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The ideal structure of UO2F2 is rhombohedral with one molecule per unit cell. The unit rhombo- 
hedron has dimensions a =  5.755-1-0-003 kX.,  a = 4 2  ° 47'_+ 3'. The space group is R~m and the 
atomic positions are: 1U in (0, 0, 0), 2 0  in _+ (u, u, u) with u= 0.122, 2 F in +_. (v, v, v) with v= 0.294. 

Each uranium atom is bonded to $wo oxygen atoms with U - O =  1.91 A. and to six fluorine 
atoms with U - F = 2 . 5 0  A. The structure is of layer-structure type. Planes of uranium atoms are 
5.22 A. apart  and the axis of the .uranyl group is normal to these planes. The fluorine atoms are 
0.61 A. above and below the plane con$aining the uranium atoms. Weak O-O and O-F  bonds 
hold the layers together. 

All actual samples of UOaF~ are found to show stacking disorder, the order increasing with the 
heat treatment.  The stacking disorder gives rise to anomalous features in the diffraction pattern.  
I t  is shown tha t  the theory of X-ray diffraction in crystals with stacking disorder is capable of 
explaining all observed anomalies. 

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

The crystal  s t ruc ture  of anhydrous  u rany l  fluoride, 
UO2F2, was invest igated as pa r t  of the  extensive crystal  
chemical studies of u ran ium compounds which the  
wri ter  carried out  within the  M a n h a t t a n  Project  during 
the  years  1943-6. Most of the  results given in this 
paper  were presented in a repor t  issued within the  
M a n h a t t a n  Project  in J a n d a r y  1944. 

A great  m a n y  uranyl  fluoride prepara t ions  of various 
origins were examined.  These prepara t ions  were all in 
powder form and  so finely divided t h a t  single crystals  
could not  be isolated. 

The anhydrous  compound is hygroscopic.  Some of 
the  samples were obtained by  evapora t ing  a u rany l  
fluoride solution to dryness  a t  120 ° C., bu t  most  of 
the  samples had  been prepared  by  methods  of ' d r y  
chemis t ry  '. 

Excep t  for minor  bu t  significant differences which 
will be discussed in detail ,  all invest igated samples of 
anhydrous  u rany l  fluoride gave the  same X - r a y  dif- 
f ract ion pa t te rn .  

2. T h e  i d e a l  s t r u c t u r e  of  UOzF~ 

All X - r a y  observat ions were made  with Cu K radia t ion  
filtered th rough  nickel foil. Powder  photographs  were 
t a k e n  of all samples,  using cameras of 9 or 19 cm. 
d iameter  and  cylindrical specimens. The X - r a y  dif- 
f ract ion pa t t e rns  of a number  of the  samples were also 
invest igated with the  aid of the  Norelco Spectrometer .  

A characteris t ic  fea ture  of the  diffraction pa t te rns  is 
the  co-existence of sharp  and  diffuse diffraction peaks.  
The in tensi ty  dis t r ibut ion in the  diffuse peaks  shows 
considerable var ia t ion  from one sample to the  next .  
I t  will be shown in a la ter  section of this paper  t h a t  the  
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diffuseness of some of the  diffraction peaks is due to 
s t ruc tura l  disorder, and  t h a t  the  detailed in tensi ty  dis- 
t r ibut ion can be quan t i t a t ive ly  explained. 

Table 1 shows the  diffraction lines as observed in a 
powder photograph  of a well hea t - t rea ted  sample of 
UO~F 2, and Table 2 gives the  spectrometer  d a t a  for the  
same sample. I t  is indicated in the  second column of 
Table 1 and in the  th i rd  column of Table 2 whether  the  
diffraction peak is sharp (S) or diffuse (D). 

