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The Crystal Structure of Baddeleyite (Monoelinie ZrOz) 
and its Relation to the Polymorphism of ZrO2* 
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(Received 15 June 1964 and in revised form 5 October 1964) 

The crystal structure of baddeleyite has been redetermined using new X-ray data collected from a 
synthetic single crystal. A three-dimensional least-squares refinement reconfirms the structure deter- 
mined by McCullough & Trueblood (Acta Cryst. 12, 507 (1959)). 

The P2a/C unit cell contains 4 ZrOz. All the atoms are in the general positions with the Zr at x = 0.2758, 
y=0.0411, and z=0.2082; Oi at x= 0.070, y=0.342, z=0.341 ; and OH at x= 0.442, y=0.755, z= 0.179. 
The Zr is in sevenfold coordination, with Zr-O distances ranging from 2.05 A to 2.28/~. The O~ is 
coordinated to three Zr atoms in an approximately planar configuration. The On is four-coordinated 
in a distorted tetrahedral configuration. 

The structure can be described as a distortion of the cubic fluorite (CaF2) structure. The Oi~ atoms 
lie in a plane parallel to (100) and form a slightly distorted square array. The Zr atoms lying above and 
below the Oii planes are positioned alternately above or below a square of On atoms. The Oi atoms 
also lie in a plane parallel to (100) but are arranged irregularly so that only three are coordinated to 
any one Zr atom. 

The common polysynthetic (100) twinning is discussed in terms of the layer arrangement of atoms 
and a probable arrangement at the composition plane is proposed. The most likely structural rearrange- 
ments in the polymorphic inversion series monoclinic-tetragonal-cubic is also discussed in terms of the 
layering parallel to (100). 

Introduction 

The crystal structure of baddeleyite has been of inter- 
est since the early work of Yardley (Lonsdale) (1926). 
Her work determined the P21/c space group and the 
presence of 4 ZrO2 in the unit cell. The suggestion was 
made that the structure was probably some distortion 
of the fluorite structure. Using Yardley's data, Naray- 
Szabo (1936) proposed a structure; this proposed struc- 
ture, however, had unsatisfactory packing and un- 
reasonable bond distances. McCullough & Trueblood 
(1959) collected new data from some natural crystal 
fragments which appeared free of the twinning that is 
present in most if not all natural crystals. Although the 
McCullough & Trueblood structure is very reasonable, 
it was based on projection data only. A refinement of 
the structure using complete three-dimensional data 
was, therefore, indicated. 

The importance of knowing details of the mono- 
clinic ZrO2 structure is shown by the increasing inter- 
est in understanding the monoclinic-tetragonal-cubic 
phase transition series and its relations to the stabiliz- 
ation of the cubic phase in ZrO2 ceramics. The mono- 
clinic-tetragonal inversion has been the subject of 
several recent investigations by Baun (1963), Garrett 
(1964) and others. The tetragonal--eubic transformation 
has been studied by Cohen & Schaner (1963) and 
Smith and Cline (1962); however, the existence of the 

* Work performed under the auspices of the U.S. Atomic 
Energy Commission. 

cubic phase as a stable phase for pure stoichiometric 
ZrOz has been questioned, particularly by Weber 
(1962). The crystal structure of the tetragonal modific- 
ation has been reported by Teufer (1962). 

Crystal growth 

Single crystals of monoclinic ZrO2 up to 1 mm in 
maximum dimension were obtained from mixtures of 
ZrO2 and LizMo207 flux prepared from reagent-grade 
chemicals. The mixtures were placed in 100-ml platin- 
um crucibles which were covered with tightly fitted lids 
to minimize losses of MoO3 by evaporation. The 
amount of dry mixture used was sufficient to fill the 
entire volume of the crucible when packed tightly. A 
satisfactory prescription proved to be 10 g ZrO2 (20"5 
mole%) in 100 g LizMo207. The filled crucibles were 
placed on AI203 setter batts, inserted in a muffle fur- 
nace, and heated to 1400 °C. After soaking for 4 hours, 
a gradient of 10 °C was imposed on the crucible by 
lowering the power on the silicon carbide heating ele- 
ments at the bottom of the muffle furnace. The crucible 
was then cooled at the rate of 4 °C per hour. The cru- 
cibles were usually withdrawn when the temperature 
reached 900 °C. The flux was poured off, and the crys- 
tals were harvested by leaching the remaining con- 
tents of the crucible with hot water*. 

* Some crystals grown by decomposition of ZrF4 were ob- 
tained from Mr Cabel Finch of the Oak Ridge National Lab- 
oratory. Unfortunately, all of these crystals were twinned. 
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Locating untwinned crystals 

Twinning in monoclinic ZrOz on (100) is so common 
that crystals free of twinning are very rare. The crystals 
obtained from the growth in lithium molybdate fluxes 
were all about the same size and possessed the same 
general habit. Crystals with the forms {100}, {110} and 
{011} about equally developed invariably showed the 
characteristic polysynthetic twinning on (100). This 
twinning was usually obvious in polarized light, but 
some crystals of the same habit had to be examined 
with the Buerger precession camera before the twin- 
ning was observed. 

Two single crystals free of twinning were obtained 
by examining crystals where the {001 } and { 110} forms 
were more fully developed than the other forms. This 
growth produced crystals with a more cubic habit 
which, when examined with the Buerger precession 
camera, proved free of detectable twinning. One of 
these two crystals was used for the structure analysis. 

X-ray data 

The single crystal was first examined with the Buerger 
precession camera using Mo Ks radiation. The (hOl) 
zone showed no evidence of twinning even with ex- 
posures as long as 50 hours. The crystal was then 
transferred to a single-crystal orienter mounted on a 
G.E. XRD5 spectrogoniometer. The cell constants re- 
ported by Adam & Rogers (1959) and given in Table 1 
were used to calculate the goniostat settings. These cal- 
culated coordinates proved adequate to locate the in- 
tensity maxima; consequently, no further refinement 
of the unit-cell dimensions was made. 

