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The atomic parameters of the quartz form of germanium dioxide have been determined at room 
temperature from diffractometrically measured intensities with Me Ka radiation. Initial values of 
the parameters were obtained by Fourier techniques, and the anisotropic refinement was carried 
out by least-squares analysis to the unusually low R value of 1.9 %. The two independent Ge-O bond 
lengths are 1.737 ± 0.003 and 1.741 ± 0.002 _~; the independent O-Ge-O bond angles are 106.3 _ 0-1 ; 
107.7 ±0-2, 110-4___0.1 and 113.1 ±0.1 °. The irregularity in the Gee 4 tetrahedron is thus clearly 
attributable to distortions in the bond angles. The Ge-O-Ge bond anglo of 130-1 _ 0-1 o is significantly 
smaller than the corresponding angle in SiO~. Analysis of the thermal ellipsoid data indicates that 
the vibration of germanium is very nearly isotropic; that of oxygen definitely anisotropic. The 
maximum r.m.s, displacement of oxygen is, as in SiO~, perpendicular to the plane defined by the 
given oxygen and the two germanium atoms which it links. 

Introduct ion 

Germanium dioxide exhibits an interesting and com- 
parat ively rare type of polymorphism in having two 
room-temperature:persistent forms of differing anion 
coordination about the central cation. One modifica- 
tion is of the a-quartz type (Zaehariasen, 1928) and 
thus has 4:2 coordination; the other form, of the 
futi le type (Laubengayer & Morton, 1932), accord- 
ingly has 6:3 coordination. These latter investigators 
have shown quartz-like GeOe to be actually the stable 
high-temperature phase. However, the transformation 
in the absence of hydrothermal conditions is quite 
sluggish. In  contrast with the relative ease of prepara- 
tion of these forms of GeOe, the rutile modification 
of silicon dioxide, stishovite, is formed under condi- 
tions of extremely high pressure (Stishov & Popova, 
1961). I t  should be pointed out, however, that  the 
cation/anion radius ratio for GeOe is exceedingly close 
(Pauling, 1960) to the limiting value of 0.414 for the 
transition from tetrahedral to octahedral coordina- 
tion, but this is not the case for Si02. 

A previous analysis (Smith, 1963) of AXe quartz- 
like compounds set forth the conditions imposed on 
the unit-cell dimensions if the AX4 tetrahedra be 
strictly regular. One of the results was that  the 
axial ratio is then required to be less than 1.0981 
(=~(V3-1)) in the a phase and equal to 1.0981 ia 
the fl phase, the latter value thus being a fixed number, 
independent of temperature. Published values of the 
lattice constants indicated that  at room temperature 
the GeO4 tetrahedra are considerably more irregular 
than the Si04 tetrahedra. However, the analysis does 
not of itself distinguish between an irregularity caused 
by unequal bond distances, unequal X - A - X  bond 
angles or a combination of both. Accordingly this 
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point is now settled by the structure determination 
herewith reported. 

E x p e r i m e n t a l  

Our sample of (synthetic) germania quartz, kindly 
supplied by Drs F. Dachille and R. Roy of Pennsyl- 
vania State University, consisted of mostly small 
(_< 0-10 mm), irregularly shaped crystals, otherwise 
colorless and free of adhering material. Single-crystal 
oscillation and Weissenberg photographs confirmed 
the trigonal symmetry and led to lattice constants in 
excellent agreement with the powder-diagram values, 
a=4.987 and c=5.652 A, reported by Swanson & 
Tatge (1953). These latter values were in fact used 
in the succeeding computations. 

