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8. The Crystal Structure of Bixbyite and the 
C-Modification of the Sesquioxides. 

By 

Linus Pauling and M. D. Shappell in Pasadena. 

Gates Chemical Laboratory, California Institute of Technology, Pasadena, 

California. Communication No. 259. 

(With six figures.) 

1. Introduction. 
It was discovered in 1925 by Goldschmidt') that an extensive 

series of sesquioxides form cubic crystals with the unit of structure 
containing 16 M2O3, the value of a varying between 9.3 A and f 0.9 A. 
An atomic arrangement based on the space group '.rr, was assigned this 
C-modification of the sesquioxides by Zachariasen 2), who studied crystals 
of & 2 03, Mn,.03 , r,o,, Jn,.O3, TZ,03 , Sm,03 , E½,O3, Gd2 O3 , Tb2 0 3 , 

Dy2O3, Ho,03 , Er,03, Thz2O3, Yb2O3, Lu,03, and the mineral bixbyite, 
(Fe, Mn)20 3• Zachariasen 's procedure was the following. Using data 
from powder and Laue photographs of Tl,,O3 , and neglecting the con
tribution of the oxygen atoms to the re0ections, he decided that the 
space group is 'I", with the 32 Tl in 8 b with parameter t = 0.25, in 
12c with parameter u= 0.021, and in f2e with parameter v= 0.542. 
These parameter values were assumed to hold for all members of the 
series. Tbe consideration of intensities of reflection of Sc20 3 then was 
found to indicate the iso to be in two groups of 2i in the general 
position of T5, with parameters xt ,..._, ¼, y1 ,-) ¼, x1 ,__, ¾ and ~ ,__, ¼, 
y2 ,..__, ¾, x2 ,..._, l• The same structure was also assigned bixbyite, with 
16 (Mn, Fe),03 in a unit 9.35 ± 0.02 A on edge. 

On beginning the investigation of the tetragonal pseudo-cubic mineral 
braunite, 3 Mn,_ 0 3 • JlnSi03 , we found the unit of structure to be closely 
related to that of bixbyite, and, indeed, to have dimensions nearly the 
same as those for two superimposed bixbyite cubes. This led us to 

t) V. M. Goldschmidt, ,Geochem. Vert.-Ges.d.EI.c IV1 V, Videnskapsselsk.Skr. 1 

0, 7, Oslo. rn25. 2) W. Zachariasen, Z. Krist. 6'1, 455. t9is; >Untersuchungen 
Uber die Krislallstruklur von Sesquioxyden und Verbindungen AB°-3«, Videns~apsselsk. 
Skr. 4, Oslo. 49~8. 
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·. .. .~:4lady of Zachariasen's structure, leading t.o the observation 
Uiili~~:i)Dly are the interatomic distances reported abnormally small, 
blll',._. the atructure does not fall in line with the set of principles 
foalid -to hold for coordinated structures in general'). It was further 
noi.td !:hat Zaehariasen's atomic arrangement, with the symmetry of 
tlplllNI'"~ 7"', approximates very closely an arrangement with the 
•~ of Th1 (of which r-, is a sub-group), and it is difficult to find 
a .~ explanation of this distortion from a more symmetrical 
•~. This led to the reinvestigation of this mineral and the deter
m1-1ioa of a new and satisfactory structure for the 0-modifieation of 
the 'Sll8qllioxides. 

·. ·~ . 

2.-Tllfl Ullit of Structure and Space-group Symmetry of Bixbylte, 
'lld,yite, found only in Utah, about 35 miles southwest of Simpson, 

is lleeeribed by Penfield and Foote•) as forming shiny black cubic 
~ with a trace of octahedral cleavage. The composition assigned 
it: by fliem was Fe++ Mn+•o,; with a little isomorphous replacement of 
li'4!1;;fliy Mg++ and Mn++ and of MnH by n+<. It was shown .by 
Zilc ... riasen that the X-ray data exclude this formulation, and indicate 
illllliad that the minerai is a solid solution of Mn,03 and F.,o,. We 
allall•'reaeh a similar conclusion. 

' • ,.,-, 

Table I . . 
Spectral Data from (400} of Bixbyite ' . 