Table 1. Data from powder photograph of UO2F~ 

Sharp or sin s 0 sin 2 0 
Int. diffuse obs. H,H2Ha talc. 
ms S 0.0218 003 0.0217 
m D 0.0477 101 0.0472 
w D 0.0546 102 0.0545 
Trace D 0.0841 104 0.0834 
vw+ S 0.0877 006 0-0869 
a S 0.1353 110 0.1344 
s S 0.1570 113 0.1561 
w D 0.1829 201 0.1816 
vw D 0.1898 202 0.1889 
vw S 0.1967 009 0.1956 
ms S 0.2220 116 0.2213 
w+ D 0.3169 211 0.3160 
vw D 0.3234 212 0.3233 
w+ S 0"3306 119 0"3300 
w+ S 0.4041 300 0.4032 
m--  S 0.4256 303 0.4249 
vw S 0.4827 1,1,12 0.4820 
w S 0.4909 306 0.4901 
w S 0.5384 220 0.5376 
m -  S 0.5597 223 0.5593 
w-- D 0.5860 311 0.5848 
vw D 0.5916 312 0.5921 
w-- S 0.5988 309 0.5988 
w S 0.6247 226 0.6245 
vw D 0.7204 401 0.7192 
w--  S 0.7337 229 0.7332 
vw S 0.7514 3,0,12 0.7508 
w D 0.8559 321 0.8536 
m-- S 0.9406 410 0-9408 
s S 0.9619 411 0.9625 
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Table 2. Spectrometer data for UO�F�. 

Observed intens~y Sharp 
• A ~ or sin 2 0 
Area Peak diffuse HzH2H s KzK2K a obs. 
200 172 S 003 111 0.0221 
179 101 D 101 100 0.0483 
105 45 D 102 110 0.0541 
40 21 D 104 211 0.0845 
40 38 S 006 221 0.0874 
25 9 D 105 10i 0.1049 

(100) (lOO) S 110 lI0 0.1349 
91 91 S 113 RI0 0.1565 
36 10 D 107 322 0.1638 
44 29 D 201 l l i  0.1820 
29 20 D 202 200 0.1881 
15 12 S 009 333 0.1956 
60 48 S 116 321 0.2211 

I n  Table 2 are g i v e n b o t h  the  intensit ies a t  . the 
diffraction max'.nna and the  area under  the  various 
diffraction peaks. I t  was, however, difficult to  measure 
the areas under  the  diffuse peaks. 

The positions of the  diffraction max ima  correspond 
to a hexagonal  cell of dimensions 

az=4 .198+0 .001  kX. ,  a3=15.661 +0.01 kX.  

The Miller indices HIH2H a given in Tables 1 and 2 
refer to this cell. The absent  reflections show, however, 
t h a t  the  t rue  uni t  cell is a rhombohedron  with 

a = 5-755 + 0.003 kX.,  a = 42 ° 47' + 3'. 

The rhombohedra l  Miller indices are denoted by 
tr iplets  KzK2K 3. 

A direct densi ty  determinat ion,  carried out  by  Dr A. 
Novick,  gave p = 6.24 g.cm. -3. Thus the  rhombohedra l  
un i t  cell contains one molecule UOgF2, the  calculated 
densi ty  being p = 6-38 g.cm. -3. 

Reference to Tables 1 and  2 shows t h a t  the  sharp 
diffraction peaks have Miller indices H1H~H 3 such t h a t  
H1-H ~ = 3n and H 3 = 3n. Since reflections HzH 20 and 
00H 3 are sharp, i t  is clear t h a t  the  width of the  diffuse 
fines cannot  be ascribed to crystal l i te  size. 

I f  equivalent  oxygen atoms and equivalent  fluorine 
a toms are assumed, the  space-group symmet ry  be- 
comes R-3m-D~ with atomic positions as folloWs: 

1 U in (0, 0, 0), 2 0 in + (u, u, u), 2 F in + (v, v, v). 

The u rany l  group is thus  collinear as observed in 
other  u rany l  compounds (Fankuchen,  1935). I n  the  
s t ructure  of Ca(U02)O 2 and  Sr(U02)O 2 the  writer  
found a value U-O  = 1.91 + 0.10 A. for the  dimensions 
of the  u rany l  group. We shall adopt  this value and  
accordingly we must  set u = 0.122. 

I f  i t  is assumed t h a t  the  closest distance of approach 
between two fluorine a toms or between an oxygen 
and a fluorine a tom is 2.65 A., we find two possible 
values for the  parameter  v, namely,  v =0.294 + 0.003 
or v = 0.376 + 0.008. 

