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fiercely) for the vacuum cleavage operation. In addi-
tion to the variation in condensation rate, the form of
deposit in the neighbourhood of mosaic boundaries
may also vary, as shown in Fig.10. It must again be
emphasized that the crystallographic orientation in the
film of Fig.10 was very highly developed. The direct-
ions of the furrows appeared quite unrelated to the
directions of the deposit crystal axes.

Conclusion

By choice of suitable substrate, deposition temperature
and rate of deposition it has proved possible to grow
films of iron in single orientation. Potassium chloride
and potassium iodide are particularly suitable, at 330°C
and at a deposition rate of the order 300 A.min-!.
The structure of the iron deposit obtained depends
on whether or not the substrate has been exposed to
air. As has been previously observed, epitaxic growth
takes place on vacuum-cleaved surfaces at significantly
lower temperatures than for surfaces which have been
exposed to air. Whereas a temperature of 320°C is
required for complete orientation of iron on air-cleaved
potassium iodide, a temperature of 260°C suffices for
the vacuum-cleaved material. Deposition during the
act of cleaving the crystal ensures a minimum of inter-
ference from residual gas atoms and exposes the depo-
sit material more strongly to the substrate forces. In
contrast, however, to earlier work, a qualitative dif-
ference is observed in the decoration effects of the iron
nuclei compared with those obtained with gold. Al-
though generally similar decoration effects have been
observed as with gold, such decoration was obtained
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only on surfaces which had not been exposed to air.
Strong etch figures developed on air-exposed surfaces
under conditions for which no trace of etching was
observed on the vacuum-cleaved surface. Although
this suggests a powerful effect of the adsorbed air, or
probably water and carbon dioxide, on the surface, it
is not clear how the initial adsorbed layer can result in
etching to the very substantial depths observed.

The mobility of iron atoms on the potassium iodide
surface appears to be lower than that generally observ-
ed for silver and gold on halide surfaces, leading to
decoration patterns of somewhat higher resolution
than is possible with the noble metals.
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The Crystal Structure of High-Pressure UQO3*

By S.SIEGEL, H. HOEKSTRA AND E.SHERRY
Argonne National Laboratory, Argonne, Illinois, U.S.A.

(Received 21 May 1965)

The high pressure modification of uranium trioxide is orthorhombic with a=7-511+0-009, b= 5-466 +
0-008, and ¢=5-224+0-008 A. The unit cell contains four formula weights and the space group is
P2,2:2,. Each uranium atom is bonded to seven oxygen atoms leading to shared [UO9] configurations.
Two short bonds of 1-80 A and 1-85 A are nearly equal and collinear and are identified as uranyl
bonds. The five secondary bonds form a puckered pentagonal coordination about the uranyl groups.
The formula may thus be written as (UO)O. Bond distances vary considerably but are consistent with

published bond strength-bond length values.

Introduction
Six crystalline forms of UQ; and one amorphous mod-
ification are known. The high pressure type described
here is the seventh polymorph to be reported and was
produced at a pressure of 30 kilobars and a temper-
ature of 1100°C. Crystals suitable for structural studies
were prepared at pressure and temperature.

* Based on work performed under the auspices of the U.S.
Atomic Energy Commission.

Crystallographic data
The symmetry is orthorhombic with

a=17-511+0009 A
b=5-466 +0-008
¢=5-224 + 0-008
Dx . ray=8-85 g.cm™3
Dmeas. =862 g.cm3.
Z=4
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Reflections 400 with % odd are absent, 0kO with &
odd are absent, and 00/ with / odd are absent. This
leads to space group P2,2,2; with all atoms in general
positions x, y, z; 5 —x, j, 3 +z; 5 +x, 35—y, Z; X, 3+,
$—z.

Experimental

Mo K& radiation (A=0-71069 A) was used in the in-
vestigation, and for this wavelength the linear ab-
sorption coefficient is 925 cm~!. Crystals of rough
spherical shape produced by grinding were found to be
satisfactory for intensity measurements. The crystal
used in this study had an average diameter of 0-070 +
0-005 mm.

Data were obtained with a single-crystal orienter
mounted on an XRD-5 diffraction unit. Nearly the
entire sphere for reflections up to 20=>50° was invest-
igated and intensities were obtained with the use of
balanced filters. The reflections were maximized and
intensity values were taken as the difference in read-
ings for the two filters. A total of 1213 reflections was
recorded and averaged to give 247 values to be used in
a least-squares program. Absorption, Lorentz, and pol-
arization corrections were applied in the usual manner.