Table 1. Crystallographic data for monocl&ic ZrO2 

McCullough & Trueblood Adam & Rogers 
(1959) (1959) 

NaturalZrOz(+2mol. %HfOD Synthetic ZrO2 
Space group P21/c P21/e 

a 5.169_+8 A 5.145_+5 A 
b 5-232 4- 8 5"2075 4- 5 
c 5.341 -+8 5.3107-+5 

fl 99 ° 15' _+ 10" 99 ° 14' _+ 5' 
V(A3) 142.36 A3 140.24 A3 
~o (calc) 5-826 g.cm-3 5.836 g.cm-3 

With Mo Ks radiation, a total of 1473 independent 
reflections within the sphere (sin 0)/2= 1-1 A -1 were 
measured by counting at the peak positions for time 
intervals of 10 to 40 seconds depending on the count- 
ing rate. The background was measured at several X 
and ~0 settings as a function of 20. The ~0 dependence 
appeared negligible. A general background curve in 
terms of Z and 20 was established and applied to each 
reflection. The e1~2 resolution was corrected with the 
curve established by Tulinsky, Worthington & Pigna- 
taro (1959). The data were also corrected for the Lor- 
entz-polarization effect. 

No correction for absorption was applied to the data. 
The linear absorption coefficient is 7.1 mm-1; thus the 
optimum size, ½p, is 0.07 mm. The size of the crystal 
used in this study was 0 .10x0 .10x0 .12  mm. During 
the alignment of the crystal on the goniostat a 107o 
variation in intensity as a function of 20 for the 100 re- 
flection was observed. This variation is indicative of a 
significant absorption effect, and undoubtedly a better 
fit between observed and calculated structure factors 
would be obtained by the use of a correction. 

Refinement of the structure 

The positional parameters reported by McCullough & 
Trueblood were used as the starting point for the re- 
finement of the crystal structure. Using the least- 
squares refinement program of Gantzel, Sparks & 
Trueblood (1961), four cycles were sufficient to produce 
no significant changes in the parameters. The scatter- 
ing factor curves derived by Thomas & Umeda (1957) 
were used for Zr. Curves for both neutral Zr and Zr 4+ 
were used both with and without the dispersion cor- 
rection of Dauben & Templeton (1955). (Because the 
artificial crystals were prepared from nuclear-grade 
hafnium-free zirconia, no modification of the Zr scat- 
tering factor curves for Hf  content was required.) The 
scattering curve for neutral oxygen was taken from 
Hoerni & Ibers (1954). The 0 2- curve was obtained by 
modifying the Hoerni & Ibers curve for neutral oxygen 
by the difference between the oxygen and oxide ion 
scattering factors of James & Brindley (1931). 

The best fit of observed and calculated structure fac- 
tors was obtained with the Zr 4+ scattering-factor curve 
without dispersion corrections. The values of the index 

* The 

Table 2. Refined atomic coordinates for monoeIMe ZrO2* 
Zr OI Oir 

x (0"2758) 0"2758 + 2 (0"069) 0"0703 + 15 (0"451) 0"4423 + 15 
y (0"0404) 0"0411 +2 (0"342) 0"3359+ 14 (0"758) 0"7549+ 14 
z (0"2089) 0'2082+2 (0"345) 0"3406+ 13 (0"479) 0'4789+ 13 
B 0"303 0"317 0"229 
Bll 0"0029 0"0098 0"0102 
B22 -- 0"0008 0"0024 0"0025 
B33 0.0013 0.0038 0.0017 
Blz - 0.0003 0.0028 0.0013 
B13 0.0016 - 0.0019 0.0020 
B23 0.0003 - 0.0045 0.0007 

coordinates in parentheses are the values reported by McCullough & Trueblood (1959). 
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Table 3. The observed and calculated structure factors for monoclinic ZrO2 

HoK= 0 t  C, H ,K=  0 t  P, 0 81 - 7 6  7 3 2 ], 6 2  6 [  - 6  55 - 5 8  L FOB FCA - 3  20 - 2 0  
t FOB FCA L FCB FCA l 90 -86 B g 9 HtK= 2t 2 2 2 2 -8  15 15 0 71 68 -4 21 -21 
2 86 -96 0 18 -18 ~ 59 53 -1 [3 -11 L FOB FCA 3 49 -47 -10 5 -5 l 25 22 
4 69 48 I 39 -30 3 63 56 - 2  )q )6 0 95-109 4 10 - 9  2 5 6 - 5 5  HtK= 6, 0 
6 12 12 2 18 23 4 43 -39 -3 3 1 I 55 53 5 29 26 H,K= 3, l 3 17 -16 L FOB FCA 
8 2C -20 3 30 27 5 20 -18 -4  13 - l l  2 69 7C 6 I I L FCB FCA 4 48 45 0 b8 71 

IO 25 27 4 4 -3 6 2 I -5  I - I  3 30 -28 7 4 - I  O 24 23 5 9 7 2 64 -68 
5 14 - 1 3  7 9 - g  - 6  4 - 4  4 40  -4t3 8 4 3 1 84 99 6 lO - ! O  4 48  52 