The sharp reflections cannot  be used to dist inguish 
between the  two possible values of v, since v = 0.294 
and  v--0.372 lead to ident ical  s t ructure  factors for these 
reflections. I n  Table 3 are given the  observed in- 
tensit ies for the  sharp reflections and  calculated in- 

tensit ies wi thout  and with oxygen and fluorine con- 
t r ibut ions.  I t  is seen t h a t  the  agreement  between 
observed and calculated intensit ies is great ly  improved 
when the  effect of oxygen and fluorine a toms is t aken  
into account.  The parameter  values u=0-122  and 
v = 0.294 or 0.372 arr ived a t  by  spat ial  considerations 
are thus  confirmed by  the  in tens i ty  data.  

Table 3. Intensities of sharp reflections 
ealo .  
,k 

Uranium All 
HzH~H, lob,. only atoms 

003 200 362 226 
006 40 60 36 
n o  (loo) (lOO) (100) 
113 91 152 95 
009 15 18 11 
116 60 88 54 

The intensit ies were calculated using the  usual 
formula  

1 + cos a 20 
I~ac. oc ] F ]2p sin 2 0 cos 0 '  (1) 

where p is the  mul t ip l ic i ty  of the  reflecting planes. 
The observed intensit ies of the  diffuse reflections 

must  be used to dist inguish between the  two values 
v = 0.294 and v = 0.372. As ment ioned  above, the  great  
width of these reflections makes  i t  difficult to  measure 
their  in tegrated intensit ies with accuracy. However,  
the  observations on the  in tegrated intensities,  as shown 
in Table 4, definitely decide in favor of the  value 
v=0.294.  

Table 4. Integrated intensities of diffuse reflections 
I c a l c .  

&, 

HzH~Ha Iob,. v = 0"294 v = 0"373 
101 (270) 270 240 
102 158 146 200 
104 60 103 55 
105 39 47 84 
107 54 66 44 

The in tens i ty  a t  the  diffraction peak of a diffuse 
reflection can be more accurate ly  measured t h a n  the  
area under  the  peak. Let  IH3 represent  the  in tens i ty  
a t  the  diffraction peak for a sequence of diffuse re- 
flections (H1H2Ha). I t  is shown in § 4 of this  paper  

t h a t  H a sin 0 

1 + cos 2 20 IHa" (2) 

Hence we can use the  peak intensit ies as well as the  
in tegrated intensit ies to dist inguish between the  values 
v=0 .294  and v=0-372.  The results given in Table 5 
shows t h a t  this  second method  also leads to v = 0.294. 

Table 5. I FH] 2 from heights of diffuse peaks 
Calculated 

H1HsH 3 Observed v = 0.294 v = 0"373 
lOl (lOO) (lOO) (lOO) 
102 83 63 98 
104 111 73 43 
105 53 43 86 
107 144 100 75 
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3. Discuss ion  o f  the ideal structure 

The UO2F 2 structure deduced in the  preceding section 
can be regarded as a stack of identical,  hexagonal  layers,  
the distance between consecutive layers being 5.22 A. 
Each layer is electrically neutra l  and  hence the layers 
are held together by  secondary bonds. 

The structure of a layer is shown in Fig. 1. The u rany l  
groups are normal  to the layer,  the oxygen atoms being 
1.91 A. above and below the plane defined by  the 
u ran ium atoms. The fluorine atoms are 0.61 A. above 
and below this plane. 

Each u ran ium a tom is bonded (by covalent bonds) to 
two oxygen atoms, thus  forming the u rany l  group, and 
in addi t ion u ran ium forms six bonds to fluorine atoms 
with U - F = 2 . 5 0  A. The closest distance of approach 
between fluorine atoms belonging to the same layer  is 
2.71 A., while 2.75 A. is the closest distance between 
a fluorine and  an oxygen a tom of the  same layer. 
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atoms of one layer  and  fluorine atoms of adjacent  
layers. The ma in  cohesive force between adj acent  layers 
is, however, due to 0 - 0  interaction.  I t  is not surprising 
tha t  these 0 - 0  and O - F  bonds between layers exist  
because both oxygen and fluorine atoms are s t rongly 
polarized as a result  of their  one-sided binding to 
u ran ium atoms. 

4. The stacking disorder in the UO~F~ structure 

In  an earlier section it  was pointed out tha t  the diffuse- 
ness of some of the reflections could not be a t t r ibu ted  
to crystall i te size. I t  was also ment ioned tha t  the 
in tens i ty  dis t r ibut ion in the diffuse peaks varied from 
sample to sample depending upon thermal  history. This 
var ia t ion is i l lustrated in Fig. 2, which shows the diffuse 
peak at  20 ~ 26 ° for a well heat- t reated sample and for 
a sample obtained by  evaporat ing a UO2F~ solution to 
dryness at  120 ° C. 