Determination of the structure

Uranium positions were determined simply by trial,
for the diffraction intensities arise primarily from the
uranium atoms. These positions were used in a least-
squares refinement in order to help establish an ab-
solute scale for the observed data as well as to obtain
better uranium coordinates. The refinement was based
on the Busing, Martin & Levy Fortran crystallographic
least-squares program.

The averaged observed Fpr; and Fyzr, and the cal-
culated structure factors for uranium, were corrected
for the effects of anomalous dispersion using the
method described by Zachariasen (1965). The f curves
for uranium and oxygen were taken from International
Tables for X-ray Crystallography (1962), while the
anomalous dispersion corrections of 4f"=—9-19 and
Af'" =909 electrons were obtained from recent values
given by Cromer (1965).

The least-squares refinement based on uranium pos-
itions alone led to a reliability index R of 0-081 with R=
Z||Fol — | Fel|[/Z|Fol. The uranium contribution was then
removed from Fons and a difference Fourier synthesis
prepared. Oxygen peaks appeared, and these coordin-
ates, with uranium positions, were used in a least-
squares refinement which gave an R index of 0-042
without weighting. However, elimination of five re-
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flections, 200, 201, 401, 011, and 321, which showed
poor agreement, reduced R to 0-034. The coordinates
obtained from the latter refinement are presented in
Table 1. Observed and calculated structure factors are
tabulated in Table 2.

Discussion of the structure

The structure is shown in Fig.1 as projected on the xz
plane.

Each uranium atom is bonded to seven oxygen atoms
leading to the identification of [UO;] groups. Each
oxygen atom within a group shares with two or three
uranium atoms to form an extended network of shared
oxygen atoms throughout the structure. Bond dis-
tances for the configuration are given in Table 3.

The four oxygen atoms O(1), O(1"""), O(3"""), O(2"),
and uranium U(1’) are nearly planar. A least-squares
plane through these atoms shows atomic displacements
ranging from 0-008 to 0-11 A along the normals. Atoms
0(3"), U(1"), 0(3), and O(2""), however, show only
negligible displacements along the normals from their
corresponding least-squares plane. The two planes
defined by these atoms make an angle of 86° with each

Table 2. Observed and calculated structure factors

hk£ IFo | |Fe| hkf |Fol |Fel nké |Fo| |Fe]
200 167 190 601 92 9k 502 77 74
400 50 4 01 42 39 602 160 167
600 144 14 01 €7 57 702 16 L1
800 149 152 011 199 221 802 122 129
10 98 111 171 183 012 47 L]
210 167 170 211 118 122 112 129 125
310 173 175 311 79 76 212 141 139
10 177 182 k11 57 52 312 145 146
510 126 125 511 89 89 412 149 152
é10 72 67 611 122 12k 512 101 101
10 15 12 711 115 115 612 86 88
10 45 Ly 811 108 111 12 47 &7
020 26 23 021 41 %0 12 55 55
120 200 210 121 121 119 022 30 zC
225 24 20 221 80 73 122 215 227
320 8¢ €0 321 216 229 222 89 86
i26 421 32 26 322 47 42
520 151 146 521 156 160 i22 85 84
620 6 19 621 18 W5 922 93 92
720 177 185 21 22 14 622 41 43
82¢ 17 3 21 22 21 722 133 137
130 9L 87 031 151 157 822 22 24
2320 121 109 131 173 17h 032 €2 59
330 179 175 231 87 83 132 105 97
430 120 125 331 &5, 62 232 102 98
230 128 127 531 47 Ly 332 143 147
€30 €0 L7 531 89 89 532 108 106
730 15 12 631 87 88 532 106 106
830 29 32 731 119 122 632 70 75
oko 243 218 0%1 2% 15 732 3 33
140 4 L] 141 49 ub ok2 163 159
240 135 130 241 148 148 142 L4 43
U0 14 341 44 40 242 114 111
L0 31 33 hu1 174 176 342 79 76
<40 25 19 541 37 34 542 36 32
540 120 119 641 73 73 542 62 60
THO 24 28 051 154 153 642 125 128
150 46 41 151 B4 3 052 30 25
250 119 117 251 90 91 152 75 3
120 90 85 351 46 43 252 103 104
45C 141 140 451 37 33 352 77 7%
550 69 65 551 57 51 452 116 118
060 38 42 061 28 27 552 59 59
160 122 124 161 63 64 062 40 43
260 29 31 261 43 46 162 119 124
360 40 41 361 129 133 262 52 54
101 70 64 002 203 214 103 131 130
201 19 212 102 45 4 203 150 146
301 It n2 202 160 157 03 L6 L4
201 213 238 302 109 105 403 15 154
501 32 28 402 51 3¢ 503 T4 70