(with rock salt comparison). 

hkl Line d/n 
Estimated 8!/to,000 
Intensity 

HO MoK«1 ½X9.40A. 0.05 0.2.6 ~·. ••• •• ¼><9.38 } 7 !f.f 6 
400 ., -¼ ><_: 9.37 
600 •• ¼><9.38 } O.!I 0.64. 
600 ., ¼ >< 9.36 
800 •• ¼>< 9.36 } 5 H.O 
800 a, ¼><9.34 

to.o.o •• -.¾,><9.88 l o., o.u 
to.o.o •• ,',,->< 9.34 
u.o.o •• .'.><9.36 0.4 ,.so 
tl.0.0 •• ,'. >< 9.37 0.3 O.H 
f6.0.0 o., 0.71 

.. Average: a= 9.365 ± o.oto A. 

·-? _ _:})_.Linus Pauling, J. Am. chem_, Soc, 61 1 tOtO. t92.9, 
0

,- ·_J'1 8,·L. Penfield and H. W. Foote, Z. KrisL 18, 592.. "897. 
" ·~. !. Ktlltallographte. 16. Bd. 9a. 
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Data from oscillation photographs of bixbyite show a to be a mul
tiple of i.68 A (Table I). The Polanyi layer-line relation applied to 
photographs with [ IOOJ as rotation axis showed that this multiple must 
he 2, giving a unit with 

a= 9.365 + 0.020 A. 
This unit sufficed to account for the occurrence of all spots observed 
on several Laue photographs taken with a tube operated at a peak 
voltage of 54 kv. (the incident beam making small angles with [! 00] or 
[ If OJ), and may be accepted as the true unit. 

Table II. 
Laue Data for Bixbyite. 

Incident beam nearly normal to (100). 

d1t1:l 
Estimated Intensity. n'-= 

!hkl} o.•5-0.H[O.S0-0.3' 0.35-0.39[0.40-0.4 
s 

d SJjt0,000 A A A A I A 
5 Calculate 

6'' .4.51 t o.o ••• 4.37 

45' HLO t7i '1.96 
4 .. 1.44 

~ 0,0 457 2:.46 ... 7.0 7.0 .,. 4.75 
6l3 L38 

7.0 -10,0 -!3~ 5.U 

IH o., '.o H9. 4,0 

••1 Li7 ••• 3.0 -151 .i.37 

651 0.l 0.4 139 t.93 
615 us o., 0.1 ... •.o• 

417 .. , -84 0.71 
47t Lt5 o., 

0.8 !07 LU 

Sit -t.U l.O ' .. ,so 3,U 

i75 0.0 ,. o.oa: 
i57 4.06 .. , is (U)6 .,. 0,0 H 8.0t ... -t.Ot 0.2 ao 0.09 

••• o., o., 48 o.ts 

••• 0.96 o., o.• 43 0.48 

't77 ••• 0.3 0,4 -403 f.06 

837 0.6 -IOI t.04 

S73 
.85 0.6 -407 .f,U 

. 

t0.5.3 0.05 -98 0.86 

t0.3.5 .st o., o., 93 1.86 

,Uf.3 

I 
o., o., -63 t.40 

4.8.f.t .77 o., o., -68 .o .. H 
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The value ,.9,5 for the density of bixbyite reported by Penfield 
and Foote leads to 16 (Mn, Fe),03 in the unit. 

It was observed that the only planes giving odd-order reflections 
(see Table II) were those with h + k + l even, indicating strongly that 
the structure is based on the body-centered cubic lattice r~ Moreover, 
a Laue photograph taken with the incident beam normal to (IOO) showed 
only two symmetry planes and a two-fold axis, requiring that the point
group symmetry of the crystal be that of T or Th. The only space 
groups compatible with these conditions are rs, T", T!, and 7Z. Or 
these T{. requires that planes (0 k~ with k and l odd give no odd-order 
reflections, while TJ, rs, and 7':_ allow such reflections to occur. Oo 
our photographs no such reflections were found, although a number or 
planes of this type were in positions favorable to reflection (Table Ill). 
This makes it highly probable that Tf. is the correct space group, for 
it would be very difficult to account for the absence of these reflections 
with an atomic arrangement derived from rs, 'I"', or 'l'/: which at the 
same time did not come indistinguishably close to an arrangement deri
vable from 71. In view of these considerations we have assumed ~ 
to be the correct space group. 

