systemat ic  absences and line intensit ies are consistent 
wi th  the space group and atomic sites of the C14 
hexagonal  Laves phase, as glven in International Tables 
for X-ray Crystallography (1952). 

Space group P63/mmc-D46h. 

4 U atoms in sites (f) 
1 2 2 1 2 1 1 2 ~, ~, z; ~; - ½+z;  ½ - z  3~ 3 ,  3 '  3~  ~ 3,  

with z = ~ _+ 0.01 

6 t~e atoms in sites (h) 
x, 2x, ¼; 2~,~, k; x,~,~; ~,2~,~ 
2x, x,~; ~c,x,~ 

with x = - 16 + O.O1 

R e f .  N o .  hbl do dc Io l c x  10 -6 

312  - -  1 .246 - -  < 0-1 
2 4 a  215  1-237 1-242 vw 0 .8  
25 206  1.231 1.233 m 3-1 
25a  107 1 .195 1-199 vw 0 .8  
26 313 1 .184  1 .186 s 4-4 
26a  400  1.169 1 .172 vw 0.4  
27 401 1.158 1.161 m-s 3.1 
28 224  1.147 1 .149 m-s 4.0  
29 402 1.129 1 .132 w 0.7 
2 9 a  216 1.119 1 .122 w 1-1 
30 314 1 .114  1-116 w 1.3 
31 207 1.098 1.097 w 0 .8  

403  - -  1 .085 - -  < 0.1 
31a  008  1.090 1-086 vvw 0-2 

320 - -  1 .074  - -  < 0.1 
321 - -  1 .066 - -  < 0.1 
306 - -  1 .062 - -  < 0-1 

32 108 1-060 1-057 w 2 .2  
322 - -  1 .043 - -  < 0.1 
404  - -  1 .030 - -  < 0.1 

32a  410  1 .020 1.023 w 1-8 
217 - -  1 .016 - -  < 0-1 

1.009 2-3 1 1 8  1.007 m-s 
33 323 1-007 4 .9  

34 412  0 .9941 0 .9955  s 8.4 
35 226  0 .9888  0 .9856  m - s  4.7 

405  0 .9721  0 .9709  7-6 
36 316 0 .9673  s 1.4 

2 Re atoms in sites (a) 
0, 0, 0; 0, 0, ½. 

The diffraction da ta  are l isted in  Table 3 and show 
good agreement  between observed and calculated 
values of intensit ies and  d spacings. Lat t ice parameters  
of both modifications and their  var ia t ion with tem- 
perature  are given in Table 4. 

Table 4. Cell dimensions at various temperatures 
Cel l  

T e m p .  L a t t i c e  p a r a m e t e r  (A)  Vo l .  
(oc.) ^ _ _  (h.~) 

a b c 

O r t h o r h o m b i c  20 5 .600  9-178  8-463 435  
151 5 .555  9 .180  8 .512  434  

a aV3 c 

H e x a g o n a l  213 5 .433  9 .410  8-561 438  
340 5 .420  9 .389  8 .590  437  

655 5 .405  9 .363  8 .682  441 

T h e  a b o v e  cell  p a r a m e t e r s  a r e  c o r r e c t  t o  _ 0-003  A.  

Discuss ion  

The hexagonal  h igh- temperature  modif icat ion of URe2 
transforms on cooling to an or thorhombic structure,  
at  a tempera ture  which lies between 210 and 151 °C. 
with a 2.0% expansion in the a direction and  con- 
tractions of 2.4 and 0.35% in the  b and  c directions 
respectively. The original hexagonal  grain t ransforms 
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into  several orthorhombic domains each having one 
of the three orthohexagonal orientations, thus produc- 
ing a macroscopic pseudo hexagonal grain. The trans- 
formation may be termed martensitic since it consists 
of a simple dilation of the unit cells without breaking 
the atomic bonds. 
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Fig. 2. Variation of cell dimensions and volume 
with temperature. 

The anisotropic thermal expansion of both modifica- 
tions are shown in Fig. 2 and the variation in near 
neighbour atomic distances in Fig. 3. The latter shows 
that  the extrapolated curves intersect at approx- 
imately 1000 °C. when all U-U distances are equal to 
3.29, Re-Re 2.69 and U-Re 3.15 A. At this tempera- 
ture the C14 structure would have the ideal axial ratio 
of 1.63. As the temperature falls, the distance between 
planes of atoms perpendicular to the c direction 
decreases, whereas distances in these planes increase. 
During the transformation those interatomic distances 
which contracted while cooling undergo small changes 
in length but those which expanded undergo relatively 
large ones. This suggests that  the origin of the trans- 
formation is that  on cooling the strain in the {000/} 
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Fig. 3. Variation of interatomic distances with temperature. 
The interatomic distance c is that between uranium atoms 
vertically above one another; the others are as shown in 
Fig. 1. 

planes produced by the thermal expansion reaches a 
maximum value at ---180 °C. and is relieved by dis- 
rupting the {000/} hexagonal atomic arrangement. 
Conversely, on heating, the atoms have sufficient 
energy at 180 °C. to take on the more symmetrical 
arrangement. 
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