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- XYV, The erystal structure of brookite.
By
Linus Pauling and J. H. Sturdivant in Pasadena.

(With & figures.

I. Introduction.

In the study of the structure of a crystal with X-rays the effort
has been made by many workers, especially Wyckoff and Dickinson
in America, to eliminate rigorously all but one of the possible atomic
arrangements consistent with the smallest unit of structure permitted
by the experimental data, without reference to whether or not the
arrangemenis were chemically reasonable or were in accord with assumed
interatomic distances. The importance of this procedure arises from the
certainty with which its results can be accepted. For although structure
determinations by less rigorous methods have been found to be false,
no important error has yet been detected in any investigation which
interpreted photographic data solely with space-group theory aided by

_merely qualitative assumptions regarding the factors affecting the inten-
sity of X-ray reflection. It would accordingly be desirable to conduct
all structure determinations by this method; but unfortunately the labor
involved in its application to complex crystals, involving more than a
very few parameters, makes this impossible. Furthermore, if several
different atoms are present in the structure, it is often necessary to make
quantitative assumptions regarding their relative reflecting powers, so
that for this reason too the rigorous method cannot be-used.

But complex crystals are of great interest, and it is desirable that
siructure determinations be carried out for them even at the sacrifice
‘of rigor. The method which has been applied in these cases is this:
one atomic arrangement among all of the possible ones is chosen, and
its agreement with the experimental data is then examined. If the
agreement is complete or exlensive, it is assumed that the structure is
the correct ome. Striking regularities-in the intensilies of reflection from
simple planes may suggest an approximate structure. This occurred in

16*
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Dickinson’s study of tin tetraiodide!); he then considered values of
the five parameters involved which differed only slightly from those
suggested by the intensities of simple reflections, and found a set giving
complete agreement with the Laue photographic data. On account of
the large amount of experimental information accounted for by it, this
structure can be confidently accepted as correct. In other cases it is
necessary to make use quantitatively of relative reflecting powers or
JF-curves, and often agreement is found between the assumed siructure
and data from rotfation photographs or ionization chamber measurements
only; then the structure can usually be accepted as approximately correct,
the uncertainty depending upon the paucity of the experimental data or
the lack. of agreement with them.

As a result of the recent increase in knowledge of the effective radii
of various ions in crystals, Professor W. L. Bragg has soggested and
applied?) a simple and useful theory leading to the selection of possible
structures. His fundamental hypothesis is this: if a crystal is composed
of large ions and small ions, its structure will approximate a close-
packed arrangement of the large ions alone, with the small ions tucked
away in the interstices. In case all of the close-packed positions are
not occupied by large ions an open structure results. To apply this
theory one determines the unit of structure in the usual way, and finds
by trial some close-packed arrangement of the large ions of known
radius (usually oxygen iobs with a crystal radius of about 4,35 A) com-
patible with this unit. The other ions are then introduced into. the
possible positions in such a way as to give agreement with the observed
intensities, and if necessary the large ions are shifted somewhat from
the close-packed positions. With the aid of this close-packing method
Bragg and his co-workers have made a promising -attack on the im-
poriant problem of the structure of the silicate minerals.

During the invesligation of the structure of brookite, the ortho-
rhombic form of titanium dioxide, another method of predicting a
possible structure for ionic compounds was developed. This method,
which is described in detail in Section 1II of this paper, depends on
the assumption of a coordination structure. It leads to a number of
possible simple structures, for each of which the size of the unit of
structure, the space-group symmetry, and the positions of all ions are
fixed. In some cases, but not all, these structures correspond to close-
packing of the large ions; when they do, the method further indicates

1) R. G. Dickinson, J. Am. Chem, Soc, 45, 958. 1423,
2) W.L.Bragg and G.B.Brown, Pr. Roy. Soc,, A, 110, 24. t086; W.L.Bragg
and J. West, ibid, A, 114, 450, 1927
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the. amount and nature of the distortion from the close-packed ar-
rangement, ,