H t K :  Ct  [ 6 3 2 8 5 5 - 7  4 - 3  5 13 13 9 11 - 1 1  2 4 - 5  7 2 - 1  6 33 - 3 5  
L FOB FCA .7 6 - 6  9 17 17 - 8  19 19 6 13 14 - 1  52 - 4 9  3 69 - 7 4  8 3 2 8 5 6 
I 47 41 tO 20 -20 7 3 -2 -2 II -I0 4 26 26 9 2 -.2 -2 39 -37 
2 2 - 4  H ,K=  O, 9 - 1  7~ 63 H ,K=  1, 8 ~ 5 b - 3  27 25 5 35 37 - !  18 - 1 6  - 4  5 5 
3 79 - 7 9  L FOB FCA - 2  58~ 50 L FOB FCA 9 4 - 4  - 4  6 - 6  6 5 - 5  - 2  32 - 2 9  - 6  40  41 
4 b 6 1 12 - l l  - 3  33 - 2 8  0 5 - 4  tO 13 - 1 4  - 5  4 3 7 9 - 8  - 3  6 5 - 8  38 - 4 0  
5 67 71 2 17 -15 -4 lg -17 l 2 -I -i 63 -57 -6 2 -2 8 5 5 -4 I l -I0 37 ~39 
6 23 - 2 3  3 20 19 - 5  2 - 1  2 2 3 - 2  57 52 - 7  23 - 2 1  9 8 - 9  - 5  8 7 
7 4 7 - 4 9  4 19 20 -6  4 -3 3 27 25 - ~  32 27 -8  5 -6 10 I0 9 -6 27 25 H,K= 4, I 
8 l.J l0 5 22 -22 -7 t2 12 4 15 -15 -4 28 -25 -9  26 26 - I  75 -78 -7  8 -8 L FOB FCA 
9 25 25 6 24 -25 -8 23 22 5 34 -32 - 5  5 5 -2  5 -2  -8  30 -29 0 34 -33  

I0 g -10 -9  18 -18 6 12 i i  -6  28 -2G HtK= 2, 7 -3  27 24 -q 9 9 [ 26 -26 
l l  8 - 8  H ,K= 0 ,1 " ,  - 1 0  16 - 1 7  7 29 28 - 7  l g  - 1 9  L FOB FCA - 4  14 12 - I O  22 22 2 5 - 5  

L FCB FC^ - i i  18 18 - I  2 3 - 2 1  -8  27 2b 0 18 16 -5 19 19 3,. 8 -8  
ltl, K= Ct 2 O 33 - 3 4  - 2  1 7 - 1 6  - 9  t 8  18 1 5 4 - 6  4 4 H tK  = 3 t  6 4 4 4 
L FOB FCA 1 20 - 2 [  I t ,K  = l ,  4 -.3 36 32 - 1  ~ 3 0 - 3 2  2 19 18 --7 36 - 3 5  L FOB FCA 5 27 30  
" 7b 7~ 2 21 2 = L FCB FCA -4 14 12 - I i  I t  -12 3 4 -5 -8 I I  - l l  O 7 O 0 18 -18 
]. 4G - 4 [  3 13 13 0 30 -E'4 - 5  33 - 3 1  4 2'4 - 2 3  - 9  35 35 1 15 - 1 4  7 3,4 - 3 6  
2 9 6 - 9 7  4 ] 5  - 1 4  ] 1 4 - ] . ] .  -O  2 1 - 2 C  14~1(= ~t  J 5 0 6 - 1 0  lO 10 2 8 7 8 5 5 
3 4C 36 5 I - I  2 27 -24 -7  22 21 L FOB FC.~ 6 35 34 - I I  25 ='25 3 18 -16 9 29 31 
4 31 3). 3 36 33 0 34 2q 7 5 - 4  4 6 - 5  - l  59 61 
5 17 -16 H~K = 0,1l 4 28 Z5 HtK: l~ 9 1 [C -7 8 22 -21 HtK= 3t 2 5 Bl 29 -2 17 15 
6 8 -8 L FCB FCA 5 42 -39 t FOB FCA 2 24 21 - I  7 0 L FOB FCA 6 3 O -:3 76 -76 
7 3 -3 l 3 -4 6 35 -32 O 30 ~-28 3 33 30 -2 39 -36 0 48 45 7 35 -33 -4 21 -20 
8 22 -22 2 6 -7 7 4 l  38 i 25 23 4 25 -24 -3  IC -9 I 16 -14 8 I O -5 58 61 
9 16 [ 5  ~ 23 17 2 32 2g 5 33 - 3 2  - 4  52 48 2 4 2 - 1  40 38 - 6  3 3 

lO 23 25 H~K = I, 0 9 26-25 3 14 -14 b 42 40 -5 13 12 3 4 - 4  -2 5 -4 - 7  3 , 4 - 3 2  
I t  15 - 1 5  t FeB FCA 1O 8 - 8  4 13 - 1 3  7 2q 28 - 6  40  - 3 8  4 27 - 2 7  - 3  52 - 5 2  - 8  5 - 5  

n 27 - 2 5  - I  24 - 2 9  5 11 lO 8 23 - 2 2  - 7  . 7 - 4  5 18 18 - 4  12 10 - 9  5 5 
HI, K=' ~v 3 2 61 -58 -2  25 21 6 6 7 9 22 -21 -8  17 17 6 40 39 -5 48 44 - I 0  2 I 
L FCB FCA 4 4g 49 -3 57 50 -I 23 -22 i0 19 19 7 25 -24 -6 6 6 -II 11 11 
I 15 13 6 56 -60 -4  44 -40 -2 24 22 - i  3 8 - 3 2  H,K= 2,  8 8 37 -37 -7 30 -27  
2 35 -29 8 43 43 -5 59 -5b :'3 21 20 -? 47 -42 t FOB FCA g 18 18 -8 I I HtK = 6t 2 
3 35 -32 i0 24 -25 -6 22 19 -4  I I  - I 0  -3  69 63 0 22 21 l0  19 19 -9 8 9 L FOB FCA 
4 54 5'3 - 2  3g 3g - 7  42 40 - 5  4 - 3  - 4  56 52 1 41 38 - 1  24 22 0 54 55  
5 47 46 -4 gg-101 -8 2 1 - l g  -6  6 -5  -5  5 5 - 5 3  2 1 3 - 1 6  -2 55 -52 H~K= 3; 7 l 40 -40 
6 33 -35 -6 bE 65 -9 19 -I~ -b 41 -39 3 32 -30 -3 34 -31 L FOB FCA 2 63 -68 
7 4 l  - 3 g  -8 43 - 4 4  - l O  4 5 H ,K  = l , l C  - 7  33 3]. 4 17 [ 6  - 4  73 72 0 36 34 3 39 3g 
8 32 30 - 1 r  6 7 t FOB FCA - g  20 18 5 14 13 - 5  32 32 l 9 - 8  4 46  51 
9 22 23 HtK = It 5 0 7 6 -q 8 -8 6 5 -4 -6 41 -41 2 4g-48 5 20-20 