/ / ~  a*=4'20'~61~(~_ 0±1'910 @ 

/ 0+0"61 / ~  

0 Q 
@ ® @ 

Fig. 1. The structure of a layer in UO~F v Circles with filled 
centers represent uranyl groups with the uranium atoms in 
the plane of the paper and oxygen atoms 1.91 A. above and 
below this plane. The largo open circles represent fluorine 
atoms which are 0.61 A. above or below the plane of the 
uranium atoms. 

The vectors A and --A represent the two possible hori" 
zontal displacements between consecutive layers in a stack. 

The UO~F9 layer has the  same structure as the U0209 
layer  in Ca(U02)09 and  Sr(U02)02. 

Because the u rany l  groups are normal  to the  layer  
i t  is not  possible to stack UOgF9 layers direct ly on top 
of one another.  The next  layer on top of the one shown 
in Fig. 1 is ac tual ly  horizontal ly displaced by  the 
amount  indicated by  the vector A shown in the figure. 
I f  the nex t  layer had  been displaced horizontal ly by  
the amoun t  - A ,  a different s t ructure would result,  
name ly  the one corresponding to v =0.373 which had  
to be rejected from in tens i ty  considerations. In  the 
following we shall  refer to the correct s tructure 
(v=0.294) as the A structure and  to the incorrect 
s t ructure (v = 0.373) as the _~ structure.  

The A structure and  the  A structure differ only in 
the b inding between layers as shown below. 

Bonds between layers 
A structure A structure 

0 - 3 0  2.80 A. 2.80 A. 
O-1 F 2.70 A. 3.92 A. 

The fact  tha t  the  A structure is the  correct one 
shows tha t  there is an  a t t rac t ive  force between oxygen 

o ' 

24'0 2S'O 26'0 27'0 28"0 
2 O --~" 

Fig. 2. 

0 1 2 3 
3z.-~ 

Fig. 3. 
Fig. 2. The diffuse diffraction peak at 20 ~ 25½ °. Curve a was 

obtair3d for a sample which had received little heat treat- 
mont. Curve b shows how the diffraction is sharpened by 
further heat treatment. 

Fig. 3. The calculated diffuse diffraction maximum in the 
IH1Ha curve for p~ = 0.50, and the experimentally measured 
curve for a sample which has had little heat treatment. 

We have  shown tha t  UO2F2 has a typical  layer  
structure.  I t  seems reasonable therefore to proceed on 
the assumpt ion  tha t  the  diffuseness of some of the 
peaks is associated with stacking disorder in the 
structure.  We shall  assume tha t  the  layers are equi- 
d i s tan t ly  spaced and  tha t  the disorder is caused by  
var ia t ions in the relat ive horizontal  displacement  of 
consecutive layers. 

The theory  of X- ray  diffraction from such a dis- 
ordered layer s t ructure was developed in a recent  paper  
(Zachariasen,  1947). 

:The stacking disorder was characterized by  means  of 
functions W M (3) which give the  probabi l i ty  of finding 
a relat ive horizontal  displacement  $ between layers M 
spacings apart .  I t  was shown tha t  the in tens i ty  of 
scattering, when plot ted in the reciprocal lattice, is 
restricted to the lat t ice rows (H1H2z). The var ia t ion 
of in tens i ty  of scattering IHI HB (Z) along such a latt ice 
row was found to be given by  the expression 

T£rM ei2rrMz IHzH~(Z)=K ] ~rHzH, 1 ~  "" H~H~ , (3) 

z8-2 
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where K is a constant, ~H~H, the structure factor for 
the layer, and M W~H~ the Fourier coefficients for the 
function WM.* 

From (3) we have 

WH M _ 1 ~i IH~H ' e - i 2 " M z  dz, 

and hence it  is possible to synthesize the functions W M 
ff I H ~  is experimentally measured and if the structure 
of the layer is known. 