Table Ill. 
Data for Prism Forms from Bixbyite. 

A. Forms not reflecting on Laue photographs: 

{hk/} nl 

{07q 0.35, o.39 A 
{704} 0.34, 0.40 

{44.0.3} 0.40, 0.45 
{0.44.3} 0.4-t, 0.44 
{'3.0.3} o.ao, 0.33 

{0.43.3} 0.3i, 0.32 

B. Forms not reflecting on oscillation photographs: 
{03'}, {0'3}, {038}, {051}, {04 5}, {053}, {035}, {055}, 
{071}, {011}, {073}, {037}, {075}, {057}, {091}, {019}, 

{09B}, {039}, {095}, {059}. 

This choice of space group is further substantiated by Zacharias en's 
data for the other substances as well as bixbyite. His reproduced Laue 
photographs of TZ,03 and of bixhyite show no spots due to {071 ), 
{017}, {091}, {019}, {0.lU} or {0.1.H}, although planes of these forms 
were in positions favorable to reflection, while the powder data show 
that {031 }, {Ol3)1 {073}, and {037} gave no reflections for any of the 
sesquioxides studied. Zachariaseo's rejection of 'J1 arose from his 

•• 
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assumption that the oxygen contribution to the intensities was negligible, 
and his consequent inability to account for the observed inequalities in 
intensity of pairs of forms such as {271} and {'2i 7} with the metal 
atoms in positions provided by 'J';.. But actually the oxygen contribution 
is by no means negligible. For example, the structure which we find 
gives for the metal contributions to the structure factor for {27 l} and 
{217} the values + 66.2 and - 66.2, which are changed by the oxygen . 
contribution to + 119.6 and - I 5i.2, respectively. For Tl:,03 the effect 
of the oxygen would be only about one-fourth as great, which is, however, 
still sufficient to account for the observed inequalities'). 

3. The Arrangement of the Metal Atoms. 
The equivalent positions provided by Tk are: 

8i: 000; ½½O; ½0-}; Ott; 
½½½; 00½; 0~ O; ½00. 

Se:¼¼{; ¼¾f-; -lt¾; ¾¾¼; 
¾¾¾; ¼tt; ¼¾t; ¼¼i-

~6e: uuu; u,U,t-u; t-u,u,u; u,t-u,u; 
UUU; U,u:u+j; u+f,U,u; u,u+½,U; 

+ 1 1 + 1 • 1 1 -. - . 1 1 • .1 - 1 u :r,u+y,u y, u+y, 2 -u,u, u,u+ 2 ,y-u, 19--u,te,u+¥: 
1-u,t-u,t-u; f-u,u+t,u; u,½-u,u+{; u+½,u,t-u: 

2ie: uOf; u½t; t-u, O,¾; u+{,½,¾; 
¼uO; tut; ¾,t-u,O; ¾,u+},t; 
Ofu; ½¼u; 0,-l,t-u; ½, j,u+½; 
uO¾; u½¾; u+½,O,{; t-u,},¼; 
¾uO; tut; t,u+},O; ¼,{--u,}; 
O¼u; ½¾u; O,f,u+½; ½,¼,t-u. 

48:xyx; x,g,f-x; f-x,y,Z; X,t-y,z; 
xxy; ½-x,x,Y; X,-½-x,y; x,X,f-y; 
yxx; Y,½-x,x; y,X,½-x; ½-y,x,X; 
XYX; X,y,x+½; x+ ½,Y,z; :z:,y_+t,Z; 
XXY; z+{,X,y; z,:z:+i,Y; z,:z:,y+t; 
yxx; y, x + ½, x; y,x, x+ ½; y + ½, x, x; 
x+ ½, y+ }, x + t; "'+½, ½-Y, x; x, y+½, ½-x; ½-x, y, x+½; 
x+½, x+½,Y+ }; z, x+½, ½-y; t-z, x, y+½; z+½, ½-x,y; 
y+½,x+t,x+½; !-Y,","'+½-; y+½,½-x,x; y,x+½,t-x; 
t-x, t-y, t-x; ½-x, y+½, :t; x, ~ -y, x+½; z+½, y, ½-:o; 
½-z, l-x,{-y; x,l-x,y+½; z+t,:z:,!-y; !-%,:t:+¼,Yi 
!-Y,t-x,½-x; y+½,x,t-x; f-y,x+t,x; Y,½-x,:,;+f. 