Table 1. Position parameters and temperature factors

Atom x y z B

U 0-06991 +0-00013 0-13289+0-00018 0-03502 +0-00018 0-40 A2
o(l) 0-4947 +0-0026 0-1263 +0-0040 0-3284 +0-0035 1-12
0(2) 0-1604 +0-0028 0-3872 +0-0045 0-2124 +0-0042 1-45
0(3) 0:6735 +0-0024 0-6176 +0-0040 0:6654 +0-0037 0-73
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Table 2 (cont.)

hke IFol (BEY) |Fei
603 72 69 12
702 97 99 115
m3 138 135 11
113 122 12¢ 35
213 131 13 131
313 99 9 37
§13 80 78 €3
31 9§ 120
613 3 a8 73
713 82 85 91
023 147 156 87
123 75 1 7
223 8e 1 1
323 160 150 99
423 34 31 57
823 115 118 2
823 83 85 112
723 17 10 0
033 93 89 9
133 120 117 248
233 110 108 &4
333 73 68 ST
433 84 85 70
533 85 83 T
633 73 7 <3
083 2% 22 73
143 99 98 79
243 109 159 107
343 4 50 99
i3 12t lle 79
533 38 38 149
053 103 158 ga
153 <3 5
253 83 86 68
353 7 7 31
00k 137 130 17
o4 4 70 66
204 3 79 83
304 143 144 78
404 31 26 25
504 109 108 49
6oy 92 90 67
014 131 128 26
114 100 93
214 106 103 100
314 88 85
u1g 83 81
21 95 90
E14 67 89

other. The U(1")-O(3"") bond direction is nearly normal
to the plane of four oxygen atoms, the various bond
angles being specified in Table 3.

Bonds U(1)-O(1)=1-85 A, and U(1)-0(2")=1-80A
form a bond angle near 180° as do bonds U(1")-O(1""")
=2:38 A and U(1)-O(3""")=2-22 A. The deviations of
the bond angles from 180° amount to about 9°. The
two short bonds are essentially equal in length and
collinear within experimental error and can be con-
sidered as uranyl bonds but with lengths slightly longer
than observed for a pure uranyl configuration. The
remaining five secondary bonds then form a puckered
pentagonal configuration about the uranyl group. The
formula for the compound may thus be written as
(UO,)O0.

The first instance of a fivefold coordination about the
uranyl group was reported by Zachariasen (1954) for
K;UOQ,F;, with fluorine atoms forming a nearly plane
pentagon. Evans (1963), in a discussion of uranyl ion

THE CRYSTAL STRUCTURE OF HIGH-PRESSURE UO;

coordination, considers the pentagonal configuration
to be geometrically stable and has indicated the role
that the pentagonal coordination may have in explain-
ing the crystallography of uranyl hydroxides.

The structure is characterized by a wide range of
uranium-oxygen bond lengths, ranging from 1-80 to
2-56 A. The latter value is quite large; however, bond
length values up to 2:49 A are known for uranyl com-
positions. All oxygen—oxygen distances are normal, and
uranium-uranium distances vary from 3-690 + 0-005 to
4-279 +0-005 A.

Each O(3) atom is bonded to three uranium atoms.
On the basis of the bond strength-bond length curve
published by Zachariasen & Plettinger (1959) for Us+
compositions, this bond strength value of 4 should cor-
respond to a bond length of 2:28 A. The actual ob-
served bond lengths are 2-22, 2-20 and 2-38 A. How-
ever, if the bond strengths corresponding to the ob-
served bond distances are taken from the published
bond strength curve, the total bond strength for the

Fig.1. Structure of UOj3 projected on xz plane.

Table 3. Interatomic distances and bond angles

U1)-0(1) 1-85+0-02 A
U(1)-0(2%) 1-80 + 0-02
U(1)-0(1""") 2-38 +0-02
U(1)-0(3""") 222 +0:02
U(1)-0(3") 2:20+0-02
U@")-0Q3) 2:38+0-02
U(1)-0(2") 2:56+0-02
O(1)-0(Q1""") 2:85+0-02
0(2)-0(3"") 2:83+0-04
0(2")-0(3) 2:78 +£0-03
0(2)-0(3"") 276 +0-03
0(2")-0(3""") 2:5240-03
0(2')»-0(3) 2:52+0-03
0(1)-0(2") 2:70+0-03