16 8 -7 H,K= l, l t FOB FCA i 3 -4 -19 7 -7 7 5 -4 -7 23 -23 3 9 8 6 19-21 
t FOB FCA '? 71 -64 3 7 7 - I I  3 -3  - I  41 -38 -8 29 29 4 33 31 7 4 4 

H,K = 0, 4 0 39 -3b I 19 -17 4 14 -14 -2 7 -6 -9 8 8 5 8 -7 8 5 5 

.3 6.D 53 2 5B 53 3 15 14 -2  I I  - I I  t FOB FCA -4 9 8 - I I  4 4 ~ 4 3 - I  24 2 2 
I 88 -81 3 70 72 4 30 -29 -3  14. 14 ~ 41 -37 - 5  4 3 - I  4 4 --2 31 - 2 9  
2 28 -26 4 9 -9 5 8 -b -4 25 27 i 71 66 -6 7 7 HtK= 3, 3 -2 31 -28 -3 4 3 
3 49 44 5 29 -3(" 6 17 15 2 44 43 -7  1 8 - 1 8  t FOt~ FCA -3 5 -5 -4  16 -16 
4 28 2U 6 4 5 7 3 I H,K = l , l l  3 63-6 . ' )  -8 4 -~ 0 44 43 -4 4 3 -5  1 3 - 1 3  
5 1.L' -9 7 2 -2 8 13 13 t FOB FCA 4 1 8 - 1 8  1 52 48 -5 I - I  - 6  25 23 
6 5 I B 13 13 g 5 4 0 1O -9 5 32 29 H,K= 2, 9 2 64 -62 -6 14 13 --7 16 16 
7 14 -13 9 19 20 - I  27 22 I 25 25 6 8 ~ t FO~ FCA 3 47 -48 -7 3 2 -8  37 - 3 7  
8 7 -8 I0 " -2 -2 63 58 - I  25 -25 7 3 -2 G 7 6 4 31 30 -8 26 -25 -9  14 -14 
9 Id 18 Ii 23 -25 -3 [5 -13 -2 9 g 8 2 2 I 9 -7 5 34 33 -lO 22 22 

lO 17 16 - I  95 121 -4 31 -28 9 1 7 - 1 6  2 3 2 6 2 0 - 2 1  H,K: 3, 8 - I I  11 I~ 
-2 13 13 -5 6 5 HtK= 2, 0 IO g -9  3 8 -g  7 12 - IC t FOB FCA 

H~K = r 5 - 3  74 - 6 6  - ~  l 0  - 9  t FOB FCA - 1  58 - 5 l  4 l g  -2C 8 5 - 5  0 1 3 - 1 2  H,K= 4 t  3 
t FCB FCA - 4  2 -1  - 7  9 7 0 73 - 8 6  - 2  46 41 5 17 1R 9 7 - 7  1 9 - 8  t FOB FCA 
I 7 6 - 5  13 I I  -8 23 23 2 I05 12l -3 26 23 6 15 16 - I  4 4 - 3 g  2 4 - 4  0 2 3 - 2 3  
2 46 -43 -6 6 -6 -9  9 -9 4 63 -65 -4 2 -0  - l  14 13 -2 41 -37 3 7 -5 I 27 - 2 5  
3 21 -19 -7 2 c, 23 - i 0  31 -30 6 21 22 -5  5 0 -2  24 -23 -3 21 19 4 I0 9 2 15 14 
4 53 .  51 -~ 2 3 8 I I  I I  -6  8 -5  -3  22 -19 -4 3 - I  5 22 21 3 I I  - 9  
5 17 15 - 9  3 3 - 3 3  HIK= 1, 6 10 2 3 - 2 5  - 7  1 8 - 1 7  - 4  26  25 - 5  4 2 6 1 1 - 1 1  4 22 21 
6 51 - 4 8  - 1 0  9 - 9  t FCB FCA - 2  74 75 - 8  24 22 - 5  17 16 - b  17 16 - 1  26 24 5 2g 27 
7 12 - i i  - I I  27 2P. ) 14 12 -4 5 -5  -9  26 26 -6  22 -21 -7 23 -22 -2 15 14 6 21 -20 
8 25 23 1 8 - 7  - b  8 - 7  - i t ."  13 - 1 2  - 8  24 - 2 4  - 3  32 - 3 0  7 29 - 2 8  
9 5 5 H~K= i ,  2 2 5 5 -8 37 36 H~.K = 2,10 -9 28 27 -4  2 2 - 2 2  8 27 26 

I0 14 - I b  t FCB FCA 3 33 31 -1O 30 -31 H,K= 2, 5 t FOB FCA -13 23 23 -5 34 31 9 18 18 
0 8 -6 4 3 I L FOB FCA 0 22 21 -6  7 8 - I  55 52 