The general method of investigation which we used is the following.
Spectral photograpbs from the three pinacoids provided accurate dimen-
sions of the possible units of structure. Data from Laue photographs
then led to the determination of the smallest allowable unit, and the
presence and absence of reflections on Laue photographs served as
criteria in finding the space-group symmetry. (Laue photographs rather
than rotation photographs were used because the chance of error in
assigning indices to Laue spots is very smalll)) On applying the co-
ordination theory we found that one of the predicted structures had
the same space-group symmetry and unit of structure as the crystal
itself. The predicted parameter values agreed reasonably well with the
intensities of reflections on rotation photographs, and better agreement
was obtained by changing one of the nine parameters slightly. On
account of lack of knowledge of F-curves the intensities of Laue spots
were not accounted for. .

XI. The unit of structure and space-group.

Three forms of titanium dioxide, T%0,, are known. Of these the
" crystal structures of the two tetragonal forms, rutile and anatase, have
been thoroughly investigated?); in each case only one parameter is
involved, and the atomic arrangement has been accurately determined.
The third form, brookite, is orthorhombic, with axial ratios
0,R646:1:0,954k

Data obtained from photograpbs of the K-radiation of molybdenum
reflected from the ground pinacoids of a brookite crystal (variety arkan-
site from Magnet Cove, Ark.)3) are given in Tabie L. ‘Yhese lead to a
unit with dyge/ny = 2,291 A, dygofng == 2,748 &, and dogy /5 = 1,284 A,
in  which n;, ny, and ny are the orders of reflection of the first lines
on the photographs. Laue pbotographs were taken with the incident
beam of X-rays at various small angles with the normal to (100) of a
thin plate of brookite tabular on {100} (from Riedertobel, Uri Canton,

1) As an example of an incorrect space-group determination resulting from error
in assigning indices to reflections on rotation photographs mention may be made
of the assignment of olivine to ¥} by Rinne, Leonhardt, and Hentschel (Z. Krist.
59, 548, 1924). Bragg and Brown (Z. Krist. 63, 538. 1926) determined the space-
group of -olivine to be V¢ and pointed out the source of the previous error.

2) L. Vegard, Phil. Mag. 1, 1454, 4926; G. Greenwood, ibid, 48, 654, 4924;
M. L. Huggins, Phys. Rev. 27, 638. 1926.

3) We are indebted to Mr. René Engel for the crystals used in this research.
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Table I,
Spectral data.

Order of Line ! Angle of p
BkD !Reﬂécﬁ‘on (MoK, Reflection afn
{100) | 2 g osas | 45e6 A
b2y o © B 83,5 | 4,582
37y oy 13 24 4,580
3my g 13 29 4,584
bmy Y 15 41 4,585
bmy 8 15 59 4,583
by g 17 59 4,584
hmy ; ay 18 6 4,582
(010) ny i 8 6 40 | 2,118
m |« 7805 | 2,746
any Ly 1314 2,18
g } A 18 24 LoR,7%0
27, @ - 115 5 2,724
272 0y 5 14 ' 2,718
{004) ng ¥ 13 58 . 41,2835
.o 3 15 14 1 1,2833
| ng i ay 16 ¢ 1,2844
N l 16 6 ‘ 1,2840

Switzerland). The short wave-length limit of X-radiation present in the
incident beam was 0,24 A; values of #4 calculated for Laue spots on
the basis of the unit obtained by putiing 7, =n, ==n3; =1 were found often
to be much smaller than 0,24 A, so that this unit cannot be the correct
one. The smallest unit which will account for the Laue data is that
with my — &, ny =2, »ny = 4; i. e., withl) '

digo == 9,166 &, dyjg==15,436 &, doy == 5,135 A,

The presence of all observed Laue spots, produced by planes belonging
to over two hundred different forms, is accounted for by this unit.
(Representative Laue data are recorded in Table II.) No evidence was
found for the existence of a larger unit; hence this unit may be ac-
cepled as the true one. All indices used in this paper (including Table I}
are referred to the axes of this unit of structure. The unit contains
8Ti0y; the density calculated from the X-ray data is 4,12, within the
range 4,03-—4,22 of the experimental determinations reported in Groth,

