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The Crystal Structure of Baddeleyite (Monoclinic ZrOp) 

BY J.  D. McCuLLOVGH A~D K.  N. TRUEBLOOD 
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(Received 8 January 1959) 

The s tructure proposed for baddeleyi te  by  NAray-Szab6 (1936) is incorrect. 
Baddeleyi te  has the space group symmet ry  P21/c with  four ZrO~ in the uni t  cell. The unit-cell  

dimensions found in the present  work are:  

a ---- 5.169, b = 5.232, c = 5.341 A (all 4-0.008 A), fl -- 99 ° 1 5 ' + 1 0 ' .  

The structure was determined and refined by  use of Pa t te rson  and Fourier  projections on the three 
faces of the uni t  cell. The seven shortest  Zr-O separations in the coordination polyhedron around 
each zirconium range from 2.04 to 2.26 A; since the next  nearest  Zr-O separat ion is 3.77 ~ ,  the  
coordination number  of zirconium is clearly seven. The s tructure is an interest ing combinat ion of 
fluorite-like layers parallel to (100) in which the oxide ions are te t rahedra l ly  coordinated, wi th  
layers in which the oxide ions are in t r iangular  coordination. The strong tendency  to twin on (100) 
is explained in terms of this  feature of the structure.  

Introduction 

The  f irs t  X - r a y  s t u d y  of ba~ldeleyite was r epor t ed  b y  
K a t h l e e n  Y a r d l e y  (Lonsdale)  in  1926. Some l imi ted  
spec t rome te r  da ta ,  r o t a t i o n  p h o t o g r a p h  d a t a  a n d  
powder  p h o t o g r a p h  d a t a  were  t a b u l a t e d ,  the  space 
group was found  to be P2~/c w i t h  4 ZrO~ in the  u n i t  
cell, and  two sets  of cell cons t an t s  were given.  I t  was 
sugges ted  t h a t  t he  s t ruc tu re  was p r o b a b l y  a d i s to r t ion  
of t he  f luor i te  s t r u c t u r e  shown  b y  CeO 2 a n d  ThO 2 b u t  
a def in i te  s t ruc tu re  was no t  proposed.  On the  basis of 
Y a r d l e y ' s  da ta ,  N £ r a y  Szab6 (1936) proposed  a struc- 
tu re  which  p laced  the  4 Zr in  2a (0, 0, 0 a n d  0, ½, ½) 
a n d  2d (½, 0, ½ a n d  ½, ½, 0) of P21/c wi th  the  8 oxide 
ions in  two sets of 4e. There  are two types  of Zr  in  
th i s  p roposed  s t ruc ture ,  each w i th  oxygen  in  8-fold 
coordina t ion .  Fo r  Zr I,  t he  Z r - O  separa t ions  r ange  
f rom 2.00 to  2.39 A and  for Zr I I  t he  separa t ions  
r ange  f rom 1.95 to  2.65 A. I n  a d d i t i o n  to  th i s  un- 
s a t i s f ac to ry  p a c k i n g  s i tua t ion ,  the  proposed s t ruc tu re  
does no t  sa t i s fy  the  meager  d a t a  upon  which  i t  was 
based.  

A l t h o u g h  the  incorrec tness  of NAray  Szabd ' s  s t r uc .  
t u re  for ZrOe came to  t he  a t t e n t i o n  of one of t h e  
au tho r s  several  years  ago in  connec t ion  w i t h  t h e  
d e t e r m i n a t i o n  of t he  s t r u c t u r e  of ZrOS (McCullough,  
Brewer  & Bromley ,  1948), t he  d i f f icu l ty  in  o b t a i n i n g  
good single c rys ta l s  of badde ley i t e  p r e v e n t e d  an  in- 
ves t iga t ion  of i ts  s t r u c t u r e  a t  t h a t  t ime.  W i t h  the  k i n d  
ass i s tance  of several  c rys ta l lographers ,  inc lud ing  
K a t h l e e n  Lonsda le ,  C. F r o n d e l  and  A. Pabs t ,  sui t-  
able  specimens  were f ina l ly  o b t a i n e d  f rom the  Br i t i sh  
Museum t h r o u g h  the  cour t e sy  of G. F. Clar ingbul l .  
These  specimens  were smal l  f r a g m e n t s  which h a d  been 
r e m o v e d  f rom the  m u s e u m ' s  on ly  large crys ta l  b y  
Sir Laza rus  F l e t c h e r  in  1893. 