H,K= 0, 6 l 6 2 5 46 -43 HtK= 2, I C 25 22 I 19 19 H,K = 3, 4 -7 23-Z2 -2 56 54 
L FOB FCA 2 Zl -19 6 4 4 t FOB FCA l 4 4 Z 29 -~8 L FOB FCA -3 50 - 4 9  
¢ 4 3 3 36 32 l 37 36 0 22 - 1 7  -:' 1 i 3 1 6 - l b  C 14 12 H ,K=  3 ,  9 - 4  4 0 - 3 9  
1 64 -62 4 68 65 8 4 4 1 18 16 3 6 b 4 18 18 I I I  -10 t FOB FCA -5 36 3al 
2 13 -12 5 38 -3~ 9 24 -24 2 6 5 ~, 44 -41 -1  I I  - I I  2 7 -5 O 28 28 -6 32 32 
3 44 41 6 50 -5C - [  26 -26 3 36 35 ~ 16 -14 -2  20 -19 3 22 -21 I 26 -26 -7  18 -16 
4 9 -8 7 26 25 -2 4 4 4 21 -21 b 43 3g -3  6 6 4 15 -14 2 20 -22 -8 I0 - I 0  
5 13 -12 8 31 36 -3 49 46 5 52 -56 7 15 13 -4 I 1 5 38 35 3 21 2l -9 l 6 
6 3 I 9 12 -12 -4 b 2 6 2 2 8 40 -39  6 24 22 4 22 24 -10 3 -~  
7 9 -9 iO 16 -Ib -5 51 -48 7 48 50 9 8 -8 H,K: 2,11 7 31 -30 5 9 -I0 
8 4 -3 - 1  51 - 4 1  - 6  13 11 8 13 - 1 3  - 1  1 6 - 1 4  L FOB FCA 8 20 - 1 8  - 1  23 2~ H,K = 4 ,  
9 24 21 - 2  89 83 - 7  40 36 9 30 - 3 2  - 2  54 - 5 0  C' 7 7 9 23 22 - 2  12 - 1 2  t FOB FCA 

-3 47 41 -8 2 0 lO 3 3 -3  14 13 - I  15 15 - l  56 50 -3 3 -4 0 32 31 
H , K  = C, 7 - 4  56 - 5 6  - 9  18 - 1 7  - 1  b8 - 6 7  - 4  53 49  - 2  38 - 3 5  - 4  3 3 1 50 - 4 8  
L FOB FCA - 5  2q - 2 q  - 2  38 - 3 2  - 5  17 - 1 5  H , K =  3 ,  O - 3  64 - 6 1  - 5  6 - 6  2 34 - 3 6  
| 2 I -6 56 57 H~K = I ,  7 - 3  82 79 -6  44 - 4 l  t FOB FCA -4 26 25 -6  I0 I0 3 44 42 
2 21 - 2 0  - 7  20 2C" L FC6 FCA - 4  33 29 - 7  11 10 O 45  43 - 5  50 48  4 25 26 
3 b 6 -8 26 -26 0 60 -56 -5 65 -68 -8 30 28 2 lO 9 -b 32 -31 H,K= 3,10 5 35-32 
,. , .z ~ - 9  ~ o - ~  ~ ~ ~ .  - 6  ~ - ~  -.~ -, - ~  4 , . , . - , . ~  - ~  ~ - ~ 4  L ~ o ~ c ~  6 z , . - ~ , .  

7 9 9 4 35 -33 -g 23-20 H~K= 2~ 6 [0 24 25 -I0 5 -5 3 9 -9 9 I I 
8 32 32 H ,K=  l ,  3 5 3 2 - I O  4 4 t FOB FCA - 2  9 7 - 1 1 0  - 1  13 13 - 1  39 3 7 

L FOB FCA 6 1 - 0  - l l  1 - 0  ~ 5 - 4  - 4  76 77 H , K =  3~ 5 - 2  25 26 - 2  7 - 7  
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Table 3 (cont.) 
- 3  1 2 6 - 1 4  L FCB FCA - 3  46 65 2 ~8 52 3 1 0 - 2  1 2 1 9 - 9  - 4  6 - 7  
- 4  - 2  O 21 -2C, - 4  3 5 - 3 3  4 46 - 5 0  4 lO - 9  H tK= 7 ,  2 - 3  5 5 2 24 24 - 5  13. - 8  
- 5  17 - 1 5  l 12 - 1 L  - 5  34  - 3 2  6 21 2.~ 5 5 - 4  L FOB FCA - 4  23 - 2 4  3 7 7 - 6  5 - 6  
- 6  21 2.0 2 21 21 - 6  15 14 8 13 - 1 5  6 15 15 0 36 39 - 5  6 - 5  4 8 - 8  
-7  32 31 - I  12 13 -7  Z0 IB -2  3 4 7 6 6 1 2 0 - 2 2  -6  19 20 - I  I I  l l  HeK= 9, 5 
-8  12 -12 -2 9 9 -8 8 -7 -4 30 31 - l  1 7 - 1 5  2 26 -29 -2 28 28 t FOB FCA 
- 9  31 - 3 1  - 3  3 - 4  - 9  3 - 2  - 6  38 - 4 0  - 2  5 6 - 5 5  3 6 6 H ,K= 7 ,  8 - 3  7 - 7  0 5 - 5  

-10 17 18 -13 9 -9 -8 37 39 -3  16 15 4 3 -3  L FOB FCA -4  24 -24 l 6 -6  
HtK= 5 ,  C - 1 0  19 . -~0  - 4  36 34 5 7 6 0 8 - 8  - 5  5 4 2 19 19 

H t K =  4,, 5 L FCB FCA H~K= 5,, 5 - 5  9 - 9  6 9 9 1 20 - 2 1  - 6  4 4 - 1  1 - 2  
L FOB FCA 0 55 - 5 9  L FOB FCA HtK= 6 t  I - 6  23 - 2 2  7 l 0  - 1 1 .  2 9 9 - 7  l - 1  - 2  10 - 1 1  
0 37 - 3 5  2 27 28 0 25 - 2 5  L FOB FCA - 7  2 l - 1  26 28 - 1  30 30 - 3  ? 6 
l 5 -b  4 15 15 1 13 -13 0 3 4 -~ 3 - 4  -2  4 5 - 4 8  -2 14 14 HtK= 8, 6 -4  27 28 
2 4 - I  6 29 - 3 0  2 53 52 1 34 37 - 9  2 2 - 3  2 2 - 2 2  - 3  22 - 2 3  L F08 FCA - 5  9 - 1 0  
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R= 100 ~11 .Fol-IFcl[/ZIFol were 9.2, 8.6, 9.4, and 9.3 
respectively, using the Zr ° and Zr 4+ curves without and 
with dispersion corrections. The use of  the v a r i o u s  
scattering-factor curves resulted in no significant param-  
eter differences even though the temperature  factors 
showed the expected large deviations. The final param-  
eters are given in Table 2. No  explanation can be giv- 
en as to why the best fit should be obtained without  dis- 
persion corrections. 