1) During the preparation of this manuscript, » note has appeared (A.Schréder,
Z. Krist. 86, 493, 1928) giving the dimensions of the¢ unit of structure for brookite
as m= 9136 == 0,02, &= 5,439 == 0,04, ¢ = 5,158 10,03 A, No space-group deter-
mination or discussion of the atomic arrangement was reported.
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Table II.
Lauve data for n4 between 0,35 and 0,45 A,
Estimated

(el dart ni intensity
2751 1,25 A 0,42A 0,02

21 % 1,20 ,36 R
143 1,18 Job ,8
134 1,45 b A
3332 IRY ,37 )5
27% 3 1,03 440 a
237% 1,02 37 1
3514 1,00 RY 0,3
175 1,00 L4k 04
158 0,99 ,36 N
[ ,96 ,42 2
343 ,95 ,36 L2
125 ,95 ,35 A
2573 ,89 b2 )
4358 ,88 ,83 .8
353 ,87 ,40 ,
2 35 87 Ry 0%
383 ,85 .2 ,0
178 ,84 ,85 A5
146 84 ,43 2
464 ,83 ,39 A5
5353 ,52 ,44 ,2
5857 ,80 143 o
35 4 ,80 ,37 ,02
357% ,80 ,43 ,03
163 ,79 V45 )2
568 ,17 ,36 A3
19506 ,77 ,42 52
277 ,75 ,43 ,03
155 74 ,42 ,02
172 ,T4 ,39 2
146 ,12 )40 ,2
538 14 ,45 ,05
127 ,70 \ ,36 A
237 ,70 : ,38 ,04
2217 ,70 ,45 ,08
337 ,69 Jh4 A5
31773 ,68 ,40 ,05
572 ,68 ,37 05
73%6 ,66 ,43 R
777 ,66 ,45 2
274 ,65 b4 0,2
3881 ,65 | Sk ,05
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Table II {cont.).

!
» hkl, dnes ni Estnna.ted
| intensity

465 0,65 A } 0,38 A 0,4

7738 64 l Ny 15
7977 ,63 At )

727 ,62 37 03
674 ,61 R A

547 ,81 305 ,05
587 ,60 Y 03
238 ,60 a7 i

5678 159 »36 ,02
783 57 ,39 04
376 56 438 05
757 55 Y 05
9% 7 54 ,38 02
29 56 43 03
A 49 51 it 03
5.40-2 ,54 45 02
5.40.9 B ,39 02
40-7-9 41 ,36 02
10.14.9 47 38 03

and in good agreement with the experimental value 4,125 obtained by
Schroder. '

The presence of first-order reflections from all types of pyramidal
planes (Table II) eliminates from consideration all space-groups based
on any but the simple orthorhombic lattice I'y. Of these the following
are further definitely eliminated ) by the occurrence of first-order reflections

from the prism planes given in Table III:
o GG o7 (o) (0 c1o

Y 2w e Yoy Mo Y2

2 YiOPS PIOPS Y9 P iz pis
V2, Vi Vi, Vi Vo Vo, VIO vy

714 16
h? ]/h- i [h '

7
If the structure is based on one of the space-groups

Gl Gy Oy € 71, 7% V3, V3 Tl T, T

il
0 20" 20 h? or [/h i

it is very difficult to account for the fact that no first-order reflections
were observed from planes with % =0 and % odd, k==0 and / odd,
or 1=0 and % odd; these space-groups may accordingly be removed
from consideration. Bulb just these absences are required for any ar-
rangement derived from V}°, which may hence be accepted as the
correct space-group.

1) Space-group criteria are given by Bozorih and Pauling, J. Am. Chem, Soc,
47, 1568, 1925. Cf also references in ootnote 13, ibid.
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Table I1I,

Prism reflections.
a) Incident beam normal Lo (100).