Crystallographic and intensity data 

An X - r a y  e x a m i n a t i o n  of t h e  specimens  revea led  
t h a t  t h e y  were all t w i n n e d  on (100). However ,  f u r t h e r  
f r a g m e n t a t i o n  of one of the  smal le r  pieces y ie lded  an  
i r regular  f r a g m e n t  a p p r o x i m a t e l y  0.30 x 0.12 x 0.08 
ram. which  appea red  to  be u n t w i n n e d .  The  longes t  

Table  1. Lattice constants and axial ratios of baddeleyite 
a b c 

Present work 5-169±0.008 A 5.232±0-008 A 5.341:t:0.008 A 99 ° 15'±10'  
0.9880 1 1.021 

Yardley* (1926) (a) 5-21 kX. 5-26 kX. 5.375 kX. 99 ° 28' 
5.16 kX. 5.21 kX. 5.32 kX. 

(b) 5.17 A 5.22 A 5.33 A 

Ruff & Ebert (1929) 5.174 kX. 5.266 kX. 5.308 kX. 99 ° 12' 
0.975 1 1-008 

Blake & Smith (1907) 0.9905 1 1.0220 99 ° 28' 

Dana's system of 
Mineralogy (1944) 0.9872 1 1.0194 99 ° 07½" 

* Yardley's lattice constants were based on the axial ratios of Blake & Smith. Two sets were given. Set (b), when converted 
to A, is in excellent agreement with the results of the present work. The observed spacings reported by Yardley [d(100) ---- 
5.10 kX., d(010) = 5.23 kX., d(001) = 5.30 kX.] lead to lattice constants of a = 5.17 A, b = 5.24 A and c = 5.37 A. 
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direction in the f ragment  was approximate ly  along 
the  c axis. 

Precession photographs of the hO1, hll, h21, Okl, lkl, 
a n d  2kl nets and Weissenberg photographs of the h/c0 
net  were prepared with Mo K radiation. The in tens i ty  
da t a  consisted of series of t imed exposures of the hOl 
and 0/el nets taken with the precession camera and of 
t imed mult iple  fi lm sets of the hkO net taken with the 
Weissenberg camera. The lattice constants given in 
Table 1 were obtained by  averaging measurements  
from the various zero level precession photographs.  
CeO9 (a = 5.411±0.001 /~) was used as a reference 
s tandard  in calibrating the precession camera. The 
diffraction da ta  are all consistent with the earlier cell 
and  space group assignment (Yardley, 1926). 

The intensit ies were est imated visual ly by  use of an 
in tens i ty  strip consisting of a series of t imed ex- 
posures of a selected diffraction spot. The irregular 
and  varying  shape of the diffraction spots caused 
some trouble in es t imat ing the intensities but  the 
correlation from one fi lm to another  was, in general, 
good. The in tens i ty  da ta  from the precession photo- 
graphs were corrected by use of a Waser  chart  (Waser, 
1951) to give values of k]F2]. The da ta  from the 
Weissenberg photographs were corrected by the usual 
Lp factors. 