In  the present case of UO~F~ efforts to prepare 
single crystals were unsuccessful, and the experimental 
functions / ~ H ~  must be deduced from powder dif- 
fraction data. I t  is possible to do this, but  the accuracy 
of the f u n c t i o n s  IH~H~ obtained in this manner is not 
sufficiently great to justify the use of (4). Instead we 
shall make reasonable assumptions concerning the 
nature of the disorder, calculate the scattering function 
with the aid of (3) and compare the results with obser- 
vations. 

We shall assume tha t  the stacking disorder in 
UO~F~ correspoads to an intermixture of the A and 
,4 structures. On this assumption the probability 
functions W~ will be discrete, and they will be different 
from zero only for 3 = 0, A and - A .  

Let P ~ ,  P ~  and ~M represent the probabilities of 
finding a relative displacement 3=0 ,  A and - A  re- 
spectively between layers M spacings apart.  On the 
basis of the assumed disorder we shall then have 

W ttIH~M = P M° = t~M e-~2"(Hl-tt~)/a + t~M e~2"(ttl-H*)/a. (5) 

Substitution of (5) in (3) yields, for Hi-H~ = 3n, 

I H l ~ ( z ) = K [ ~ r H i ~  ~ I~ Z e~'M*; (6a) 
M 

and, for Hi-H~ = 3n _+ 1, 

+ 43 Z P t) sin 2 rMz]. (6b) 
M ) 

According to (6a) IH~H~ # 0 only at  the reciprocal 
lattice points corresponding to integral values of z. The 
hexagonal period aa of § 2 being three times the layer 
separation, integral values of z imply H a = 0  , 3, 6 .... 
Thus the assumed disorder leads to a correct prediction 
of the set of sharp reflections. 

Unless the structure is completely ordered P ~ ,  P ~ ,  
~ a p p r o a c h  the value ½ as M increases. According to 
(6b) the scattering maxima IH~H~ must therefore be 
diffuse for H i - H  ~ = 3n + 1, as indeed is observed. 

The quantities P ~ ,  ~ ,  P_~ can all be expressed in 
terms of the probabili ty Pi tha t  a layer in the stack 

* In  the paper (Zachariasen, 1947), it was assumed tha t  the 
functions W~ were even functions. This assumption is not  
always correct. For  greater generality the equations in the 
paper referred to above should accordingly be modified by  
replacing the cosine functions by the corresponding exponential 
functions. 

shows the correct displacement + A with respect to the 
preceding layer. Hence p~ = 1 - P l  is the corresponding 
probabili ty of finding the anomalous displacement - A. 
Table 6 gives the expressions for small values of M. 
The general formulas for P ~ ,  ~M, P~/ are readily 
written down in terms of the binomial formula for 
(Pi Tp~,) M. 

Table 6. Quantities P°M, P ~  and t~M . 

M ~ p~  
0 1 0 0 

1 0 Pl P~ 
2 2plp~ p~ p~ 
3 3 s Pi T P ,  3p~p9 3plp~ 
4 6palp~ ..,4 + 4"" ~.3 a 4 ~'i ~ ' 1 ~ , 9 .  4PiP2+P9 
5 5p~p~ + 5plp~ a ~ s ."~'i~'~ 10PIP2 -t-P2 Pl s + 1 n ~ a  
6 6 a a p~ T 20p~p~ +Pl 6p[p, + 15p~p i 15plp~ + 6p~p~ 

We are now in position to calculate the functions 
IH~H,(z ) for any value of the probability Pi-  IH1H2 
curves corresponding to Pi =0.50 and to Pi =0-75 are 
shown in Figs. 3 and 4. 

0 1 2 3 4 5 
3z --.~ 

A 
7 

Fig. 4. The calculated and observed I s i~ ,  curves, specifically 
~{I10+I01}. The calculated curve corresponds to p1=0.75. 
The experimental curve is for a well heat- t reated sample. 