t} Dr. Zacharias en has kindly informed us- that he now agrees 'with our 
choice of the space group T?. 

h 
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Of these, all but the general position may be occupied by the metal 
atoms. The 32 metal atoms may have any one of the following arrange
ments: 

A: Formula, FeMnO3 : 

I a. l6Fe in I 6e, I 6Mn in l6e. 
2a. l6Fe in l6e, SMn in Si, SMn in Se. 
2b. 16Mn in I 6e, SFe in Si, SFe in Se. 

B: Formula, (Mn, Fe),O3 : 

lb. 16 (Mn, Fe) in l6 e, 16 (Mn, Fe) in 16 e. 
2c. 16(Mn,Fe) in l6e, S(Mn,Fe) in Si, S(.Mn,Fe) in Se. 
3. 2,(Mn, Fe) in 2te, S(Mn, Fe) in Si, or 

'.U(Mn, Fe) in 2•e, 8(Mn, Fe) in Se. 

The reflecting powers of Mn and Fe are nearly the same, and may 
be taken equal without serious error. This reduces the number of 
distinct structures to three; namely, 4 ab, 2abc, and 31 of which 4 ab 
depends on two parameters and the others on one. It is possible to 
decide among them in the following way. Let us assume that the 
contribution ·or oxygen atoms to the intensity of reflection in various 
orders from (100) is small compared with the maximum possible con
tribution of the metal atoms; that is, with 32 M. The metal atom 
structure factor for structure I for (hO 0) is 

S,00 = l6Jf (cos 2rrhu1 + cos 21thu,). 

Now (200) gave a very weak reflection, so that S200 must be small. 
This is true only for u1 + u, ~ ¼, for which 

ShfJO ~ 0 for h = 2, 6, to, 
S,00 ~ 32M cos 21thu1 for h = •, 8, 12. 

Now the gradual decline in intensity for h = •, 8, 12 (Table I) requires 
that u1 = ¼, and hence u, = ¼- This puts the two sets of metal atoms 
in the same place, and is hence ruled out. It may also be mentio0ed 
that structure 4 would place eight metal atoms on a cube diagonal, 
giving a maximum metal-metal distance of 2.03 A) which is considerably 
smaller than metal-metal distances observed in other crystals. Structure 2, 
dependent on one parameter u, has structure factors 

S,oo = l6M cos 21thu for h = 2, 6, ... , 

8h00 = 16M (I + cos 21thu) for h = •, 8, .... 

All values of the parameter u are eliminated by the comparisons 600 > 
200, 400 > 200, and l0.0.0 > 200. 

Zeitschr. f. Kristallograpbie. 75. Bd. 9b 
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There accordingly remains only structure 3. We may take S(Mn, Fe) 
in 8e rather than Si, which leads to the same arrangements. The structure 
factor for various orders from (I 00) is then 

S1,00 = SM (cos2n:hu- l) for h = 2, 6, rn, etc. 

Si,oo = SM (cos 2n:hu + 3) for h = 4, 8, I 2, etc. 

All distinct structures are included in the parameter range - 0.25 < 
u ~ 0.25, and, moreover, positive and negative values of u give the 
same intensity of reflection from (hO 0). Hence we need consider only 
0 < I uJ < 0.25. In Figure l are shown values of , SI calculated over 

8 

, 15 . 18 .20 .22 .21./-

Fig. 4. Structure factor curves over the range O ~ [u: ~ O.i5 with jj constant. 

this range with a constant value for M. It is seen that the observed 
intensity inequality 600 > 200 rules out the region 0.125..,;; lul..,;; 0.25, 
and rn.o.o > 200 and H.0.0 > 200 further limit lu[ to between 0.00 
and 0.06. The value of Jul can be more closely determined by the use 
of atomic amplitude curves. The intensity of the diffracted beam can 
be taken as 

I= K· A;;,,,, 

with Ahkl = ~ Aie2ni (hx; + kyi + lz;). 