D e t e r m i n a t i o n  and  r e f i n e m e n t  of  the  s t r u c t u r e  

A Pat terson projection on (100) indicated Zr para- 
meters of y = 0.040 and z -- 0.210. Consideration of 
the  h00 intensit ies indicated tha t  the x parameter  of 
Zr was ±0.225 or ±0.275. The calculation of a few 
hkO and hO1 structure factors showed tha t  x = 0.275 
was a sat isfactory trial  parameter .  Wi th  these Zr 
posit ional parameters  and an isotropic temperature  
factor of B = 1.00 Jk ~ for Zr as the only input,  Fo 
and  (Fo-Fc) Fourier  syntheses on (100), (010) and 
(001) were prepared. These clearly indicated the 
oxygen positions : 

x y z 

OI 0.04 0"36 0"36 
OII 0.49 0.78 0.49 

The essential correctness of these oxygen positions 
was indicated by  the drop of the R value for each 
projection from approximate ly  0-18 to approximate ly  
0.14 when these atoms were included in the  structure 
factor calculations. The structure was refined by  means  
of observed, calculated and difference Fourier  syn- 
theses on the three faces of the uni t  by  methods 
described elsewhere (Sparks, Prosen, Kruse & True- 
blood, 1956). Parameter  values from the separate 
syntheses were averaged at each stage of the refine- 
ment .  The m a x i m u m  difference for any  pair  of Zr 
parameters  was 0.0003 while the m a x i m u m  difference 
for oxygen was 0.014. Because of the nearness of the 
On parameters  to the values x = ½, y = ~, z = ½, the 
peaks from pairs of these atoms overlap on the  (010) 
and (001) syntheses (see Figs. 1 and 2). However, 
the overlap on the (001) syntheses did not interfere 
with the determinat ion of the x parameter  of On; in 
fact the curvature  ~@/~x 2 at the peak m a x i m u m  is 
increased by this overlap. I t  is thus possible to get one 
(but only one) clear determinat ion of each of the Oi1 
parameters .  

In i t ia l ly  an isotropic temperature  factor of B = 
2.00 A ~ was assigned to each oxygen atom, while t ha t  
for Zr was kept  at 1.00 A 2. After  the second cycle, 
the isotropic temperature  factor for On was adjus ted  
to 1.40 / ~  by  comparison of corresponding peaks on 
the observed and calcnlated syntheses. No fur ther  
ad jus tnmnt  was needed later. The tempera ture  factors 
for Zr and Oi required no ad jus tment  from the values 
of 1.00 A ~ and 2.00 / ~  respectively. 

.at the s ixth cycle of ref inement  there was l i t t le 
change in the parameters  and  in the R values. The 
final parameters  are listed in Table 2 with their  
s tandard  deviations est imated by  Cruickshank's  
method (Cruickshank, 1949). The structure factors 
calculated by use of the final positional and isotropic 
thermal  parameters  are compared with the observed 
values in Table 3. Special consideration was given to 
the atomic scattering factors used in the structure 
factor calculations. The HfO 2 content of the specimen 
of baddeleyi te  used was es t imated as 2 tool. % from 
the observed densi ty 5.82 g.cm. -3 (Blake & Smith,  

Table 2. Final positional parameters in baddeleyite 

Atom Projec t ion  

Zr (100) 
(OLO) 
(OOl) 

Average 

oi (lOO) 
(OLO) 
(001) 

Average 

0i~ (100) 
(010) 
(001) 

x ax y ay z ~z 

0'0405 0.0010 0.,0090 0.0010 
0.2757 0"0013 0.2087 0-0012 
0.2758 0.0006 0.0404 0.0006 
0.2758 0-0404 0.2089 

0.347 0.004 0.350 0.010 
0.067 0-008 0.341 0.008 
0-070 0-009 0.338 0.006 
0.069 0.342 0.345 

0.758 0.007 0.479 0.009 

0.451 0'003 * 
0-451 0.758 0.479 

* P a r a m e t e r  no t  de te rmined  because of overlap of OII peaks. 
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Table 3. Comparison of observed and calculated 
structure factors for baddeleyite 

h k .t F ° F c 

o o 2 6 4 . 5  - 8 4 . 7  
0 0 4 3 9 . 4  4O.7  
o o 6 1 0 . 9  6 .0  
o I I 3 6 . 2  2 8 . 1  
0 l 2 < 7 . 8  - 3 . 0  
o 1 3 6 1 . 7  - 7 0 . 7  
o 1 4 < 7 . 3  5.8 
o 1 5 5 3 . 5  5 4 . 4  
o 1 o 21 .8  - 16 .3  
6 1 ~' 37 .9  - 32 .6  