The first sequence of  refinements used only isotropic 
temperature  factors. At tempts  to refine using aniso- 
tropic temperature  factors again resulted in lower R 
values where no dispersion correction was used, but 
some of the B~ terms became zero or very slightly 
negative. One set of  results for Zr 4+ including disper- 
sion have been included in Table 2. A negative B~i 
term has no physical significance, and its interpretation 
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Fig. 1. Projection of the crystal structure of baddeleyite along 

the b axis. (From McCullough & Trueblood). 

O 

O 

O O 
Fig. 2. Projection of the crystal structure of baddeleyite along 

the c axis. (From McCullough & Trueblood). 

has not yet been understood.  The correlation matr ix 
does not indicate strong parameter  interaction with any 
other parameter .  Possibly the errors introduced by the 
lack of  an absorpt ion correction are to be suspected. 
Extinction effects could also be reflected in the anom- 
alous temperature  parameters ,  but  it is doubtful  if such 
effects are that  significant. Only the very strongest re- 
flections appeared to be affected by extinction, and the 
total number  is less than one per cent of  the observed 
data.  Other  possibilities such as multiple reflections 
would only affect a small percentage of  the observed 
intensities and are considered insignificant. 

A complete list of  the observed and calculated struc- 
ture factors is given in Table 3. 

Figs. 1 and 2, reproduced from McCullough & True- 
blood, show the final structure of  monoclinic ZrO2. 
The coordinates obtained in the present study are only 
slightly altered f rom those obtained in their previous 
study, and the general aspects of  structure as described 
by them are still valid. The complete list of  impor tant  
distances is given in Table 4. 

Table 4. Interatomic d&tances (1~) in monoclinic ZrO2 

a(Zr-O) = 0.007 ]~ a(O-O) = 0.014 ,~, 

(a) zr-O distances in the Zr(3) coordination polyhedron 

Zr O Distance Zr O Distance 
3 la 2.057 3 IIa 2.189 
3 lb 2.163 3 IIb 2-220 
3 Ic 2.051 3 IIc 2.151 

3 IId 2.285 

(b) O-O distances in the Zr(3) coordination polyhedron 
O O Distance O O Distance 
Ia Ib 2"589 Ib IIb 2.918 
Ia Ic 2.829 Ic IIa 2"581 
Ib Ic 2.802 IIa IIb 2.722 
Ia IIb 2"985 IIa IIb 2.658 
Ia IIc 2.929 IIb IIc 2.658 
Ib IIa 2"581 IIc IId 2.622 

Next 

Ib 
Ib 
Ic 

(c) O-Zr 
O 
Ic 
Ic 
Ic 

nearest neighbor 

O O Distance O O Distance 
Ia IIa 4"063 Ic IIc 3.592 
Ia IId 4.084 Ic IId 4"243 

IIc 4.197 IIa IIc 3"675 
IId 4.077 IIb IId 3-857 
IIb 3.272 

distances in the O~c coordination polyhedron 
Zr Distance 
1 2.057 
2 2.163 
3 2.051 

(e) O-Zr distances in the OHa coordination polyhedron 
O Zr Distance O Zr Distance 

IId 1 2.220 IId 3 2.285 
IId 2 2.189 IId 4 2.151 

(d) Zr-Zr distances in the O~c coordination polyhedron 
Zr Zr Distance 
1 2 3.334 
1 3 3.929 
2 3 3.433 
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Table 4 (cont.) 
(f) Zr-Zr distances in the OH,/ coordination polyhedron 

Zr Zr Distance Zr Zr Distance 
1 2 3.433 2 3 3.469 
1 3 3.460 2 4 3.460 
1 4 4.031 3 4 3.580 

The most interesting feature of this structure is the 
sevenfold coordination of Zr. The Zr-O distances range 
from 2.05 A to 2.28 A. The next largest Zr-O distance 
is 3.58/~, which cannot be considered in the coordin- 
ation polyhedron. Fig. 3 shows the angles in this con- 
figuration. The Oii atoms in the group form a planar, 
square group which would correspond to one half of 
a normal eightfold cubic array. The Oi atoms form a 
triangle whose plane is nearly parallel to the plane of 
Oii atoms. The average Zr-Oi  distance is 2-07 A, 
whereas the average Zr-Oii  is 2.21 A. This difference 
is to be expected, as pointed out by McCullough & 
Trueblood, because Pauling's (1929) electrostatic val- 
ency rule predicts the relative bond strengths to be 
~ ' ½ = 4 - 3 .  

The details of the coordination configurations of the 
two oxygen atoms are shown in Figs. 4 and 5. The OI 
atom is only 0.25 • from the plane defined by the three 
Zr atoms to which it is coordinated. The triangular 
arrangement is not regular but has angles from 104 ° 
to 142 ° . This irregularity is due to two features of the 
structure. First, two OI atoms share one edge of the 
configuration. This is the edge involving the 104 ° angle. 
Second, the steric hindrance of the other oxygen atoms 
in the layer prevents the movement of the third O~ 
atom into a more centrally located position. 

The OII coordination is nearly tetrahedral, with only 
one angle differing significantly from the tetrahedral 
angle of 109-5 ° . This deviation reflects the somewhat 
buckled nature of the plane of OH atoms. This buckling 
is due to the influence of the lower coordination of the 
OI atoms which results in a tipping of the ZrO7 groups 
as shown in Fig. 2. 

