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Chrysoberyl, AlsBeOr, is isomorphous with olivine; the space group is Pnma, ortho-

rhombic, with a :g.404,b:5.476andc:4.427 A. The otygen positions approximate hexag-

onal close-packing with aluminum cations occupying octahedral interstices and beryllium

in tetrahedral sites. Accurate atomic coordinates were obtained by least-squares analysis

of three-dimensional r,ray diffraction data. Both the octahedra and tetrahedra are dis-

torted, showing significant deviations from their mean bond lengths: Al-O 1.91 A and

Be-O l.ff A.

The mineral chrysoberyl is a hard, dense gemstone with interesting

optical properties. The color of yellow chrysoberyl, a relatively common

mineral, is due to iron substitution. Alexandrite, the chromium-bearing

variety, is extremely rare and highly prized as a gemstone because of its

unique coloring. It is green by daylight and red under ordinary in-

candescent illumination; it is also strongly pleochroic. These properties,

together with the hardness and chemical stability of the AlzBeOr host

lattice, recommend the crystal as a promising solid-state maser material.

The magnetic properties and crystal field absorption spectra of (Al,Cr)z

BeOr and (Al,Fe)2BeOa or€ curr€ntly under investigation (Santoro and

Newnham, 1962), and wil l be reported elsewhere. Refinement of the

crystal structure has been undertaken to assist in the interpretation of

these data.
Single crystals of undoped chrysoberyl up to 4.0X1.5X0.5 mm3 have

been grown by a flux melt method. Using a seed crystal of the natural

mineral, an oriented overgrowth of 10'0X5.0X0.5 mm3 was obtained

by the same technique. These results were achieved with a PbO-PbFz

flux in 1:1 molar ratio, a soak time of 4 hours at 1250o C., and a cooling

rate of 12.5' C./hour. The experiments were carried out in a 50-ml

platinum crucible using a Globar furnace and a saturable reactor con-

troller. Efforts to obtain chromium-doped chrysoberyl by the same

method were unsuccessful because of the preferential crystallization of

lead chromate. other firing conditions and fluxes proved less satisfactory.

Small AlzBeO4 crystals were obtained in PbO but the flux evaporation

rate was excessive. NazCOa failed to dissolve either BeO or AIzOa. The

results with boric acid and calcium carbonate were also disappointing,

although previous work (Palache et al., 1944) indicates that both

seed-pull ing and doping should be possible with a HgBOr*CaCOs flux'

1 Sponsored by the U. S. Air Force, Aeronautical Systems Division, under Contract

AF 33 (616)-8353.
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Frc. 1. The refined chrysoberyl structure projected on (001). Heights
of the atoms are erpressed in cell fractions.

Chrysoberyl is a hexagonal close-packed analog to the cubic close-
packed spinel structure. Its structure is isomorphous with olivine,
(Mg,Fe)rSiO+, and is illustrated in Fig. 1. The oxygens form a distorted
hexagonal close-packed array in which one eighth of the tetrahedral
interstices are occupied by beryllium, and half the octrahedral sites are
filled by aluminum. Bragg and Brown (1926) first analyzed the chryso-
beryl structurel the space group is Pnma, orthorhombic, with four
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(r) Three dimensional data, B's constant
(d) Three dimensional data, B's varied
(e) Standard deviation for (d)
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molecuies per unit celi. The lattice parameters, redetermined at NBS,
(Swanson et  a l . ,  1960) are a:9.404,  b:5.476,  and d:4.427 A.  The

aluminum ions are aII octahedraily coordinated but occupy sites of

two different symmetries. Al1 occupies a set of inversion centers at
(0 ,  0 ,  0 ;  0 ,  1 ,  0 ;  i ,  0 ,  i ;  + ,  + ,  + ) ,wh i l e  t he  A l r r  s i t es  a t * ( x ,  t ,  " ;  i l * , L
j-z) possess mirror symmetry. Be, 01, and Ov1 also l ie on mirror plane

si tes.  Orrr  is  located in  general  posi t ion at  * (x ,  y ,  z ;  | lx ,  L-y,  * - " ;
x ,  L-y,  z ;  ++x,  y ,  t - t ) .Table 1 l is ts  the coordinates proposed by

Bragg and Brown; these were used in the init ial stages of the structure

refinement.
The intensities of approximately 900 reflections were used to determine

accurate values of the eleven atomic coordinates. Zero-layet intensity

data were collected about the [010]-, [001]-, and [011]-zone axes using a

Weissenberg camera and MoKa radiation. The first and second layers

about [010] were also recorded. Intensities were estirnated visually by

comparison with a calibrated scale. Pure AI2BeOa crystals were used;
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tirey are about 0.2 mm on edge and were grown from the pbo_pbF,
flux. The small size of the crystals made absorption corrections unneces-
sary.