(hkl) i dnir ey Esltma}ed
[ intensity
A E 0 1,38 A 0,434 | a
100 1,26 ,38 ’ 0,15
107% 1,26 ,87 ,20
203 1,00 ,43 | a
2073 4,00 45 ? a
270 0,76 ; 528 : 0,03
470 a3 49 a
570 ,73 Y i a
b0 7 ,70 42 a
508 ,60 449 0,02
b) Crystal tipped 14°
031 1,70 ! 0,47 a
032 1,47 | 13 a
028 144 42 | 3,5
04 1,31 A5 1,2
150 1,07 48 a
043 1,06 ,32 1,8
634 1,04 ,31 a
108 1,04 ,43 . a
106 ,BD ,38 | v,3
05 4 ,82 ,24 | a
043 L8 24 a
270 76 44 0,6
670 | ,69 ,48 ,2
308 | ,63 ,38 A
¢, Crystal tipped 20°.

027 i 2,39 0,29 2
04 1,34 47 1,9
047 1,34 ,27 0,5
014 1,24 Sk a
043 1,06 Jad 0,3
051 1,06 ,36 a
057 1,06 24 a
034 1,04 43 a
3% 0 1,02 ,39 a
0435 1,00 ,84 a
305 97 34 a
025 ,96 ‘ ,36 0,2
4073 ,98 ; )49 a
106 85 40 0,3
06 s ,82 \34 a
045 ,82 | ,83 0,1

245
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Table IIT (cont.).
¢) Crystal tipped 20° (cont.).

(hkd) dpir n Estimated
- intensity
550 0,81 A 0,47 A a
508 77 42 0,2
270 ,78 47 6
107 73 ,32 a
207 ,72 ,43 a
670 ,69 42 0,47
308 ,63 43 A
780 ,60 ,39 a
290 ,59 ,32 0,02
380 }50 ,35 a

The coordinate positions for equivalent atoms provided by 7,5 arel)
4a: 000; £30; 0314 1013,
ib: 534 004 $00; 040;
8c: 2y, %, & Y2 dtwd—y 3 d—a t4y %
o bty s—% o b~y 4+ f—ay 4+

Six parameters must be evaluated to determine the positions of 874
and 160 in the upit in case that both the no-parameter positions 4a
and &b are occupied, and nine parameters in case that all atoms are
in positions 8¢c. A structure dependent on such a large number of
parameters can not be determined by rigorous methods.

IIIL. The prediction of a structure with the coordination theory.

The structures of rutile and anatase, represented in Figs. 1 and 2,
seem at first sight to have very little in common beyond the fact that
each is a coordination structure, with six oxygen atoms about each
titanium atom and three titanium atoms about each oxygen. On closer
examination, however, it is found that from a certain point of view the
structures are closely similar. Let us.consider as the basis of the
structures an octahedron with a titanium atom at its center and an
oxygen atom at each corner. The rutile and anatase structures are
both made of such octahedra sharing edges and corners with each
other; in rutile two edges of each octahedron are shared and in anatase
four. In both crystals the titanium-oxygen distance is a constant, with

1) R W. G. Wyckoff, “The Analytical Presentation of the Resulis af the Thenry
of Space-Groups”, Publ: Carnegie Institution No. 348, 1922,
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the value 4,95—1,96 A, The basic octahedra are only approximately
reguiar; they are in both rutile and anatase deformed in such a way
as to cause each shared edge to be shortened from 2,76 A (the value
for regular octahedra) to 2,50 A, other edges being correspondingly
lengthened. (The distorted octahedra occurring in rutile and in anatase
are indicated in Figs. 4 and 2.) Just such a distortion is to be expected,
for the Coulomb repulsion of the two quadrivalent metal ions brought
near each other when an edge is shared will cause the titanium-titanium
distance to increase until the repulsion of the two oxygen ions defining

Fig. 1.