The second interesting feature of this structure is the 
layer arrangement of atoms parallel to (100). The 
layers of OII atoms are shown in Fig. 6 along with the 
layer of Zr atoms both above and below the Oil plane. 
This arrangement is only slightly distorted from the 
normal fluorite (CaF2) configuration. This portion of 
the ZrO7 polyhedra all shares edges with an average 
0ii-0ii distance of 2,67 A. Fig. 7 shows the Or layer 
with the adjacent Zr atoms. This layer is quite irregular 
and only one Oi-Oi  edge is shared between adjacent 
ZrO7 polyhedra. The shared edge distance is 2.59 A, 
in contrast to the other unshared Oi-Oi  distances of 
2.83/~ and 2.80 A in this layer. Fig. 8 shows the layer 
of ZrO7 polyhedra. In addition to the shared edges 
already mentioned, this figure shows the two Oi-Oii  
edges which are also shared. Their values are both 
2.58 A in contrast to the average value for unshared 
Oi-Oii  edges which is 2.94/~. These values show that 
the Oi-Oi  shared edge distance is the same as the 

Oi-Oii  shared edge distances. Both these values are less 
than the Oii-Oii  shared edge distances. The order for 
unshared edge distances, all of which are longer than 
the shared edges, is Oi-Oi < Oi-Oii.  This sequence of 
distances is in agreement with the principles set forth 
by Pauling (1929) for ionic crystals as discussed by 
McCullough & Trueblood (1959). 

Fig. 3. The angles and interatomic distances 
in the ZrO7 coordination polyhedron. 

1 0 4 ' 0  ° 

109"1" 

142 .9  ° 

Fig. 4. The angles and interatomic distances 
around the Oi atom. 

Fig. 5. The angles and interatomic distances 
around the OH atom. 
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6 
Fig. 6. The layer of On  atoms at x = O projected on the (100) 

plane. The Zr atoms above and below the plane are also 
included. The unit-cell outline represents its position at x = O. 

O Zr 

Oo 
AD 

Fig. 7. The layer of O~ atoms at x=½ projected on the (100) 
plane. The Zr atoms above and below the plane are also 
included. The unit-cell outline represents its position at 
x - - - - O .  

© z  oo/  e4,,o 
Fig. 8. The layer of ZrO7 groups at x=¼ projected on the (100) 

plane. The unit-cell outline represents its position at x =  O. 
The small crosses show the oxygen positions in the tetra- 
gonal form (see Fig. 10). The small arrows indicate the prob- 
able movement  of oxygen at the phase change. 

Twinning 

McCullough and Trueblood (1959) have interpreted 
the frequency of twinning in baddeleyite to be due to 
the relatively low energy difference between the ZrO7 
configuration found in the structure and another rel- 
ated arrangement, in which the group of three OI is 
rotated 180 ° about an axis approximately perpendicul- 
ar to the plane defined by the four On atoms. The im- 
plications of this interpretation require more detailed 
analysis to determine the relations across the twin 
plane. One important fact to be considered is the anti- 
parallelism of the OI and On planes with respect to 
the twin plane. A simple reflection of the structure 
across a plane parallel to (100) or a rotation about a 
twofold axis parallel to the c axis will not result in an 
acceptable twin boundary configuration. However, a 
very acceptable boundary may be obtained by rotating 
the structure about a twofold axis through x =½, y =½ 
and translating one half of the twin ½a with respect to 
the other half. This arrangement is shown in Fig. 9. 
Notice that the composition plane is the plane of On 
atoms. To understand the relationship of the McCul- 
lough & Trueblood interpretation to this boundary 
configuration, it is perhaps clearer to describe the alter- 
native ZrO7 group as a rotation of the OII group about 
an axis nearly perpendicular to the plane of the Or 
group. The distortion of the ZrO7 groups at the com- 
position plane results from an adjustment of the On 
atoms to positions which are midway between the 
positions satisfying the stable configurations of each 
half of the twin. This shift is approximately 0.025 /~, 
and the resulting distortion is very small. 

C _____ T . . . .  C' 
! 

O 

b o  .... ~'%*"~ 
0"9 5 9 ':':~=:' (-) 0 0 "164 - 

Oi 09459 0 0 ~ ] )  
~ )  751~ 4L, 00:74 5 ~ .  ~2 4-~5~ 8 3 60 

0 0 ~L~3"3_3_6 [5"255 ~ 0"041 
_ ~ ~ . o . o 4 i  o 0 r . _  

( ~  0 " 8 ~ 6 Q _ ~ .  0.2; 541i0"336 ('--0 
016 4J3"75 5~16-~''~0" 2 45_..0"664 

0 0 0"74"5~ z(,J - 00.459 

0 Zr 0 t,_,) 0"75",6 ()'255<._J ~) [ ~ 
Oo 0 o o O 

Fig. 9. Projection of (100) composition plane of the (100) twin 
of monoclinic ZrO2. The unit cell is partially outlined to 
indicate the ½e glide condition at the boundary.  The dotted 
circles representing oxygen atoms show positions for both 
halves of the twin. The final oxygen position will be an 
average of the two possibilities. The numbers represent the 
y coordinate for each atom in terms, of b, 
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Structural relations among the Zr02 polymorphs 

Three polymorphs of ZrO2 have been well established. 
A second tetragonal.phase has been reported by Gar- 
rett (1964), whose temperature stability region lies be- 
tween the regions of the known tetragonal phase and 
the cubic phase. If this phase does exist, its structure 
is probably very similar to the structures of the estab- 
lished cubic and tetragonal phases, and the following 
discussion will not require any significant changes. 

The tetragonal-cubic inversion temperature has been 
established by Smith & Cline (1962), using high tem- 
perature X-ray diffraction at 2285 + 50 °C with a max- 
imum of 30 ° hysteresis. The narrow hysteresis suggests 
a displacive transformation, using the terminology of 
Buerger (1948). The displacive movements are easily 
visualized by comparing Figs. 10 and 11. The oxygen 
atoms of the tetragonal phase shift along the c axis to 
the planes z=¼ and ¼ with a corresponding decrease 
in length of the c axis and an increase in length of the 
a axis until they become equal. No change in the bond- 
ing configurations is required. 