0(1")-0(3) 2874003 A
O(1")-0(3") 298 +0-03
O(1)-0(3") 2:76 £0-03
0(3")-0(3") 3-10+0-03
O(1)-0(3"") 2:93+0-03
0(1")-0(2") 3:09+0-03

<0(1)-U(1")-0(1""") 84 +02°
<0(2)-U(1)-0(3"") 889 =+1
<0(2")-U(1)-0(3) 685 +0-8
<0(1)-U(1)-0(3") 855 +0-8
<0(1")-U1)-0(3") 813 09
<0(3")-U(1N-0(3") 90 =*10
<0@2)-U(1)-0(3") 86:8 +1-0
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0O(3)-3(U) bond is 2:06. In a similar manner, we find
a total bond strength of 1-95 for O(1)-2U and 1-80 for
O(2)-2U. For the uranium atom, bond distances vary
from 1-80 A to 2:56 A, but the total bond strength be-
comes 5:83 for U-7(0).

The deviations of the total bond strengths from the
valences 2 and 6 are probably not significant because
of the errors in the coordinate positions. However, it
is observed that a number of U-O ‘interactions’ as low
as 32 A are found, and these may contribute to the
total bond strength. The accuracy of intensity meas-
urement is not sufficiently high to establish this point.

Acta Cryst. (1966). 20, 295

The temperature factor for O(3) is substantially
lower than for the remaining oxygen atoms. This seems
reasonable, for the O(3) atom forms three uranium
bonds.
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The Crystal Structure of Calcium Beryllate, Ca;2Bei7 02 *

By L.A.HARRIS AND H.L. YAKEL

Metals and Ceramics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, U.S.A.

(Received 11 May 1965)

Calcium beryllate crystallizes in the cubic system with ao=14-023 +0-005 A. Its crystal structure has
been determined by standard three-dimensional Patterson and difference Fourier methods. Refinement
of the structure in the acentric space group F43m by iterative structure-factor least-squares calculations
gave a final error index R=0-066. The ideal composition of the compound was found to be Ca;2Be17029
(4 formula weights per unit cell) as a result of this analysis.

The structure is described as composed of rods of close atom packing running parallel to {110)
crystal directions and intersecting at 4(b) sites of F43m. As the rods diverge from the 4(b) sites, large
(54 A free diameter) holes are left centered at 4(a) positions,

Two types of calcium-oxygen coordination are found; one has eight oxygen atoms in the form of a
rectangular prism about a calcium atom while the other is a sixfold grouping similar to that reported
in cubic rare-earth oxides. Of the 68 beryllium atoms per unit cell, twenty have nearly normal tetrahedral
oxygen atom coordinations. Thirty-two beryllium atoms have three close and one long oxygen atom

contact; the remaining sixteen have an unusual trigonal oxygen atom coordination.

Introduction

The formation of a compound near 60 mole %, BeO
in the binary system BeO-CaO was first reported by
Ader & Bingle (1956), but a later study of the phase
equilibria in this system by Potter & Harris (1962) sug-
gested that the compound might be metastable. The
growth of single crystals of calcium beryllate permitted
Harris, Potter & Yakel (1962) to determine preliminary
crystallographic data for the material.

The purpose of this paper is to present results of an
X-ray crystal structure analysis of calcium beryllate.

Experimental

Single crystals of calcium beryllate were obtained by
melting in air a powdered mixture of 60 mole %, BeO,
40 mole ¢; CaO on the platinum strip of a resistance
furnace, and then quenching. The quenched product

* Research sponsored by the U.S. Atomic Energy Commis-
sion under contract with the Union Carbide Corporation,

readily yielded water-clear optically isotropic frag-
ments which were found to be single crystals in most
cases. A typical crystal had the general form of an
elongated plate with a {110} type plane parallel to the
plate face and with a direction between a (110)-type
and a ({111)-type direction parallel to the elongated
crystal axis.

The diffraction symbol m3mF ..., which embraces
space groups F432, F43m, and Fm3m, was indicated by
diffraction data obtained from rotation, Weissenberg,
and precession photographs (Cu Ka radiation, A=
1-54178 A) as well as selected intensity measurements
of reflection pairs of the type #k0, khO and hkl, hik.
An X-ray density of 2:64+0-01 (g.cm—3) was com-
puted on the basis of 4 formula weights of Ca;;Be;;05
per cell — the composition suggested by the results of
the structure analysis to be described. The lattice par-
ameter was determined from high-angle reflections on
a calibrated zero layer Cu Kx Weissenberg film about
a [110] lattice direction.

Initial intensity data were collected from a plate-
shaped crystal having dimensions 0-039 x 0-057 x 0-200



