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Abstract 

In the present work, we have determined the space 
group of human tooth-enamel crystals using - for 
the first time for a biological crystal - convergent 
beam electron diffraction (CBED). The symmetries 
observed in the different patterns we have obtained 
lead us to the P63/m hydroxyapatite space group. 
Disorder, most likely situated in the columns formed 
by the hydroxyl ions of the crystals, is suggested as a 
cause of weak intensity in the otherwise forbidden 
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0001 (l odd) reflections and low visibility of first- 
order Laue zone (FOLZ) reflections in the CBED 
pattern from crystals oriented along the [0001] zone 
axis. A monoclinic phase was not observed. 

Introduction 

Human enamel is 96% by weight composed of an 
inorganic phase (Sicher, 1962), which consists of 
poorly crystalline carbonated hydroxyapatite crystals 
with an elongated prismatic shape (Voegel, 1978). 

Hydroxyapatite (OHAP) is a mineral of chemical 
composition Ca4(1)Ca6(2)(PO4)6(OH)2, whose Ca 
atoms occupy two series of nonequivalent sites; the 

© 1993 International Union of Crystallography 
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Ca(l )  in the fourfold symmetry 4(f )  position and the 
Ca(2) in the sixfold symmetry 6(h) position. The OH 
groups occupy disordered positions above or below 
the triangles formed by the Ca(2) atoms (Kay, 
Young & Posner, 1964). The disorder of the OH 
groups gives rise to a 'macroscopic' space group 
P63/m (as determined by X-ray diffractometry), 
which is lost at the level of the individual columns. 
O H A P  has a dipyramidal hexagonal prismatic mor- 
phology, while tooth-enamel crystals have an elonga- 
ted hexagonal prismatic shape. The average 
dimensions of the section parallel to the enamel 
crystal basal plane are 90 × 50 nm (Voegel, 1978). 
The structure of  OHAP as determined by X-ray 
diffractometry is given in Fig. 1 and Table 1. 

Numerous studies of  O H A P  and tooth-enamel 
crystals using high-resolution electron microscopy 
(HREM)  at a Scherzer resolution of 0.25 nm (Br6s, 
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(o) 
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v 

[ooo~]  

(b) 
Fig. 1. Structure of OHAP viewed along (a) the [11~0] direction 

and (b) along the [0001] direction. In both cases, two by two 
unit cells are shown. Ca, P, O and H atoms are shown as 
spheres of decreasing size. 

Table 1. Crystallographic parameters of  hydroxy- 
apatite (Kay, Young & Posner, 1964) 

'occ' means occupancy. 

Lattice Hexagonal, with lattice parameters: at = a2 = 
a3 = 0.9432 nm, c = 0.6881 nm and two 
formula units per cell. ' 

Space group P63/m (No. 176). 
Atomic O(1) in 6(h): 0.3272, 0.4837, ~, occ = 1 

coordinates 0(2) in 6(h): 0.5899, 0.4666, ], occ= 1 
0(3) in 12(/): 0.3457, 0.2595, 0.0736, occ = 1 
P in 6(h): 0.3999, 0.3698, ~, occ = 1 
Ca(l) in 4(f): ~, ], 0.0010, occ = 1 
Ca(2) in 6(h): 0.2464, 0.9938, ~, occ = 1 
OH in 4(e): 0.0, 0.0, 0.1930, occ = 
H in 4(e): 0.0, 0.0, 0.0617, occ = 

Barry & Hutchison, 1985; McLean & Nelson, 1982; 
Nelson, McLean & Sanders, 1983; Ichijo, Yamashita 
& Akahori,  1984; Ichijo & Yamashita, 1983; Ichijo, 
1983; Kanaya,  Baba, Shinohara & Ichijo, 1984), at a 
Scherzer resolution of  0 .20nm (Brds, Voegel & 
Frank, 1990) and at a Scherzer resolution of 0.17 nm 
(Barry & Br6s, 1987) have shown a good structure 
correspondence between the structures of O H A P  and 
enamel crystals. However, a difference between cal- 
culated and experimental image details has been 
observed in the c direction of the [1210] and [1100] 
images (Br6s et al., 1985). Recently, the loss of  the 
sixfold hexagonal symmetry was observed in enamel 
apatite crystals aligned along the [0001] zone axis 
(Br6s et al., 1990; Br6s, Steuer, Voegel, Frank & 
Cuisinier, 1992). All these deviations from the 
hydroxyapatite hexagonal structure are difficult to 
interpret by H REM, as this method gives limited 
symmetry information. In the present study, we 
determine the space group of human tooth-enamel 
crystals by electron diffraction. This represents the 
first CBED study of biological crystals. 