The intensi ty measurements were carried out at 
room temperature on a G.E. XRD5 spectrometer 
equipped with a goniostat, scintillation counter and 
pulse-height discrimination circuitry; the radiation 
employed was niobium-filtered Me Ka. Several crys- 
tals were tested on this arrangement before one 
(an irregularly shaped chip ~ 0.11 × 0-09 × 0-08 mm) 
was found which yielded an altogether satisfactory 
agreement among the intensities of equivalent re- 
flections. In fact, with this crystal 9 of 10 pairs of 
equivalent reflections of the type hkO and khO gave 
IFo]'S which on the average deviate from the pair- 
average by 0.6%; only the rather weak reflections 
340 and 430 gave an exceptional deviation (2.7%) 
from their mean. 

The only other thing of an unusual nature in 
measuring the intensities was that  the It~Iv curve 
(Alexander & Smith, 1962) was found to have a 
Z dependence throughout the 20 range of interest. 
An examination of the instantaneous diffraction 
images by means of the combination photographic 
and counter technique of Alexander, Smith & Brown 
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(1963) revealed that  the crystal was split into two 
components, each of which was nearly perfect 
('mosaic spread' _< 0-05 °, the precision of the method) 
and one misoriented with respect to the other by 

0-07 ° in co. The intensities were therefore measured 
almost exclusively by the 20-scan method, the 
exceptions being a few of the very faint reflections 
which were measured as net peak heights and then 
converted to integrated intensities by means of an 
experimental I~/Ip curve appropriate to the particular 
Z and 20. A total of 194 reflections, of which 193 were 
distinctly above background, were recorded up to a 
20 cutoff of ---68 °. These were converted to a set of 
relative ]Fo]'S by the application of Lorentz and 
polarization factors. Probable errors in the IFol'S 
were estimated directly from the recorded counts in 
a manner previously described (Smith & Alexander, 
1963). At a later stage the absorption corrections 
(4nternational Tables for X-ray Crystallography, 1962) 
appropriate for a spherical crystal of #R= 1.1 were 
applied. 

Determinat ion  of the s t ruc ture  

Of the two enantiomorphous space groups compatible 
with the diffraction effects we have chosen to describe 
the structure in terms of P3~21 (instead of P3121), 
and in order to facilitate a ready comparison with 
the results for a quartz, we employ the convention 
of Wyckoff (1948) that  a crystallographic twofold 
axis coincides with the a axis of the trigonal unit cell. 
The one independent oxygen is in a general position 
and the independent germanium atom thus occupies 
the special position, x, 0, 0. Including a scale factor 
and anisotropic temperature factors, a total of 15 
parameters are to be determined from the 194 
measured reflections. 

Preliminary values for all four positional coordinates 
were obtained from Patterson and electron-density 
projections onto a plane perpendicular to the twofold 
axis. This projection shows the structure with good 
resolution and is centrosymmetric, although the 
structure as a whole is not. Several cycles of difference 
syntheses provided improved values for the coor- 
dinates as well as isotropie temperature factors for 
each atom. 

Final refinement was carried out on our entire data 
using the least-squares program of Busing & Levy 

(1959) and employing a weighting scheme based on. 
the aforementioned probable errors in the observed 
structure factors. The scattering factors were those 
given in International Tables for X-ray Crystallography 
(1962) for the neutral atoms. Three cycles of least 
squares on data uncorrected for absorption produced 
convergence and reduced the overall R value based 
on IF[ from 6.9% to 2-0%. Inasmuch as the absorption 
correction factors for a spherical crystal cause a 
maximum variation of about 7% (in ]F[) for the 
range of 20 encountered, it was decided to apply 
these corrections and to then repeat the refinement, 
lest a systematic trend be introduced into our results. 
Two further cycles on the corrected data produced 
negligible changes in the positional coordinates and 
lowered the R value only to 1.9%. The standard 
deviations, however, were nearly uniformly 11% 
lower than their values for the uncorrected data; 
furthermore, the 'error of fit '  figure decreased from 
1.71 to 1.47, a reduction of 16%. I t  is clear then 
that  the absorption corrections allow a substantially 
better 'fit ' between observed and calculated ]F['s, 
although for some reflections these corrective factors 
may still not be entirely satisfactory for the actual 
crystal. The parameters from the last cycle on the 
absorption-corrected data were therefore accepted as 
final and are listed in Table 1. 