o 2 o 5 7 , 9  6 6 , 7  
0 2 I 3 3 . 9  - 3 5 . 3  
o 2 2 73.8 -88.5 
o 2 f l 3 1 . 1  3 1 . 5  
o 2 4 26 .0  25.3 
o 2 6 1 3 . 2  - 1 1 . 5  
o 2 0 8 . 3  " - 5 . 2  
o 3 1 9 .8  1 1 . 3  
o 3 2 25 .8  - 23 .3  
o 3 3 28 .2  - 26 .6  

o 3 4 39 .9  3 7 . 9  
o 3 5 37 .9  33 .9  
0 3 6 20 .3  - 24 . •  
0 4 0 •2.8 43.5 
0 4 1 60.• -65.9 
o 4 2 2 1 . 2  - 2 1 . 0  
o 4 3 35. l 34 .5  
o 4 4 23 .0  20 .4  
0 • 5 < 7.5 - 8.0 
o 4 6 < 5 . 7  0 . 4  

0 5 1 < 7 . 8  3 . 6  
0 5 2 34.5 - 3 1 . 5  
o 5 3 1 4 . 3  - 1 2 . 3  
o 5 4 3 8 . 1  3 5 . 0  
o 5 5 9 .6  9 .6  
0 6 0 < 3 .8  t . 4  
o 8 1 4 8 . 5  . - 44 .6  
o 6 2 8 .9  - 7 .0  
o 6 3 3 6 . 8  27 .0  
o 6 4 5 . 6  - 3 .1  

0 T 1 < 5.7 0.5 
o 7 2 16 .3  - 14 .0  
0 8 0 13 .6  - 14 .1  
o 1o o 21 ,3  -~eO. l  
1 0 0 2 3 . 0  - 2 2 . 6  
2 0 0 ~0.8 - 73 .7  
3 o o 38 .0  38 .2  
4 0 0 5 4 . 8  00 .3  
5 o o 48.3 - 4 5 . 1  
6 0 0 36 .8  - 29 .0  

° o oo o~:: 3 0 8  
5 . 0  

9 o 0 27 .3  - 26 .1  
10 0 0 < 5 .6  - 1 . 0  
11 o o 21 .0  1 1 . 3  
12 0 o 4 .9  - 3 .2  
1' o 2 -  4 0 . 6  - 33 .1  
6 0 2 -  < 8 .5  3.0 
5 o 2 -  48 .7  50 .0  
4 o 2 -  3 0 . 1  - 2 9 . 9  

h .~ F ° 

3 2 -  80 .2  
2 o 2 -  58 .3  
[ 2 -  2 9 . 6  
1 2 48.0 
2 o 2 87 .3  
3 o 2 7 . 4  
4 o 2 54. .3 
5 2 2 4 . 4  
6 2 •4.4 
6 4 -  2 3 . 4  

5 4 -  43 .6  
4 4- < 8.5 
3 4- 58 .0  
2 4 -  < 7 . 6  
I 4 -  72 .3  
| 4 4 1 . 3  
2 4 54 .3  
3 4 39 .0  
4 4 4 4 .  I 
5 4 1 2 . 5  

5 8 -  21 .3  
4 6- 32 .4  
3 6 -  42 .7  
2 6-<8.1 
1 6 -  5 1 . 2  
1 6 4 9 . 0  
2 6 19 .4  
3 6 28.7 
1 o 32 .2  
2 o 17 .4  

:1 0 19 .1  
4 o 27 .6  
5 o 7 .6  
6 o < 4 . 2  
7 o 6 . 4  
8 0 7 .8  
9 o < 5 .6  