' 

(I) 

(2) 

In this expression A;, the atomic amplitude function, is given by 

A·=(! + cos
2

20}½. F 
1 2sin20 " 

(3) 

in which F; is the atomic F-function. Values of .A& and Ao 
0

calculated 
for J,foKa radiation and for an average wave-length of 0.40 A effective 
on Laue photographs from Bragg and West's F-curves 1) are given in 

1) W. L. Bragg and J. West, z. Krist. 69, HS. f928. 
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Table IV. Figure 2 shows values of AhOO for h = 2, • ... 16 over the 
range of values O to 0.06 for Ju). It is seen that the value ju)= 0.030 
± 0.005 is indicated by the observed intensities of Table I. 

z,,o 

200 
IA/ 
I 

160 

120 

80 

"° 

Fig. 2. A•curves over the range o «: lul «: 0,06. 

Table IV. 

Atomic A-values for Iron and Oxygen. 

'·= 11.40 A A= 0.709 .A 
dhkl 

A,, AF, Ao AF, 

s.oo A 28.0 79,0 2t.2 59.8 

2.50 H.5 45.0 -t0.4 33.6 

4.67 7.5 30.1 5.8 21. 7 

4.25 4.4 2t.8 3.5 15.6 

LOO 2.7 t6.8 .. , H.6 

0.83 L5 42.5 1.2 9.0 

0.72 0.9 t 0.3 0.6 7.3 

0.63 0.6 8.4 0.4 5.9 

0.55 0.4 6.6 0.2 4.6 

0.50 0.3 5.2 o., 4.0 

0.45 - 4.5 - 3.6 

O.H - .. , - 3.4 

0.39 - I 
.. , - 3.2 

Now there are two physically distinct arrangements of the metal 
atoms corresponding to ju)= 0.030, the first with u = 0.030, and the 
second with u = - 0.030; and it is not possible to distinguish between 
them with the aid of the intensities of reflection of X-rays which they 
give. Let us consider the positions 2,e. The structure factor for 2•e is: 
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S,;i = 8M[cos2n(hu + l/4) + cos2n (ku + h/4) + cos2n(lu +k/•)l 
for h, k, l all even; 

=8Mcos2n(hu+l/•) for h even, k odd, l odd; 

=8Mcos2n(ku+hf•) for h odd, k even, I odd; 

= 8Mcos 2n (lu + kJ•) for h odd, k odd, l even. 

= 0 otherwise. 

It is seen that the value of the structure factor is the same for a given 
positive as for the same negative value of u, except for a difference in 
sign in some cases. But the positive and the negative parameter values 
correspond to structures which are not identical, but are distinctly 
different, as can be seen when the attempt to bring them into coincidence 
is made. This is a case where two distinct structures give the 
same intensity of X-ray reflections from all planes, so that 
they could not be distinguished from one another by X-ray methods. 
The presence of atoms in Se or Si does not change this result. In the 
case of bixbyite a knowledge of the positions of the oxygen atoms would 
enable the decision between these alternatives to be made, but the 
rigorous evaluation of the three oxygen parameters from the X-ray data 
cannot be carried out. 

Zachariasen's arrangement of the metal atoms approximates the 
first of our two (that with the positive parameter value), and would be 
identical with it if his parameters were taken to be 0.030 and 0.530 
rather than 0.021 and 0.5,2. 

!. The Prediction and Verification of the Atomic Arrangement. 
Recognizing the impracticability of determining the positions of the 

oxygen atoms from X-ray data, we have predicted a set of values for 
the oxygen parameters with the use of assumed minimum interatomic 
distances which is found to account satisfactorily for the observed inten
sities of a large number of reflections and which also leads to a structure 
which is physically reasonable. 