The overall excellent agreement between the 
observed and calculated structure factors in Table 2 
precludes a substantial amount of either primary 
extinction or Dauphin@ twinning, which on the basis 
of behavior of both synthetic and natural quartz 
crystals might also have been expected in the GeO9 
crystal used here. [For further details concerning the 
frequent effects of marked primary extinction in 
quartz, the reader is referred to Brill, Hermann & 
Peters (1949, 1942) and to Young & Post (1962) 
(hereafter designated YP); for Dauphin~ twinning, 
Smith & Alexander (1963) (hereafter designated SA).] 
To be sure, the presence of some amount of extinction 
is indicated in three of the most intense reflections, 
011, 003 and 102, but short of reducing the R value 
to 1.6% no significant changes in the structural 
parameters are to be expected on this account. 
On the other hand, the 1-6% value is perhaps a truer 
measure of the excellence of our intensity measure- 
ments. 

Table 1. Final values of the parameters from least-squares refinement on absorption-corrected 

x y 

O 0 .3969 0.3021 
(0.0005) (0.0005) 

Ge 0.4513 0 
(o.oool) 

intensity data. 
E s t i m a t e d  s t a n d a r d  d e v i a t i o n s  in p a r e n t h e s e s  

0 .0909 0.0192 0-0142 0.0083 0.0118 
(0.0004) (0.0011) (0.0010) (0.0005) (0.0010) 

0 0 .0076 0.0067 0.0042 = ~29./2 
- -  (0.0002) (0 .0002)  (0.0001) - -  

13 #23 
--  0 .0037 --  0 .0034 

(0.0007) (0.0006) 

- -  0 . 0 0 0 1 1  - -  2 ~  a 

( 0 . 0 0 0 o 5 )  

A C 17 - -  55 
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Table 2. Observed and calculated structure factors. 
Calculated values, based on F000= 288, are scaled to the observed values by the factor K =  1.594-+ 0.006 

t ~ ZOlrol 1o ~1,:1 . ~ k ~ 1O1~ol ~o ~1~¢1 ~ k ~ lO1~ol lO ~1~¢1 h ~ ~ zOl~ol lO ~lr~l h ~ ~ ~Ol,ol lO ~1~=1 h k ~ lOlFol 10 ~1~¢1 

0 0  3 1867 20~5 O 5 
O O 6 959 970 0 5 
O O 9 7~5 756 0 5 
O I i 23o~ 2~78 o 6 
o 1 2 195 220 0 6 
o 1 3 857 84o i o 
o i ~ i~51 1236 1 0 
0 1 5 787 795 i 0 
o I 6 323 318 1 o 
o I ? 775 78h i o 
o i 8 558 555 l o 
o 2 i 615 604 1 o 
0 2 2 1031 1011 I 0 
o z 3 Z~T/ 1382 1 o 
o 2 ~ 139 129 :L 1 
o 2 5 729 716 1 1 
o 2 6 io~ 1o51 i I 
0 2 7 289 291 i i 
o 3 1 2139 2202 1 1 
o 3 z 256 2~8 1 1 
o 3 3 71 67 1 1 
o 3 4 ~9~ ~-93 1 1 
o 3 5 197 19~ 1 1 
o 3 6 15o 1159 1 2 
o 3 7 703 718 1 2 
o 15 z 3151 3~6 1 2 
o 15 2 1039 10~O 1 2 
o ~ 3 503 500 1 2 
ob,  15 ~ 465 z 2  
045 689 693 1 2  
0 ~ 6 593 593 Z 2 
o 5 1  88~ 9ce 1 3  
052 L~ 1~5 1 3  