Experimental 
Human enamel was obtained from several non- 
carious human teeth of 20-50 year old patients, 
dissected into small 1-2 mm blocks and fixed for 
3 h in a 2% glutaraldehyde-paraformaldehyde 
solution in a 0.1 M cacodylate buffer at pH 7.4. 
After 1 h postfixation in a 2% osmic acid solution in 
the same buffer, the fragments were embedded in 
Epon 812. Nondecalcified sections were obtained 
with a Sorvall-Porter ultramicrotome equipped with 
a diamond knife. In order to reduce noise as well as 
chemical reactions with the supporting film, the 
sections were deposited onto holey carbon films and 
the crystals selected for the observation were those 
lying above holes. 

The specimens were examined at accelerating volt- 
ages ranging from 100 to 250 kV with Philips EM430 
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ST (Strasbourg) and EM430 T (Bristol) microscopes 
equipped with either Gatan double-tilt liquid- 
nitrogen cooling holders or Philips standard-tilt/ 
rotation holders. 

The simulation of the diffraction patterns was 
performed with the EMS  suite of computer pro- 
grams (Stadelmann, 1987) as well as the program 
developed by Morniroli (1989). 

Results 

Consider first the geometry of the Bravais lattice. 
Reflections in the zero layer of [0001] CBED patterns 
are arranged in a triangular net (Fig. 2). Although 
the first-order Laue zone (FOLZ) reflections are not 
visible in zone-axis patterns, experiments where the 
crystals are tilted off the c axis excite idential tri- 
angular nets of reflections in adjacent layers of the 
reciprocal lattice (Fig. 3). These nets are stacked 
directly above each other, consistent with a P-type 
hexagonal or trigonal lattice, and not in the ABC... 
sequence expected for a cubic or rhombohedral lat- 
tice aligned along (111). This identification of a P 
lattice is confirmed by the relative displacement of 
1/2a* observed between zero-order and first-order 
nets of reflections in (1120) patterns (Fig. 4). 

The projection symmetry of the zero-layer reflec- 
tions in [0001] CBED patterns shows a sixfold 
rotation, with a clear absence of mirror planes paral- 
lel to the c axis. No reflections are visible in the 
FOLZ, even when the specimen is cooled with liquid 
nitrogen, nor is any corresponding detail visible 
within the zero-layer discs. 

CBED aligned on a (1120) axis shows 2mm 
projection symmetry, where only weak intensity is 
visible within the 0001 (l odd) reflections (Fig. 5). 
However, examination of the FOLZ reflections 
around the (1120) axis showed that the whole pattern 
symmetry is reduced to a single mirror parallel to the 
(0001) basal plane (Fig. 4). 

Determination of  the space group 

The hexagonal and trigonal crystal classes include 
only three point groups which show sixfold projec- 

Fig. 3. CBED ZOLZ pattern of a human tooth-enamel crystal 
oriented along the [11~0] zone axis; 2ram symmetry is observed. 

Fig. 2. CBED ZOLZ pattern of a human tooth-enamel crystal 
oriented along the [0001] zone axis; sixfold symmetry with no 
mirror is observed. 

Fig. 4. CBED FOLZ pattern of a human tooth-enamel crystal 
viewed along the [1120] zone axis; m symmetry is observed. 
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tion symmetry with no mirror planes parallel to c; 
these are the 6, 6/m and 3 point groups. However, 
only the hexagonal point group, 6/m, includes the 
basal plane mirror observed in FOLZ reflections 
around (1120). 