The JJ'e-0 distances in hematite are 1.99 and 2.06 .A. The (Mn, JJ'e)-0 
distances in bixbyite are expected to be the same in case that (Mn, Fe) 
has the coordination number 6, and slightly smaller, perhaps t.90 A, 
for coordination number •· The radius of o= is 1.oO A, and the average 
0-0 distance in oxide crystals has about twice this value. When 
coordinated polyhedra share edges the 0-0 distance is decreased to a 
minimum value of 2.50 A, shown by shared edges in rutile, anatase, 
brookite, corundum, hydrargillite, mica, cblorite, and other crystals. Our 
experience with complex ionic crystals leads us to believe that we may 
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safely assume that the (Mn, Fe)-0 and the 0-0 distances in bixbyite 
will not fall below 1.80 A and 2.!0 A respectively. 

On attempting to build up •• structure on the basis of the first 
arrangement of the metal atoms, with u = 0. 030, we found that there 
is no way in which the oxygen atoms can be introduced without causing 
interatomic distances smaller than the assumed minimum ones. This 
arrangement (which approximates Za chariasen's) is accordingly eliminated. 

The second arrangement of the metal atoms, with u = - 0.030, is 
such that satisfactory interatomic distances are obtained only when the 
oxygen atoms are in the general position with x--.... ¾, y ----- ¼, and z ,_, ¾
Each oxygen atom is then at about 2 A from four metal atoms; if ii 
be assumed that these four metal-oxygen distances are equal, the para
meters are found to have the values 

x = 0.385, y = 0.l t5, x = 0.380. 

With this structure each metal atom is surrounded by six oxygen atoms 
at a distance of 2.0l A, and the minimum 0-0 distance is 2.50 A. 
These dimensions are entirely reasonable. 

It is probable that the various metal-oxygen distances are not exactly 
equal, but show variations of possibly + 0.05 A. The predicted para
meter values may correspondingly be assumed to be accurate to only 
about + 0.005. 

Table V. Data from an Oscillation Photograph of Bixbyite 1). 

{ho l} 
Estimated 

' s21~0,000 
Intensity 

'°' 0,00 0.01' 

40, 0.01 O.iS 

'°' '° 67.00 

602 o., 0.68 

604 0.6 L69 

80, o., 0.74 

804 • 3.34 

806 0.05 o.rn 

The predicted structure has been verified by the comparison of the 
observed intensities of reflection for a large number of planes and those 
calculated with the use of Equation l. Data for such comparisons for 
planes (hOO) and (hOl) reflecting on oscillation photographs are given 
in Tables I and V, an.d for other planes giving Laue reflections in 

~) These reflections are from the first 1 second, and third layer lines of the same 
photograph as tbat from which the data of Table I were obtained, so that inter~ 
comparisons between Tables I and V may be made. 
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Table II. It is seen that the agreement between calculated and observed 
intensities is almost complete; the existent discrepancies are generally 
explicable as resulting from small errors in the parameter values (within 
the limits + 0.005) or from errors in the assumed F-curves, for which 
an accuracy greater than + 20% is not claimed. 

o. Description of the Structure. 
The structure found by the methods just described agrees well with 

the general principles underlying complex ionic crystals. The arrangement 
of the metal ions is shown in Fig. 3. These ions are nearly in cubic 
close-packing, so that the structure gives nearly the maximum dispersion 
of cations with given molal volume. Each cation is surrounded by six 
oxygen ions at a distance of 2.01 11 at the corners of a highly distorted 
octahedron. These octahedra are of two types, corresponding to the 
two positions 8e and 2ie. Each Se octahedron (with point-group sym
metry 03;) shares six edges with adjoining 24e octahedra, and each 24-e 
octahedron shares six edges also, two with Se and four with other 24e 
octahedra. Every shared edge is 2.50-2.52 A long, in striking 
agreement with the minimum dimensions found in other crystals for 
shared edges and the theoretical values obtained for rutile and anatase'). 
These shared edges are arranged differently for 8c and 24e; the dis
tortion accompanying their shortening leads to octabedra of the shapes 
shown in Fig. 4 and 5. Various interatomic distances are given in Table VI. 

Table VI. 

Interatomic Distances in Bixbyite. 