3 320 31k 1 3 2 946 9k9 2 2 0 lOiS 995 3 i ~ 559 555 ~ 2 0 504 500 
4 796 802 1 3 3 1075 1083 2 2 i 89~ 916 3 1 5 372 561 2 2 1 885 907 
5 96 77 i 3 15 387 381 2 2 2 671 6715 3 1 6 672 677 15 2 2 351 562 
1 153 315 1 3 5 710 702 2 2 3 9159 9 ~l~ 3 2 0 513 505 2 2 3 311 306 
2 881 892 1 3 6 6% 653 2 2 15 781 755 3 2 1 l~h 22o h 2 2 655 666 
o 971 953 z 15 o 693 686 2 2 5 621 621 3 2 2 989 99~ h 5 0 216 196 
Z ].281, 1309 i 15 1 587 561 2 2 6 673 671 3 2 3 171 167 h 3 1 z~B9 15~ 
2 1770 1890 1 15 2 (~7 683 2 3 0 509 505 3 2 15 a55 ~8 2 3 2 636 646 
3 ~ 397 1 15 3 737 733 2 3 1 1232 2217 3 2 5 833 8h8 2 3 3 271 266 
15 130~ 1324 1 15 15 ~ 477 2 3 2 361 350 3 2 6 155 153 15 15 0 298 276 
5 Zl08 l l Z9  1 15 5 606 601 2 3 3 155Z 23Z 3 3 0 i198 1186 5 0 0 21~ 243 
6 377 369 l 5 0 841 852 2 3 4 i056 1053 3 3 1 136 125 5 0 1 ~09 210 
7 211 412 1 5 I 355 355 2 3 5 347 336 3 3 2 67 ~ 5 Q 2 lO56 lO79 
8 698 709 1 5 2 377 381~ 2 3 6 130 120 3 3 3 935 9~ 2 5 0 3 337 3315 
0 13/2. 12.53 1 5 3 789 8(~ 2 2 0 511 500 3 3 ~ 226 218 5 0 h 270 268 
1 1125 1112 i 6 0 328 3157 2 15 z 519 508 3 ~ 0 205 196 5 0  5 799 818 
2 1319 13O7 l 6 1 6oh 625 2 4 2 8h0 82~ 3 4 1 631 620 5 1 o 831 852 
3 1049 1o38 2 o o 1928 1948 2 15 3 3315 327 3 4 2 367 378 5 1 1 I~ 5 hl2 
15 1028 i0~2 2 0 1 31,8 370 2 15 2 ~ 1572 3 h "3 279 279 5 I 2 153h ~-6 
5 915h 9~5 2 0 2 1~9 10315 2 5 0 388 1509 3 5 o 586 582 5 i 5 7o~ 697 
6 707 716 2 0 3 1798 1871 2 5 1 5h5 551 2 0 0 65h 656 5 2 0 39 ~ ~09 
7 653 6% 2 0 15 569 560 3 0 0 0 62 4 0 1 ii~ 1215 5 2 1 369 377 
8 1554 1555 2 0 5 299 297 3 0 1 121 if5 15 0 2 3155 350 5 3 0 578 582 
0 678 665 2 0 6 9615 970 3 0 2 1804 1852 4 0 3 935 9~7 6 0 0 62 62 
1 936 918 2 0 7 1591 1595 ~ 0 3 19k 1915 15 0 15 832 829 6 0 1 862 87k 
2 i686 1731 2 i 0 679 665 3 0 15 98 9~ 15 0 5 398 405 6 0 2 56 68 
3 15515 ~51 2 1 1 1622 1627 3 0 5 9h3 958 2 0 6 527 530 6 1 0 3~0 3~7 
4 ~hl I~1 2 1 2 509 15915 3 0 6 135 l~O 15 i 0 691 686 6 1 l 278 286 
5 1065 1051 2 1 3 1019 lOZ5 ~ 0 7 1~4 160 15 I I 8115 830 7 o o ~79 ~78 
6 565 56Z 2 i 15 1150 1133 3 1 0 Z1500 l~lO 15 1 2 613 603 
7 189 18o 2 1 5 235 237 3 1 1 505 5o3 15 1 3 569 %3 
o 14o6 1~io 2 1 6 5oo h91 3 1 e 523 532 15 I 15 713 ~'2~ 
l 505 507 2 1 7 763 769 3 1 3 1085 1065 15 1 5 I~7 h62 