There are only two possible space groups, P6/m 
and P63/m, consistent with point group 6/m. In 
principle, these two space groups are distinguished 
by the presence or absence of dark bars (Gjonnes- 
Moodie lines of absence; Gjonnes & Moodie, 1965) 
with reflections of the type 000l (l odd) that have no 
zero structure factor if a 63 screw axis is present. 
However, the contrast observed in these reflections 
(Fig. 5) is rather ambiguous, with no clear evidence 
that the intensity drops to zero along the line parallel 
to g through the centre of the discs. In these circum- 
stances, we can only infer that the ideal space group 
may be P63/m, but there exists some disorder on an 
atomic scale that reduces the symmetry imposed by 
the translation element in the 63 screw axis. 

Discussion 

Are human tooth-enamel crystals monoclinic or 
hexagonal? 

A structural phenomenon specific to hydroxy- 
apatite has been reported by Elliot, Mackie & Young 
(1973). These authors have shown that the X-ray 
diffraction patterns of hydroxyapatite crystals pre- 
pared from essentially stoichiometric chlorapatite 
single crystals heated in steam for two weeks exhibit 
extra reflections explicable on the basis of the P21/b 
space group for hydroxyapatite and by a series of 

Fig. 5. Higher-order Laue zones of a human tooth-enamel crystal 
oriented close to the [0001] zone axis. 

twin-related 120 ° rotations about the c axis. The 
specimen examined by these authors was approxi- 
mately 63% hexagonal and 37% monodinic,  with an 
even distribution in the monoclinic phase of all twin 
elements. The monoclinic cell with the P2]/b space 
group is related to the usual one for hydroxyapatite 
by a translation of b(hex)/2 as well as by doubling 
one of the hexagonal axes (b). 

A particular point of interest about a monoclinic 
form of hydroxyapatite arises from the reported 
bioelectric effect whereby crystal growth is influenced 
by . . . .  electric current or field (Basset, Pawluk & 
Becker, 1964), which is of course not possible in 
centrosymmetric hexagonal crystals. However, due 
to experimental difficulties three-dimensional struc- 
ture studies of crystals in calcified tissues have not 
yet been carried out. One problem encountered is the 
necessity of using probes smaller than a single mono- 
clinic domain, the other lies in the need for three- 
dimensional information. Because of the b/a ratio of 
the lattice parameters and the absence of reflections 
forbidden by the glide plane, P21/b monoclinic 
apatite crystals oriented along the [001] zone axis 
give zero-order Laue zone ~(ZOLZ) patterns with 
apparent sixfold symmetry, not differentiable from 
ZOLZ patterns for [0001] oriented P63/m hexagonal 

$ VS T E l i  H e x a g o n a  | 
Space 6 r o u p  : P 

- t 5  1 0 0 )  

a = 9 . 4 3 2  
b -- 9 . 4 3 2  
c = G . 8 8 t  
e = 9 0 . 0 0 0  
I I = 9 0 . 0 0 0  
r = t 2 0 . 0 0 0  
• = 0 . 0 0  

T h i c k n e s s  : 4 0  

( O) 

Convergence : 0 I0(-4 Rad. 

b = ' 1 0 7 0 . 0 0  
t 0 0 . 0 0  k U  

Fig. 6. Microdiffraction patterns calculated for a hydroxyapatite 
crystal tilted slightly away from the [0001] zone axis and along 
one of the mirrors. The numbers T,  '2' and '3' indicate, 
respectively, the ZOLZ, FOLZ and SOLZ (second-order Laue 
zone) patterns. 
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crystals in terms of geometry alone. The geometry of 
FOLZ reflections obtained from P21/b monoclinic 
apatite crystals oriented along the [001] zone axis is 
reduced to twofold due to the presence of reflections 
absent in the zero layer, whereas the FOLZ symme- 
try round [0001] for P63/m hydroxyapatite crystals 
remains sixfold (Fig. 6). However, when FOLZ pat- 
terns from all three twin elements described by 
Elliott et al. (1973) are sampled together, the com- 
bined pattern shows sixfold symmetry as observed 
for hexagonal hydroxyapatite crystals, but the scale 
is reduced by a factor of two due to the presence of 
extra reflections (Fig. 7). 