(Fe,Mn)-0A-2.0t A 
(Fe,Mn)-OB=2.ot 
(Fe,Mn)-Oc:=2.0,t 
(Fe,Mn)-Op=2.01 

(Fe,Mn)-OE=2,0t 
(Fe,Mn)-OF=2.0t 
(Fe, Mn) - 0 6 = 2.ot 

iFe,Mn)-0H-•-•t 
( Fe,Mn)-O1=2.0I 

(Fe,Mn)-0K-2.ot A 
(Fe,Mn)-OL=2.0t 

O.A-OB=3.t3 
O8 -Oc=3.U 
On-OE=3.t3 
Op-Op=lU3 

OE-0F=3.t3 

OA-Oc:=3.U 
OA-On=2.52 

OB-OE=2.52 
OB-OF=2.52 
0c-0n-2,52 
Oc:-OB=2.!i2 
OK-O1=3.38 
OG-OE=2.92 

On-0o=3.t2 
0L-0E=3A2 

OL-O(]= 3,29 

On-O1 =2.50 

Ox-OL=2.50 
09 -OK=2.51 

01 -OL=!!.5f 
06 -0x = 2.50 
OH-O1=2.50 

Each oxygen ion is common to four octahedra, and has .,l..1 
s; = 2, 

ill accordance with the electrostatic valence rule. i 

The structure can he instructively compared with that of fluorite, 
GaF2• In fluorite the calcium ions are arranged at face-centered lattice 
points, and each is surrounded by eight fluorine ions at cube corners. 

4) Linus Pauling, Z. Krist. 67,377. Hl~S. 
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Fig, 3. The structure of bixbyite. The metal ions are shown, together with one of 
each kind of distorted octahedron. 
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Fig. 4. The Be octahedron, showing its 
relation to a cube. 
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Fig, 5. The 24 e octahedron, showing ifs 

relation to a cube, 
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If one.fourth of the fluorine ions are removed and the others are re
placed by oxygen ions, calcium being replaced by (Mn, Fe), a structure 
is obtained which approximates that of bixbyite, which differs from it 
only in small displacements of the ions. This similarity is shown by the 
fact that the highly distorted octahedra have corners which are nearly 
at six of the eight corners of a cube, the six being chosen differently 
for the Se and the 24 e octahedra, as is seen from Fig. 4 and 5. This 
analogy was, indeed, pointed out by Zachariasen for his incorrect 
structure. As a matter of fact the "ideal" structure, with u = 0 and 

Fig. 6. A photograph of a model representing one half of the unit cube. The arrangeM 
ment of the six ~ 4 e octahedra sharing edges with an 8e octahedron is clearly shown. 

x = --§-, y = ¼, z = ¾, corresponding to Zacharias en's original atomic 
arrangement also corresponds to ours. Zachariasen very- instructively 
pointed out that this ideal structure lies midway .between the fluorite 
and the sphalerite arrangements, being obtained either by removing 
certain anions from fluorite, or by adding anions to sphalerite, the posi
tions of the other ions remaining unchanged in either case. With the ideal 
structure the coordinated polyhedra are cubes with two truncated corners; 
for 8 e these corners are at the ends of a body diagonal, for 2• e at 
the ends of a face diagonal. The actual structure is distorted from the 
ideal one, which leads to too small interionic distances, in such a way 
as to give a constant metal-oxygen distance and a minimum oxygen
oxygen distance (for shared edges) of 2.50 .A. In Z achariasen 's arrange
ment the distortion was in the opposite direction. 
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Table VII. Interatomic Distances in Sesquioxides. 

Substance a J,l-0 

(Fe,Mn1 20a u6sA !.Ot A 
.i:lfn2Ga 9.44 !.O! 

Sc203 9.79 '·'° Y20a 40.60 U? 

In203 U.4!1 t.n 
Tl,O, 4 0.57 2.26 

Sm2Ga 4 0.85 2.33 
Eu.203 l0.84 U3 

Gd~03 t0.19 2.3! 