Discuss ion  

The general character of the atomic arrangement in 
quartz-like Ge02 is most easily visualized by reference 
to Fig. 1. Every Ge atom lies on a crystallographic 
twofold axis and is surrounded by four 0 in tetrahedral 
coordination; each 0 thereof is shared between two 

b 

O "  

O t', 

o @ G e '  

Fig. 1. Atomic  arrangement in quartz-like GeO 2 viewed along 
the c axis. The oxygen tetrahedra are outlined with solid 
lines. 

germanium atoms, a three-dimensional framework 
thus being formed. In addition to the two Ge atoms, 
each O is contact with six oxygen atoms of the linked- 
tetrahedra system. 

Table 3 summarizes the bond data. It is seen that 
the values for the two independent Ge-O bond lengths, 
1.737_+0.003 and 1.741_+0.002 A, are in excellent 
agreement with one another. As explained earlier, 
the observed value of the axial ratio indicates that 

Table 3. Interatomic distances and bond angles 
in germania quartz 

Standard deviations in parentheses 

Length Angle 

Ge-O 1-737/~ (0.003) O - G e - O ' "  106.3 ° (0-1) 
Ge-O" 1.741 (0.002) O-Ge-O"  107-7 (0.2) 
O-O'" 2.783 (0-002) O'-Ge-O'"  110-4 (0.1) 
O-O" 2-805 (0-004) O-Ge-O" 113.1 (0.1) 
O'-O'" 2.860 (0.004) 
O-O'  2.902 (0.003) G e - O - G e "  130.t (0.1) 
Ge-Ge'" 3.1534 (0.0001) 

the GeOa tetrahedra in germania quartz are necessarily 
irregular; it now follows that the source of the ir- 
regularity is almost entirely confined to the O-Ge-O 
bond angles, which Table 3 shows range from 106-3 ° 
to 113.1% This behavior contrasts with that in Si02 
quartz, where the room temperature bond data.* 
led to the suggestion (Smith, 1963) that some of 
the irregularity within the tetrahedra is due to 
(slightly) dissimilar Si-O bond distances. 

It is of interest to contrast further the bond data 
of these two quartz structures. While the GeO4 
tetrahedra are more irregular with respect to bond 
angles, the longer Ge-O bond lengths actually result 
in a much more satisfactory set of O . . . .  O contacts 
within a given tetrahedron. From Table 3 we see 
that these distances are mostly in excess of 2.80 
(i.e. twice the packing radius for 0 ) ;  in contrast, 
the corresponding distances in SiO2 quartz average 
t o  2"624 -~. T h e  b o n d  a n g l e  a t  t h e  O a t o m s  m o r e o v e r  
is decidedly different in the two compounds, 130-1 ° 
for Ge-O-Ge versus 144.0 ° for Si-O-Si.  In terms of 

* The bond data of interest are: Si-O,  1 .597+0 .003 ,  
1.617_+0-003 A; O-S i -O,  110-3, 109.5, 109.2, 108.8 ° (all--+ 0.2 °) 
from natural quartz (SA, 19633; Si-O, 1 .603+0.003 ,  1 .611+ 
0.003 /~; O-S i -O,  l l0 -1 ,  110-0, 109.2, 108.7 ° (all --+0-2 ° ) 
from synthetic  quartz (YP,  19623. 
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Table 4. Atomic  thermal ellipsoids for  germania quartz. 
Notation as in Smith & Alexander (1963) 