10 0 6 .8  
I I  0 ~ 5 . 6  

I o 4 . 0  

2 0 73 .0  
3 2 0 3 4 . 9  
4 0 4 • . 3  
5 2 o ,24.0 
6 o 20 .6  
7 2 0 27 .9  
8 2 o 1 3 . 0  
9 2 o 21 .7  

l o  o < 5 . 6  
11 o 1o .7  

I o 57.8 
2 3 0 23 .4  
3 3 o 33 .8  
4 3 o 1 7 . 9  
5 o 28 .  I 
6 3 o 30 .0  
7 o 5.8 
8 3 o 17 .4  
9 o <5 .0  

1o o 1 2 . 3  

F e h k J F e F c 

- 9 7 . 0  1 4 o 1 8 . 7  - 2 0 . 8  
6 8 , 8  2 4 0 2 7 . 6  - 3 0 . 0  
3 1 . 6  3 4 0 1 0 . 2  9 . •  

- 5 2 . 7  4 4 0 2 6 . 8  2 3 . 0  
1 0 8 . 2  5 4 0 1 8 , 0  - 1 4 . 6  

6 . 2  0 • 0 1 3 . 6  - 9 . 3  
- 5 4 , 2  7 4 0 2 0 . 0  2 1 . 0  

1 9 . 5  8 4 0 <~ 5 . 2  3 . 1  
,",4.7 9 4 0 6 .8  - 9 . 1  
19 .9  10 4 0 ~ 5 . 6  - 0 . 7  

- - 43 .8  1 5 0 4 7 . 1  - 5 0 . 2  
2 . 8  2 5 0 1 7 . 0  18 .7  

6 0 . 8  3 5 0 48.6 4 8 . 4  
- 5 . 3  4 5 0 2 7 . 0  - 2 4 . 4  
- 8 5 . 4  5 5 0 1 8 . 7  - 1 7 . 4  
40.0 6 5 0 24.3 29.4 

- 5 1 . 1  7 5 0 1 3 . 6  1 5 , 2  
-22.8 8 5 0 22.7 -24.1 

3 8 . 5  9 5 o ~ 5 . 6  - 1 . 5  
9 .3  IO 5 o 1 3 . 0  9 .2  

2 1 . 1  I 8 o 8 . 0  7 . 2  
27 . •  2 6 o 5 .1  - 3 .2  

- 4 1 . 1  3 6 0 4 . 3  3 , 8  
- 5 . 6  4 0 0 < 4 .5  - 0 .2  
41.3 5 8 0 < • . 8  2 . 8  

-42.8 6 0 0 < 5.2 1 . 7  
15 .0  7 6 0 ~ 5 . 8  1 . 4  
3 0 . 4  8 8 0 < 5 . 0  0 . 7  

- 3 2 . 0  9 6 0 < 5 .6  - 1 . 9  
- L 6 . 1  L 7 o 3 7 . 4  - 3 5 . 7  

2 0 . •  2 7 o 11.'7 I I . I  
- 26 .5  3 7 0 2 2 . 7  2 2 . 9  
- 7.2 4 7 0 18.7 -20.8 

3.2 5 7 0 24.0 -25.4 
6 .2  6 1' o 21 .7  23 .0  

- 10 .3  7 7 o 5 . 6  7 . 4  
0 . 9  8 T 0 12 .3  - I 0 . 8  
5 . 6  1 8 0 < 4 . 8  - 0 . 6  

- 0 . 4  2 8 0 1 3 , 6  1 7 . 8  
- 2 . 8  3 8 o 8 . 8  - 8 . 6  

- 97 .8  4 8 0 9 .1  - 9 . 6  
39 ,2  5 8 0 8 .5  8 .1  
43 .6  6 8 0 ~ 5 .6  4 .9  