The functions IHIH2(Z ) can be found experimentally. 
In powder diffraction patterns one measures the power 
J(0) d0 associated with unit  length of a Debye circle. 
In  terms of the intensity distribution IH1H~(z ) dz of 
the reciprocal lattice one has 

1 + cos ~ 20 dz 
JHiH2(O) Off sin 2 0 cos 0 I t t iH2  d-O" (7) 

I f  00 be the glancing angle corresponding to z = 0 for 
given H i and H~, the relationship between z and 0 
becomes 2aa • • 9 

z = ~ ~/(sm 0-- sin 2 0o) , (8) 

where a 3 is three times the layer separation. Ac- 
cordingly one finds 

I~l~,(z) = C sin 04(sin 2 0-- sin S 00) 
1 + cos s 20 JI-1,H,,  (9) 

where C is a constant. 
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I t  is obvious that  experimental c u r v e s  IH1H2(Z ) 
deduced from powder diffraction patterns will be rather 
inaccurate except in the regions corresponding to large 
values of JH1Hg(O), i .e.  in the immediate neighborhood 
of the prominent diffraction maxima. To a first approxi- 
mation the height of the m a x i m a  JH~H2(O) is inversely 
proportional and the width directly proportional to the 
corresponding z values. Hence, the experimental error 
in t h e  IH~H9 " curves increases with z. I t  should further 
be noted that  powder diffraction patterns will give only 
mean curves ½{Itt~H~(Z)-b IH~H~(Z)}. 

Experimental curves ½(Ilo(z) + Iol(Z)} for two typical 
specimens of UO2F 2 are shown in Figs. 3 and 4. The 
curve of Fig. 3 obviously corresponds to the sample 
with the greater, that  of Fig. 4 to the sample with the 

smaller amount of stacking disorder. In the former 
sample one would estimate p1=0.60-0"65 and in the 
latter pl = 0-90-0"95. 

Considering the inaccuracy of the experimental data 
the agreement between observed and calculated IH1H2 
curves must be characterized as surprisingly good. The 
postulated nature of the stacking disorder can thus be 
said to be completely confirmed by the observations. 
The results outlined above have further demonstrated 
the value and the usefulness of the general theory of 
X-ray diffraction in crystals with stacking disorder. 
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Ca(UO2)02 and Sr(UO2)O~ are rhombohedral and isostructural. The unit cell containing one molecule 
has dimensions : 

Ca(UO2)O~: a-6.254+0.001 kX., a - 3 6  ° 2'_+ 1', 
Sr(UO2)O~: a=  6.53 + 0.03 kX., a=35  ° 32' + 20'. 

The calculated density is 7-45 g.cm. -a for the calcium compound and 7.62 g.cm. -a for the strontium 
compound. The space group is R-3m with 1U in (0, 0, 0), 1 Ca (or Sr) in (½, ½, ½), 2Oi in + (u, u, u), 
2Oii in + (v, v, v). For the calcium compound u=0.109+ 0.006, v=0.361 +0.006. 

The structure contains collinear uranyl groups with U-OI= 1.91 + 0.10 A. Each uranium atom 
forms six weaker bonds with U-OII= 2.29 A. A calcium or strontium atom is bonded to eight 
oxygen atoms with Ca~-O = 2-45 A., Sr-O = 2.58 A. 

Introduction 

While working in the Manhattan Project during the 
war the writer prepared a number of uranates and 
studied their crystal structures in order to get informa- 
tion on the crystal chemistry of hexavalent uranium 
compounds. This article gives the results of the crystal 
structure investigation of calcium uranate and of the 
isostructural strontium uranate. These results were 
obtained in 1944 and presented in the classified reports 
of the Manhattan Projects. The structure and dimen- 
sions of the uranyl group in calcium uranate given in 
this paper were reported at the InternationM Crystallo- 
graphic Conference in London in 1946; but the details of 
the investigation have only recently been declassified. 
The crystal structure of the uranates was determined 
on the basis of the photographic data of Table 4. The 
spectrometer data of Tables 1-3 were taken later and 

led to a complete confirmation of the structure originally 
found. 

The experimental data 

The compounds were prepared by the writer by adding 
UaO s or UO a to an excess of molten CaC12 or SrC12. The 
melt was held at 1000 ° C. for half an hour, and the 
uranate formed as a surface crust. Both uranate pre- 
parations were of yellow-green color and consisted of 
microscopic crystals. These were very thin flakes with 
hexagonal outline and optically uniaxial character. 
Because of the pressure of war work it was not at the time 
possible to get a direct chemical analysis of the prepara- 
tions. The chemical identity was therefore determined 
from the X-ray diffraction results as described below. 

The microscopic crystals were too small to permit the 
use of single-crystal X-ray diffraction patterns. As a 
consequence crystal powder specimens were used. The 