Fig. 1. The structure of rutile. Large circles

represent the centers of titadmium atoms, smali

circles those of oxygen atoms. One octahedron

with oxygen atoms at its cornex and a titanium

atom at its center is shown; two of its edges,

those indicated by arrows, are shared with
adjoining octahedra.

Fig. 2. Tho structure of anatase. Four cdges
of the octahedron shown, indicated by arrows,
are shared with adjoining octahedra. Fig. 2.

the shared edge becomes large enough to counteract the effect. The
theoretical discussion?) of the rutile and anatase structures with the help
of the known properties of ions has led lo results which are in each
case in guantitative agreement with the observed contraction of shared
edges. ’ .
As a result of these considerations the following assumptions were
made:

1. Brookite is composed of octahedra, each with a titanium atom
at its center and oxygen atoms at its corners.

1) Linus Pauling, Z. Krist. 68, 377. 1928.
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2. The octahedra share edges and corners with each other to such
an extent as lo give the crystal the correet chemical composilion,

3. The titanium-oxygen distance throughout is about 1,95 A. The
octahedra are not regular, but are distorted in such a way as to maintain

the titanium-oxygen distances constant and to shorten esach shared edge
to the length 2,50 A,

An infinite number of structures satisfy these conditions. The number

of simple structures, that is, structures referable to a small unit, which

do so is small. We made no attempt to

consider exhaustively the possible simple

structures, but instead investigated the

two which presented themselves ficst. The

. second of these we have found to be the
structure of brookite.

In rulile there occur strings of octahedra
in parallel orientation connected by shared
edges; these strings, which extend in the
direction of the c-axis, then are connected
by sharing corners to form the complete
crystal. This suggested that staggered strings
such as are represented in Fig. 3, with
two edges of each octahedron shared, might
combine to form a reasonable structure. If
the combination is effected by the sharing
of -corners alone the simple structure re-
presented in Fig. & resulfs. This structure,
Structure 4, has orthorhombic symmetry,
and in fact the space-group symmetry V1t
Its unit of structure contains four octahedra .

Fig. 3. A staggered string of (4 T¢0,), and, if distortion is neglected, has
oetahedra with shared edges. 1he dimensions 4,79 &, 4,51 & and 5,52 A.
It is not the structure of brookite.

The next simplest structure built from these staggered strings results
if each octahedron shares one edge withh an oclabedron ol an adjvining
string. This structure is shown in Fig. 5. It is orlhorhombic, and has
the space-group symmetry V5. The unit of structure contains eight
octahedra (8 7%0,). Its dimensions, if the octahedra are assumed regular
with edges 2,76 A long, are dygy = 9,02 A, dy1o = 5,52 &, and dyy, =
4,79 A, The space-group permits cyclical but not non-cyclical permu-
tations of these dimensions.
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Fig. 4. A model representing a possible structure for 770, (Structure d4), composed
of staggered strings of octahedra (Fig. 3) combined by sharing octahedron corners only.

Fig. 5. A photograph of the model representing the structure of brookite.
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The fact that brookite also was found experimentally to have the
symmetry of V}f’ and to have 8 7¢O, in the unit suggests strongly that
our second structure is to be attributed to this crystal. There is also
approximate agreement (within 79,) in the dimensions of the unit. It

» ' is worthy of mention that the
choice of axes for comparison
is not completely arbitrary:
assuming that 9,02 A (model) is
to be compared with 9,166! A
(crystal), then the space-group
requires that 5,52 A be compared
with 5,436 A and 4,79 A with
5,135 A.