-32,0 7 8 0 < 5,6 - 4.3 
- 1 8 . 0  8 8 0 < 5 . 6  1 . 8  

24 .8  1 9 o 18 .7  - 2 1  .o  
1 1 . 5  2 9 0 ~ 5 . 8  4 . 8  

- 23 .8  3 9 o 18 .3  1T.6  

2 0  ~, ~ 7, . . . . . . . . .  
7 . 5  7 . 8  - 9 .0  

. . . .  2 , 6 ,  ~ 8 . 8  6 . 3  
23.1 I0 ~ 5.6 3.5 
34 .3  2 IO o 13 .6  14 .1  

- t 9 . O  3 10 o 5 .0  - 4 . 7  
- 27 .9  4 1o o 1 2 . 3  - 8 . 2  

2 4 . 7  5 1o o 10 .9  6 .T  
6 . 2  1 11 0 ~ 5 . 6  - 3 . 9  

- 1 9 . 2  2 11 o ~ 5 . 6  2 . 1  
- 2.• 3 11 0 < 5 . 6  2 . 8  

8 . 9  

1907) and the densities of pure HfO~ and ZrO~ which 
are 9.67 g.cm. -3 and 5-73 g.cm. -3 respectively (Hevesy 
& Bergland, 1924). The atomic scattering factors for 
Zr +~ and Hf+4 (Thomas & Umeda,  1957) were cor- 
rected for dispersion (Dauben & Templeton, 1955) and 
a synthetic atomic scattering factor curve for a mixture 
98 at. % Zr+4 and 2 at. % Hf+4 was prepared. The 
McWeeny atomic scattering factors for oxygen 
(McWeeney, 1951) were corrected to oxide ion by 
addition of the difference between the oxygen and 
oxide ion scattering factors of James & Brindley 
(1931). The values of the index 

R = I [ IFoI- I .Fd[/ I IFo I 
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Fig. 1. Projection of the structure of baddeleyite on (010). 

in the coordination polyhedron vary from 2.04 A to 
2.26 A, a much shorter range than those involved in 
the previously reported structure. That the coordina- 
tion number is clearly seven is shown by the fact that 

o Oo 

Q 0 

0 
o© O 

Fig. 2. Projection of the structure of baddeleyite on (001) 

based on the final parameters are 11.9 for the hkO 
data, 13.5 for the hO1 data and 12.0 for the Okl data. 

D e s c r i p t i o n  of the s t ruc ture  

The structure of baddeleyite is shown in Figs. 1 and 2 
and the observed interatomie distances and angles are 
given in Tables 4 and 5 respectively. There are two 
especially interesting features of the structure. One 
is the sevenfold coordination of Zr. The Zr-O distances 

the next  nearest Zr-O separation is 3.77 4 .  The coor- 
dination polyhedron of Zr is indicated in Fig. 1 and 
in somewhat idealized form in Fig. 3. As indicated in 
Fig. 3, the coordination polyhedron about Zr may be 
visualized as being derived from a cube. In this view 
four oxide ions are at the base and one at one of the 
upper corners; the remaining two are at the mid- 
points of the cube edges connecting the unoccupied 
corners. If the last three oxide ions are moved as 
indicated by the arrows, their distances from Zr (at 
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Table  4. Interatomic distances in baddeleyite in A 
o'(Zr-O) ~- 0-05/~ a(O-O) = 0.07 A 

(a) Zr-O distances in the Zr coordination polyhedron 

Zr O Distance Zr O Distance 
3 Ia 2.04 3 IIc 2.16 
3 Ic 2-10 3 I Ia  2.18 
3 Ib 2.15 3 IIb 2.26 

3 IId 2.26 

T H E  C R Y S T A L  S T R U C T U R E  O F  B A D D E L E Y I T E  ( M O N O C L I N I C  Zr02) 

Table  5. Angles in baddeleyite 
( ~ 2  ° 

(b) Zr-O distances in the Oi coordination triangle 

Zr O Distance 
1 Ic 2.04 
3 Ic 2.10 
2 Ic 2.15 

(c) Zr-O distances in the Oii coordination tetrahedron 

Zr O Distance Zr 0 Distance 
1 IId 2-26 3 IId 2.26 
2 IId 2.18 4 IId 2.16 

(d) O-O packing distances within a given Zr coordination 
polyhedron. Shared edges are indicated by (s) and un- 
shared edges by (u) 