Germanium 

u 1 or ~ 1  a u 2 or ~2 ff 

u 0"0785 A 0"0013 A 0"0831 A 0"0012 A 
Ux 0 0 0 0 
Uy" -- 0.071 0.005 - 0.035 0.012 
Uz -- 0'033 0"011 0"075 0"006 

q~x 90 .0o 0"0° 90"0° 0"0° 
rpy' 155.1 9.1 114.9 9.1 
~z 114.9 9.1 24.9 9.1 

Oxygen 

u 1 or qh ff u 2 o r  q ~  

u 0.090/~ 0.004 A 0.104/~ 0.005 A 
up -- 0.032 0.020 0.097 0.010 
Uq 0.002 0.005 -- 0.006 0.007 
Ur 0.084 0-009 0.037 0.023 

~p 110"7 ° 13.8 °. 21.0 ° 13.6 ° 
~q 88-6 3.2 93.1 3.7 
~r 20"7 13"8 69"3 13"8 

u a or ~a 

0-0866 A 0.0012 A 
0.0866 0.0012 

0 0 
0 0 

0.0 o 0.0 o 
90.0 0.0 
90.0 0.0 

u a or ~.~ (r 

0.147 A 0.004/~ 
0.009 0.009 
0.147 0.004 

-- 0.001 0.008 

86.6 ° 3.7 ° 
3.4 3-6 

90.2 3-3 

expansion of the  f ramework s tructure,  increase in 
the  bond lengths  and  closure of the  oxygen bond 
angles are, of course, offsett ing factors. Comparing 
GeO~. wi th  Si02, we thus f ind t h a t  the  percentage 
increase in the  unit-cell  dimensions of GeO~. cor- 
responds to an  average l inear expansion of only about  
2.5%, despite a percentage increase in the  Ge-O 
bond leng th  of about  8.2% (0.13 A). 

Very few exper imenta l  bond da ta  are avai lable  
for comparison wi th  the  present  results.  Nowotny  & 
Szekely (1952) repor t  t e t r ahedra l  Ge-O bond distances 
in  SrHg.GeOa (isotypic wi th  KHgPOa) of 1.73 J~. 
I n  contrast ,  Ginet t i  (1954) finds Ge-O distances of 
1.84-1.85 /~ in NaeGeOs (isotypic wi th  Na2Si03). 
In  ne i ther  s tudy,  however,  are the  l imits  of errors 
given. I t  is especially in teres t ing  to note  t h a t  the  
Ge-O-Ge angle along the  chain in :Na~.GeO3* is con- 
s iderably smaller (110 °) t h a n  the  corresponding angle 
(137 °) in Na2SiOa (Grund & Pizy, 1952). While  this 
difference of 27 ° in  the  bond angles may  be subject  
to considerable unce r t a in ty  due to the  l imi ted accuracy 
of these older studies, the  results,  t aken  with our 
present  findings, suggest t h a t  the  germanates ,  as 
compared with the  corresponding silicates, will be 
general ly  character ized by  smaller bond angles a t  
oxygen. 

The dimensions and  or ienta t ions  of the the rmal  
v ibra t ion  ellipsoids of the  germanium and oxygen 
atoms are presented in Table 4 and in Figs. 2 and 3. 
Reference axes are the  same as those employed by  
SA and YP for SiOe. Thus, the  axes X, Y ' , Z  in 
Fig. 2 form an or thogonal  set, of which X and Z 
coincide respect ively with a and  c, while Y' is normal  
to both  X and Z. Since a is an axis of twofold sym- 

* The account in Structure Reports, 18, 447 (1954) con- 
cerning this compound contains a typographical error. The 
c axis repeat distance shou]d read 4-92 /~, not 9.92 -~. 