Least-squares analysis oI the x-ray data was carried out at the M.r.T.
Computation Center using the Busing-Levy OR FLS program. Lorentz_
polarization corrections were applied to the observed intensities from
the five layers: hk0, hkk, h0l, hll, and h2l. An approximately uniform
intensity scale as obtained by comparing reflections common to two or
more layers. Separate scale factors for the five sets of data were included
as variables in the early stages of refinement. The scattering factors of
Berghuis et al'. (7955), slightly modified ior so/6 ionization, riere used in
the calculations, and approximate temperature factors were chosen by
plotting ln (F,/F") against sin2 0f\2.

Four further cycles were performed holding the scale factors fixed and
ailowing the coordinates and temperature factors to vary. The effect of
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extinction was empirically tested by omitting a group of intense reflec-

tions in the final two least-squares cycles' The changes in atomic co-

ordinates were less than the standard deviations, averaging only 0'0016 A'

Co lumndo fTab le l l i s t s the f i na l coo rd ina tesand tempera tu repa ram-
e te rs ; t heseva lueswereused inca l cu la t i ng theS t ruc tu re fac to rsand the
interatomic distances in Table 2. The structure factorsl give an R factor

o f0 .18w i tha l l r e f l ec t i ons inc luded ,and0 ' l 5om i t t i ng thosebe low theob -
servational l imit. The latter were not included in the least-squares analy-

sis. A correlation matrix evaluated after the final cycle showed two inter-

action coemcients with magnitudes in excess of 0.1. The tr coordinates of

1 A table of structure factors is available upon request from the authors'
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Be and 01 are negatively correlated (-0.27), as noted previously, and the
temperature factors of Be and Oy possess a similar interaction ol -0.22.

Both values are small compared with the interaction coefficients found in
grossularite garnet and tetragonal BaTiOr (Geller, 1961). The cross corre-
lations between temperature factors and atomic coordinates in chryso-
beryl were negligible.

Standard deviations of the final coordinates are l isted in Table 1,
column e. The last recorded changes in the parameters (column f) arc
smaller than the standard deviations, showing that the refinement has
converged satisfactorily. When multiplied by the appropriate lattice
parameter and averaged over direction and atoms of the same element,
the standard deviations are o(Al) 0.0015, o(Be) 0.0061, and o(O) 0.0025
A. Th... values give a rough estimate of the accuracy but are probably
somewhat optimistic since the efiect of systematic errors is not included.

The refined temperature factors in column d,, Table 1, are very small,
ranging from 0.06 to 0.23 A'. For comparison, the room-temperature
value for diamond is near 0.20 A, (Gottl icher and W<ilfel, 1959). Chryso-
beryl is very hard (8.5 on Mohs' scale), but the B values seem unreason-
ably low. Much of the discrepancy is due to extinction, as mentioned
earlier.

Some of the important interatomic distances are l isted in Table 2, along
with their standard deviations and arithmetic means. Differences in bond
lengths greater than 2.3o are probably significant. The average Al-O
Iength oI 1.914 A is almost identical with the value of 1.915 observed in
corundum, a-AlzOr (Newnham and deHaan , 1962). One feature of inter-
est is the fact that the Alrr octahedron is appreciably larger than that of
Alr. Fe or Cr substituted for AI might therefore prefer one site to the
other. Difierences in the crystal f ields are also to be expected, thus influ-
encing the optical absorption spectra.

Another surprising feature is the irregularity of the BeOn tetrahedron:
the Be-O distances range from 1.58 to 1.69 with a mean value of l.$2 f\.
The average Be-O distance in beryll ium oxide is 1.649 A (Smith et al.,
1962). The deviations from ideal close-packing in the chrysoberyl struc-
ture (see Fig. 1) are explicable in terms of cation-cation coulomb repul-
sion. Without exception the equilibrium cation positions are shifted
away from their nearest cation neighbors. The oxygen-oxygen distances
fall into two well-defined groups: shared edges 2.51-2.55 A in length,
and unshared edges, 2.74 A or greater.

The good agreement between observed and calculated structure factors
precludes any extensive disorder among the octahedral and tetrahedral
cations, as observed in the spinel family. There is, however, some uncer-
tainty regarding the disposition of beryilium because of its small scatter-
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ing factor. Confirmation of the Be coordinates must await the results
of a neutron-diffraction analysis of isomorphous CrzBe04, presently
under way.
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