Ia Ib (s) 2.52 Ib IIa (s) 2.56 
Ia Ic (u) 2.85 Ic IId (s) 2-56 
Ib Iv (u) 2"83 IIa IIb (s) 2.75 
Ia IIb (u) 3.03 I Ia  IId (s) 2.75 
Ia IIc (u) 2.99 IIb IIc (s) 2.67 
Ib IIb (u) 2.95 IIc IId (s) 2.59 

(e) Shortest distances from Zr to O outside the coordination 
polyhedron 

Zr 0 Distance Zr 0 Distance 
3 Id 3.77 3 IIb" 4-02 
3 Id" 3-77 3 IIc' 4.07 
3 Ic" 3"91 

(a) Within the Zr 

O Zr O 
Ia 3 Ib 
Ia 3 Ic 
Ib 3 Ic 
Ia 3 IIb 
Ia 3 llc 
Ib 3 I Ia  
Ib 3 IIb 

(b) Within the Oi 

Zr O Zr 
1 Ic 3 
1 Ic 2 
2 Ic 3 

(c) Within the OK 

Zr O Zr 
1 l i d  2 
1 IId 3 
1 IId 4 
2 IId 3 
2 IId 4 
3 IId 4 

coordination polyhedron 

Angle O Zr O .4ingle 
74 ° Ic 3 IId 72 ° 
87 I Ia  3 IIb 76 
84 I Ia  3 IId 74 
89 IIb 3 IIc 74 
91 IIc 3 l id  72 
73 
84 

coordination triangle 

Angle 
145 ° 
106 
109 

coordination tetrahedron 

Angle 
104 ° 
100 
132 
102 
107 
109 

the  cube center)  are  more  n e a r l y  equal ized  b u t  sti l l  
ave raged  s o m e w h a t  less t h a n  the  Z r - O  dis tances  for 
t he  four  oxide ions a t  t he  cube corners.  This  descr ip t ion  
of the  Zr  coord ina t ion  p o l y h e d r o n  is s o m e w h a t  
idealized,  as an  e x a m i n a t i o n  of the  t a b u l a t e d  d is tances  
a n d  angles  will  show, b u t  i t  does give a fa i r ly  close 
a p p r o x i m a t i o n  to  the  s t ruc ture .  

A n o t h e r  in t e res t ing  fea tu re  of the  s t ruc tu re  is the  

Ib 

:Fig. 3. The Zr coordination polyhedron in baddeleyite 
(idealized). 

a l t e r n a t i o n  of f luor i te- l ike layers  con ta in ing  Ou ions 
in  t e t r a h e d r a l  coord ina t ion  wi th  layers  which  con ta in  
OI ions in  t r i a n g u l a r  coordinat ion .  These  l ayers  are  
para l le l  to  (100) a n d  are a p p r o x i m a t e l y  a/2 in  th ick-  
ness. I n  t he  OH coord ina t ion  t e t r ahed ron ,  the  Zr-01~ 
d is tances  r ange  f rom 2.16 ~ to  2 .26 /~  w i th  an  ave rage  
of 2.22 A while  t he  cen t ra l  angles a t  O~I r ange  f rom 
100 ° to  132 ° wi th  an  average  of 109 °. I n  the  O1 coor- 
d i n a t i o n  t r iangle ,  t he  Zr -OI  d i s tances  are 2.04 •, 
2.10 A a n d  2 . 1 5 / ~  wi th  an  ave rage  of 2 . 1 0 / ~  a n d  the  
cent ra l  angles a t  Oi have  the  values  106 °, 109 ° a n d  
145 ° . According  to  the  e lec t ros ta t ic  va lence  ru le  
(Paul ing,  1929), the  ra t io  of t he  s t r e n g t h  of t he  
Z r - O i  bonds  to  t he  s t r e n g t h  of t h e  Zr-OII  bonds  is 
- ~ ' ½ - - 4 : 3 .  The  difference of 0.12 /~ in  t he  corre- 
spond ing  average  separa t ions  is therefore  re&sonable. 
I n  t he  Oi coord ina t ion  t r iangle ,  t he  Oi ion is on ly  
0 .09+0.07 J~ f rom the  p lane  of the  Zr  ions;  hence  the  
coord ina t ion  appears  to  be p l a n a r  w i th in  the  l imi t  of 
error.  Pa i r s  of these  t r iangles  share  Z r - Z r  edges as 
shown  in Fig.  1, in  a m a n n e r  s imi lar  to  the  s i t ua t ion  
in  rut i le .  However ,  a n a l o g y  wi th  ru t i le  does no t  ex t end  