24"9±9"1 ° 

0 

7" . q*~ "~5~ N / ~  • 

x 

Fig. 2. Principal axes of the thermal vibration ellipsoid of 
germanium. Distances in /~ are the r.m.s, displacements. 

merry,  one of the  pr incipal  axes of the  germanium 
ellipsoid is obliged to lie along X. Orienta t ion of the  
the rmal  ellipsoid for 0 is referred to the  or thogonal  
axes, p, q, r, which are de te rmined  by  the  three  
a toms Ge, 0,  Ge" as indica ted  in Fig. 4. Table 5 
compares the  magni tudes  of the  pr incipal  axes wi th  
those in SIO2. 

The outs tanding  feature of these results  for the  
germanium a tom is the  close approach to i so t ropy 
of the rmal  vibrat ion.  This near  i so t ropy renders the  
apparen t  t i l t  of the  ellipsoid away from the  Y', Z 
axes of doubtfu l  significance, a l though the  angle of 
depar ture  is in fact  near ly  2.7 a. By  way of comparison, 
the  silicon a tom in a quartz  undergoes a considerably 
more anisotropic motion,  the  largest  r.m.s, displace- 
men t  of which is along Z, whereas the  major  axis in  
Ge02 margina l ly  is along X. Surpris ingly enough, 
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3.4:L3.6 o ! 
6 

V (,.- 21 '0±13"6' 

20.  13.8o 

r 

Fig. 3. Principal axes of the thermal vibration ellipsoid of 
oxygen. Distances in A are the r.m.s, displacements. See 
Fig. 4 for orientation of reference axes p, q, r. 

/ 
,0) 

r 

/ / 
/ r 1 /e Ce' (1-.,1-u,~) 

/ 
/ 

/ 
/ 

f 

O (~,y,z) 

Fig. 4. Orientat ion of the  references axes pqr .  See Fig. 3. 

It 1 
U 2 
U 3 

Table 5. Comparison of thermal ellipsoids for 
germania quartz with those in ~ quartz 

si ,x 
Go SA YP 

0.079___0.001/k 0.051___0.007 A 0.049±0.005/k 
0-087 ± 0-001 0.074 ± 0-005 0.072 + 0.004 
0.083 _ 0.001 0.080 ± 0.004 0.086 ± 0.003 

0 
u 1 0-090 ± 0.004/~ 0.084± 0.008 A 0.052_ 0.008 A 
u~. 0-104+0.005 0.102+0-007 0.099±0.005 
u 3 0.147___0.004 0.132_+0.006 0.134_+0.004 

(SA=Smith & Alexander, 1963; YP=Young & Post, 1962). 

the  r.m.s, displacements are somewhat  larger for 
ge rmanium t h a n  for silicon, despite the larger mass 
of germanium.  I t  would therefore seem to follow 

tha t  the larger  sized Ge04 t e t r ahedra  allow a the rmal  
mot ion for the  central  a tom which is less restr ict ive 
as to ampl i tude  and par t icu lar ly  less restr ict ive with  
regard  to direction. 

A comparison of the  oxygen ellipsoid d a t a  between 
the  two s t ructures  is more difficult because, among 
other  things,  the resul ts  of Y P  and  SA are not  in 
to ta l  agreement  (note in Table 5 the discrepancy 
between the ul values for 0 ;  see also SA for details  
concerning the  differences in orientation).  Fur ther -  
more the  two compounds differ appreciably  with  
regard  to the  bonding sys tem about  the  oxygen atom.  
Nonetheless,  the in tegra ted  picture  is one of more 
similarit ies t h a n  differences. Thus, the  oxygen 
the rmal  ellipsoid, as in Si02, appears  to coincide with  
the molecular axes, p, q, r, due consideration being 
given to the s t anda rd  deviat ions (Fig. 3). The relat ive 
ease of vibrat ion,  as judged by  the magni tudes  of 
the principal axes, is likewise in the  same order with 
respect  to p, q, r. Perhaps  the only change associated 
with the  differing bond configuration is a closer 
approach to i sot ropy in the  p, r plane (the expected 
result  of a smaller  bond angle) and a grea ter  ampl i tude  
in the q direction. 
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