Tb203 4 0.10 2:.3-0 

Dy20a t0.63 2:.'!8 

Ho203 t 0.58 2.27 

Er203 40.34 2.H 
Tm203 t0.5!1 t.2:6 
Yb,03 4 0,39 2.23 

Lu,;_03 to.a, i.H 

As mentioned by Zachariasen, Goldschmidt') found that the range 
of radius-ratio values leading to stability of the 0-modification is abont 

0.60 <!M~' < 0.88, which is high 2) for a structure in which the coor-
o-

dination number is 6. The explanation of this is obvious; the coordinated 
octahedra are deformed so that the anions are nearly at six cube corners, 
and the radius ratio will accordingly tend to the range of values giving 
the coordin8.tion number 8. 

A photograph o[ a model representing the structure is shown in 
Fig. 6. 

Zachariasen's investigation makes it highly probable that the ses
quioxides forming crystals of the 0-modification have the same structure 
as that which we have found for bixbyite, and the similarity in intens
ities on powder photographs of the different substances which he reports 
indicates that the parameter values do not· change very much throughout 
the series. Thus iu all these crystals the cations are attributed the coor
dination number 6. Values of interionic distances calculated from Zacha
riasen 's values of a with the bi:xbyile parameters are given in Table VII. 
It is probable, however, that the oxygen parameters do change as a 
increases in such a way as to keep shared edges short, for with the 
bixbyite parameters ·the shared edges increase from 2./\0 A to about 
I!. 90 A in Sm.,03 and J!.lu,iO,. As a consequence the metal-oxygen dis-

. 4) V. M. Goldschmidt, ,Geochem. Vert.•Ges. d. El.«, VII, p. 76. 
i} Linus P_auling, J. Am. chem. Soc. 01, 40to. 02:9. 
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lances in Table VII are probably a little larger than the true ones, the 
maximum error being O. l O 1. It is worthy of mention that the C-struc
ture and the corundum structure correspond to nearly the same inter
ionic distances (1.99-2.06 A in hematite as compared with 2.01 1 in 
bixbyite), as is to be expected from the equality in coordination number 
of the cation. 

Summary. 
With the use of data from oscillation and Laue photographs it is 

shown that the unit of structure of bixbyite has a= 9.365 1 and con
tains l 6 (.Mn, Fe),03• The lattice is the body-centered cubic one, r~, 
and the space group is ri. Two possible arrangements alone of the 
metal atoms are found to be compatible with the X-ray data (oxygen 
atoms being neglected), the first with 8 (.Mn, Fe) in 8 e, 2• (Mn, Fe) in 2• e 
with u = 0.030, and the second the same except with u = -0.030. 
It is pointed out that these two physically distinct arrangements give 
the same intensities of rellection of X-rays from all planes, so that an 
unambiguous structure determination for a crystal containing only atoms 
in Ille (or 2•e, Se, Si) could not he made with X-ray methods alone, 
despite the dependence on only one parameter. 

The assumption that the (Mn, Fe)-0 and 0-0 distances can not 
fall below I.SO A and 2.,0 A, respectively, eliminates the first metal 
atom arrangement, for there are no positions for oxygen satisfying it. 
With the second arrangement of metal atoms this assumption requires 
48 0 to be in the general position of Tl, with x ~ ¾, y ~ ¼, :< ~ ¾
Each oxygen ion is then nearly equidistant from four cations. Making 
the four (Mn, Fe)-0 distances equal, values of the parameters are pre
dicted which lead to good agreement between observed and calculated 
intensities of reflection from a large number of planes. The structure 
found for bixbyite has 

S(Jfn, Fe) in Se 

24(Mn, Fe) in 2•• with u = -0.030 + 0.005 
48 0 in x, y, ,;, etc. with x = 0,385 ± 0.005, 

y = 0.l •5 + 0.005, 
x = 0,380 + 0,005. 

A description of the structure with values of interatomic distances 
for bixbyite and for Sc,.03, .Mn,O3, Y2 O3, In,03, 'I'l,O3, Sm,03, JiJu,0,, 
Gd,03, Tb,O3, Dy2 0 3 , Ho2O3, Er2O3, 'f'm,O3, Yb203 , and Lu,O3, which 
are shown to have the same structure by Zachariasen 's investigation, 
is given in Section 5. 

Received July 5th, l 930. 
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