much beyond this. 
I t  is also of in te res t  to  examine  the  shar ing  of edges 

a n d  corners of the  Zr  coord ina t ion  p o l y h e d r a  in  t h e  
l igh t  of t he  pr inciples  de t e rmin ing  t h e  s t ruc tu res  of 
ionic c rys ta l s  (Paul ing,  1929). According  to  these  
principles,  we should  expec t  t he  0 - 0  separa t ions  to  
be in  the  fol lowing order  of increas ing  l eng th -  Or-e1  
shared  edge < Or-OII sha red  edge < Oxr-Oii sha red  
edge < u n s h a r e d  edges. An  inspec t ion  of t h e  O - O  
d is tances  in  Tab le  4(d), in  which  the  sha r ing  of edges 
is ind ica ted ,  will show t h a t  these  expec ta t ions  are  
fulfilled. The  corners of the  Zr  coord ina t ion  p o l y h e d r a  
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occupied by Oi ions are shared between three such 
polyhedra. At these sites, the value of Zs  = ~z/v  -- 
3(4]7) = 12/7. This is to be compared with - 2 ,  the 
charge on the oxide ion. The corners occupied by On 
ions are shared between four polyhedra, so that  
Zs = 4(4/7)--16/7 which is again to be compared 
with - 2 .  Thus there are deviations from the electro- 
static valence rule amounting to 4-2/7 at each corner 
of the Zr coordination polyhedron. Shortening of the 
Zr-Oi distances relative to the Zr-On distances may 
be a result of this electrostatic imbalance. 

The Zr-O separations in the present structure may 
be compared with the value 2.13 2~ in Zr0S (McCul- 
lough, Brewer & Bromley, 1948) and the values of 
2.15 A and 2.29 J~ found in zircon (K_rstanovid, 1958). 
In zircon, Zr has four oxide ions at 2.15 /~ in a flat- 
tened tetrahedron and four at 2.29 A in an elongated 
tetrahedron which is rotated 90 ° with respect to the 
first one. The Zr-O separation in the unstable cubic 
modification of ZrO 2 is 2-20 A (Passerini, 1930; 
Strukturbericht, 1937). This modification of Zr02 has 
the fluorite structure with Zr in eightfold coordination. 
In this structure the oxide ion contacts all have the 
unusually short value of 2.53 A. This is probably an 
important factor in the instability of the cubic 
modification of Zr02 at room temperature. 

The  twinn ing  

As mentioned earlier, the fragments of baddeleyite 
showed twinning on (100). In Dana's System of 
Mineralogy, 7th Edition (1944) it is stated that  un- 
twinned crystals are rare. Twinning on (100) is stated 
to be common and often polysynthetic. This twinning 
habit is readily explained in terms of the reported 
structure. In the transition from the fluorite-like layers 
to the 0i layers, the latter may be oriented in either 
of two directions on the plane of Zr ions. In the 
orientation usually followed the crystal symmetry is 
preserved. In the other orientation, the growth is such 
that  it is a reflection of the previous structure in a 
p]ane parallel to (100). At the twinning plane there 
would be little distortion of the Zr coordination 
polyhedra since a 180 ° rotation of the triangular group 

of 0i  ions about an axis approximately perpendicular 
to the base of four On ions is involved. The polyhedron 
thus formed would differ only slightly from the original 
one. 
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