The combination of a small probe size (down to 
5 nm) with three-dimensional ZOLZ + FOLZ reflec- 

tions implies that CBED is well suited for the 
detection of monoclinic crystals in human calcified- 
tissue crystals. In this study, the visibility of the 
FOLZ reflections around [0001] oriented crystals is 
very poor and the geometry of successive layers in 
the reciprocal lattice is obtained by tilting the crys- 
tals a few degrees off from the [0001] zone axis (Fig. 
3). In these patterns, identical triangular nets of 
reflections are observed, consistent with the Bravais 
lattice of hexagonal hydroxyapatite and not the 
equivalent pattern of monoclinic hydroxyapatite 
shown in Fig. 7 or the hexagonal pattern produced 
by a 120 ° twinned crystal (Fig. 8). 

This seems to indicate that the crystals observed 
are not monoclinic but hexagonal. However, as 
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Fig. 7. ZOLZ and FOLZ microdiffraction patterns calculated for monoclinic and hexagonal hydroxyapatite crystals oriented along the 
[0001] zone axis. 
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stated by Elliott et al. (1973), only 37% of the 
crystals they observed were monoclinic, so more 
observations are still required before any possibility 
of a monoclinic structure in tooth-enamel crystals 
can be ruled out. 

The presence of  a weak intensity in the O001 (! odd) 
reflections 

The weak intensity observed in the 0001 (l odd) 
reflections could have several causes, most probably 
connected with disorder along the screw axis. The 
P63/m hydroxyapatite space group is valid at the 
macroscopic level for description of the average 
structure because of the equal probability for posi- 
tioning of the hydroxyl ions above or below the 
triangles formed by the Ca(2) atoms. This statistical 
averaging is most probably lost in the short range, as 
adjacent hydroxyl ions would then be too close to 
each other• The shifting of hydroxyl ions from one 
side to the other of the Ca(2) triangles is caused 
either by interstitial F -  ions, 0 2- ions or HzO 
molecules, or by the direct replacement of two 
hydroxyl ions by one CO~- ion accompanied by a 
space-group transformation from P63/m to Pb 
(Elliot, Bonel & Trombe, 1980)• 

The ion concentration necessary for this shifting 
varies from 15 to 16% in chlorapatite (Prener, 1967). 
Ionic vacancies along the (OH) column probably 
have a more important effect on the ionic disposition 
along this column, as a loss of 7% of the CI- ions 
from the chlorapatite structure accompanied by an 
equivalent loss of Ca :+ ions results in a transform- 
ation from a hexagonal to a monoclinic structure. 
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Fig. 8. FOLZ microdiffraction patterns calculated for a mono- 
clinic hydroxyapatite crystal with 120 ° twins and oriented along 
the [0001] zone axis. 

Given the probe size used (10-50 nm), it is unlikely 
that the variations in positioning of the hydroxyl 
ions would be observed or, more strictly speaking, 
that the proportion of hydroxyl ions above or below 
the Ca(2) triangle would differ, which would result in 
both a loss of the/m mirror plane and of the 63 sc rew 
axis. 

Concluding remarks 

In the present work, we have determined the space 
group of human tooth-enamel crystals, the first such 
determination for a biological crystal. The results 
obtained are consistent with the P63/m space group 
for hydroxyapatite. Although a small probe (5 nm) 
was used to exite the FOLZ reflections, no evidence 
was found for the presence of a monoclinic phase as 
described by Elliott et al. (1973). Probable disorder 
in the columns formed by the hydroxyl ions of the 
crystals may account for weak intensities in the 
otherwise forbidden 0001 (l odd) reflections and the 
poor visibility of FOLZ reflections in the CBED 
pattern of crystals oriented along the [0001] zone 
axis. 