The relationship of the monoclinic and tetragonal 
structures is not so straightforward. The most signific- 
ant difference between the two structures is the change 
in coordination of the Zr atoms and one of the two O 
atoms which requires that some bonds be severed dur- 
ing the inversion. The large hysteresis observed for 
this transformation indicates the semi-reconstructive 
nature of the atomic readjustments, which may be seen 
by comparing Fig. 8 and Fig. 10. There is still some 
question about the relative orientations of the tetra- 
gonal and monoclinic structures, but the most likely 
correlation is the c axis of tetragonal form with the 
c axis of the monoclinic structures. In Fig. 8, the small 
crosses show the positions of the oxygen atoms in the 
tetragonal form superimposed on the central ZrOv 
group of the monoclinic structure. The arrows show 
the most likely shifts which would take place during 
the transformation from monoclinic to tetragonal sym- 
metry. The longest shift is the movement of the Oi 
atom attached to the ZrO7 group in the lower right of 
the figure to join the center group. This atom, which 
is initially 3.76 A from the center Zr atom, moves about 
1.2 A. The whole transformation takes place by the 
rotation of the triangular groups of Oi atoms accom- 
panied by minor movements of other atoms into the 
more symmetrical configuration. It is worthy of note 
that the oxygen atom which moves so as to join the 
new configuration is not the closest next nearest neigh- 
bor of the ZrO7 group. An Oi atom positioned directly 
below the square array of OII atoms is only 3.58 A 
from the Zr position. 

Two studies describing the orientational relation- 
ships in single crystals of ZrO2 which have passed 
through the monoclinic-tetragonal inversion have been 
described by Bailey (1964) & Wolten (1964). The 
studies of Bailey involved thin films using electron 
microscopy and diffraction. Only the relationships 

cm=ct and bin=at* were observed. In contrast the 
work discussed by Wolten used isolated single crystals 
which were heated on a single-crystal orienter. The 
best crystal was twinned initally with one orientation 
dominating the volume. The tetragonal phase showed 
complex relationships with all three orthogonal dir- 
ections showing both at and ct. One set of vectors was 
found parallel to the old bin, but neither of the other 
two sets were parallel to am or Cm. Instead they formed 
a 90 ° angle which was nearly symmetrically inscribed 
in the old monoclinic angle. On reversion, the mono- 
clinic crystal was highly twinned. The two studies are 
somewhat contradictory. The relative sizes of the crys- 
tals used suggest that the strain fields in larger crystals 
used by Wolten may have masked the more expected 
results as observed by Bailey. 

A recent phase equilibrium study of the monoclinic- 
tetragonal inversion in ZrO2 and HfO2 by Baun (1963) 
shows that monoclinic ZrO2 begins to change to tetra- 
gonal on heating around 1000 °C. The last trace of the 
monoclinic form disappears around 1180 °C. On cool- 

* The subscripts m and t refer to the monoclinic and tetra- 
gonal phases respectively. The vector at refers to al +a2 ac- 
cording to the Teufer (1962) unit cell. 
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Fig. 10. One layer of ZrO8 groups in the tetragonal ZrO2 

structure. The plane of projection is (110). 
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Fig. 11. One layer of ZrO8 groups in the cubic ZrO2 structure. 
The plane of projection is (100). 
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ing, the monoclinic form first appears at 970 °C, and 
the tetragonal phase disappears at 750 °C. For HfO2 
these ranges are 1500-1600 °C and 1550-1450 °C re- 
spectively. A most remarkable feature is the overlap 
of the ranges for HfO2. The tetragonal HfO2 first ap- 
pears on heating at a temperature below that which the 
monoclinic form first appears on cooling. There is 
some question as to whether the tetragonal forms of 
ZrO2 and HfO2 are isostructural, but because of their 
other similarities, there is little reason at present to 
doubt the structural similarity. The lack of 'extra' 
diffraction maxima in the tetragonal high temperature 
X-ray patterns, as reported by Baun, could well be 
due to the higher atomic scattering factor of Hf com- 
pared with Zr. Because the ratio of scattering of Hf to 
O will be greater than for Zr to O and because the 
weak lines are all due to oxygen contributions, assum- 
ing the tetragonal arrangement by Teufer (1962) for 
ZrO2 is true for HfO2 also, they would be relatively 
weaker in the HfO2 phase than in the ZrO2 phase. 

If this overlap of stability fields for HfO2 is true, the 
phase inversion cannot be a simple, single-stage trans- 
formation. One possibility, which would explain this 
apparent overlap, is the development of an inter- 
mediate mixed layer structure in the transition region. 
It may be that all the Oi layers do not readjust to the 
fluorite configuration at the same temperature. Alter- 
natively, every second, third, or fourth layer may trans- 
form first, and, subsequently, the intervening layers 
complete their transformation at a higher temperature. 
Such a transformation might develop polytypes ana- 
logous to those observed in the wurtzite and sphalerite 
type compounds. If the stacking of layers were reg- 
ular, superstructure lines should appear in the X-ray 
pattern. However, if the stacking is random, super- 
structure lines from any ordering would be weak and 
difficult to observe. 

This discussion would appear to apply equally well 
to the monoclinic-tetragonal transformation in ZrO2. 
The hysteresis is larger for ZrO2 than for HfO2, but 
only 30 °C lies between temperature of first appearance 
of tetragonal ZrO2 on heating and the monoclinic form 
on cooling. This is a very narrow temperature range 
for a transformation which otherwise appears so slug- 
gish. It may, however, be an indication that if equili- 
brium conditions were obtained by the transformation, 

then an overlap of monoclinic and tetragonal phases 
would be observed, and thus the phase relations would 
be the same as observed for HfO2. 

The authors would like to acknowledge the very 
capable assistance of Mr Philip M. Salter, who collect- 
ed the intensity data and helped in some of the data 
processing. Also several discussions with Prof. J. D. 
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