E. F. Br6s would like to thank the Alexander von 
Humbolt Foundation for a Fellowship• 
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Abstract 

Diyttrium barium copper(II) pentoxide, Y2BaCuOs, 
Mr=458 .7 ,  orthorhombic, Pnma, a = 12.188 (2), b 
= 5.662 (2), c = 7.132 (2)/~, V=  492.17 (3) ,~3, Z = 
4, Dx = 6.19 Mg m-3,  a (Mo Ka) = 0.71069 ,~,, /1, = 
36.633 m m - I ,  F(000) = 812, T =  298 K, final R = 
0.059, wR = 0.028 for 2758 unique reflections. The 
structural parameters for the nonsuperconducting 
'green phase' YzBaCuOs were redetermined and the 
electron density compared with that for the high-To 
superconductor YBa2Cu3OT-6. The zip topography 
near Cu in Y2BaCuO5 resembles that near Cu2 in 
YBa2Cu3Ov_~, which has similar coordination. It 
differs markedly from that near Cul ,  which coordi- 
nates with disordered O atoms. The similarity of 
both coordination and electron density for the Cu 
atom in the green phase with those for Cu2 in the 
high-T,, compound is consistent with both atoms 
being in the + 2 oxidation state. 

Introduction 

A nonsuperconducting green phase with the com- 
position Y2BaCuO5 was first identified as a con- 
taminant in the high-temperature superconductor 
YBa2Cu307 8. A powder investigation by Michel & 
Raveau (1982) tentatively established the space 
group of Y2BaCuO5 to be Pbnm, which was con- 
firmed in single-crystal studies by Watkins, 
Fronczek, Wheelock, Goodrich, Hamilton & 
Johnson (1988) and by Sato & Nakada (1989). The 
atomic positions for the two earlier studies were 
concordant, but the Y1 and Y2 vibration amplitudes 
from the first are markedly smaller than those from 
the second. Because YzBaCuO5 is not affected by 
nonstoichiometry or disorder, its structural geometry 
and zip topography can be usefully compared with 
those of the Cu atoms in the high-T,, compound. A 
further objective for a more accurate study is to 
check the vibration amplitudes. 
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Table 1. Experimental and refinement data for 
Y2BaCuO5 

Scan type to/20 
Scan speed 6.51 '~ min-- 
Peak scan width (a + btan0) 1.64; 0.71 ° 
Maximum 20 10ft' 
Maximum variation in intensity of standards 1.3% 

± 600 ± 040 ± 004 
Number of reflections measured 22779 
Transmission range in absorption corrections 0.23; 0.36 
Rm~ (before and after absorption) 0.086; 0.071 
Number of  independent reflections 0 _< h _< 26, 2758 

0_<k<__ 12, 0___/<_ 15 
R 0.059 
wR 0.028 
S 1.66 (2) 
Maximum height in final difference Fourier map 7.6 (9) e/k 3 
Minimum height in final difference Fourier map - 6.6 (9) e ,~ 3 
Minimum extinction y 0.67 

With the assumption of the normal oxidation 
states of + 2 for Ba, + 3 for Y and - 2 for O, charge 
balance requires that Cu for YzBaCuO5 be in the + 2 
state. Nevertheless, its fivefold coordination closely 
resembles that of Cu2 in YBa2Cu307-~, frequently 
cited as having an oxidation number that approaches 
+ 3 as 6 decreases from 0.5. Some theoretical treat- 
ments relate the superconductivity of the high-T,. 
material to the Cu2-atom oxidation number. In that 
context the electron density near the Cu atom in the 
stoichiometric compound Y2BaCuO5 provides a 
reference standard. 

Buttner & Maslen (1992) have recently shown that 
Ap maps for the high-temperature superconductor 
YBa2Cu307-8 are related to the structural geometry. 
The Ap topography near the Cul atom adjacent to 
the O-atom defects is similar to that near atoms with 
elongated octahedral coordination in well defined 
+ 2 states such as Cu in KCuF3 (Buttner, Maslen & 
Spadaccini, 1990). On the other hand, the electron 
density near Cu2, which has fivefold coordination 
and is not affected directly by oxygen disorder, has 
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