Since the analytical conside-
ration of the effect of deformation
appearedto be too complicated
to permit its execution, the
following method based upon
the eonstruction and measure-
ment of a model was used.
The basic distorted octahedron
employed is shown in Fig.6; in
it all titanium-oxygen distances
are equal to 4,95 A; the three
shared edges are 2,50 A long;
and the other edges are chosen
s0 as to be distorted as little
ag possible from their original
lengths. Such octahedra were
constructed to scale (2,54 cm.
=1 f&) from heavy paper, ond

Fig. 6. A portion of the brookite structure,
showing the three edges of each octahedron

which are shared with adjoining octahedra, .
and the resulting deformation. were then glued together to re-

present a section of the crystal

including one unit of structure (Fig. 5). The carefully measured dimen-

sions of the unit were found to be 23,65 cm., 14,0 em., and 13,2 cm.;

if these are reduced in the ratio 2,57 cm. =1 A (the increase in scale

being due to incomplete coiucidence of edges aud coruers of the oclahedra)

they give the values shown in Table IV, which agree within the limit of
error of the measurement with the experimental values for brookite.

The suggested structure places 'eight titanium atoms and two groups

of eight oxygen atoms each in the positions 8¢, with three sets of
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Table IV,
Dimensions of the unit of structure.
dioo doto dopr
From model, with undistorted octahedra 9,02 A 5,52 A 4,79 A
From model, with distorted octahedra 9,20 5,45 5,43
Experimental, for brookite ’ : 9,166 5,436 5,438

parameter values. In order to predict values of these parameters the
coordinates of the oxygen atoms were measured on the model, and
positions were assigned the titanium atoms in the octahedra such as
to make the titanium-oxygen distances nearly constant. Representing
by =, y, %; & 7, {; and X, Y, Z the parameters for oxygen of the
first kind, oxygen of the second kind, and titanium, respectively, the
values that were predicted are

0, 0, T
z=10,010 E= 0,230 X= 0,31
y = 0,155 p= 0,105 Y= 0,143
%= 0,180 L= — 0,465 Z=—0,127.

These may be compared with those corresponding to undisiorted
octahedra, namely,

0, 0 T

2
z = 0,000 E= 0250 Y= 0,2
y=0,124 p= 0425 Y= 0425
Cx=0,2560  [=— 0,817 Z=— 0,083,

It is seen that the parameter changes due to distortion are con-
siderable, being equivalent to translations of atoms as large as 0,35 A.

IV, Testing the structure with the intensities of X.ray

refloctions.

A number of rotation photographs were made with molybdenum
K-radiation filtered through a zirconium oxide filter to isolate the K«
line. The positions of useful reflections, the indices of the planes pro-
ducing them, and their visually estimated intensities are given in Table V.
The factor placed beside the estimated intensity is a correction for the
varying time of reflection, namely V1 — (v4/dsin26)% where 4 is the
wave-length, and » and d represent respectively the index of the axis
of rotation and the unit translation along it!). (A number of reflections

1) Ott, Z Phys. 22, 204, 1924,
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not included in the tables occurred on each photograph; namely, those
produced by planes whose traces in the developed or ground face of
the crystal [the faces (100), (010), and (004) for Table V]| were not
perpendicular to the axis of rotation of the crystal. These reflections
were not considered because of the probability that their intensities would
be largely affected by absorption in the crystal.)

Table V.
Spectral reflectionst).
a) Planes of form (0k1).

1. Beam incident on (04 0). 2. Beam incident on (0 0 1),
k= 2 4 G = 2 4 6
w s w a. mw vw
=0 1 17 4 k=o| o8 - 9 5

b) Planes of form (h07).
1. Beam incident on (1 0 0)

h = 2 4 5 [ 7 8 9 50 12 14
=0} vww 1ms w Vs a W W
0,2 35 1,7 1 0,5 8 53
1=2 ’ $0,8 w08 mwo0,9 vvwo0,9 mwo09 a
12 3,5 4 3 12 3,5

2. Beam incident on (00 1)

= . 2 4 6
ho=1 m vw w
8,5 2,5 42
h=2 mw 0,9 a a
6 0,6 28
h=3 mw 0,8 a
7 3
h=4 mw 0,9
12

1) The estimated intensities of the various reflections are indicated by the
abbreviations vs, very strong; s, strong; ms, medium strong; m, medium ; mw, medium
weak; w, weak; vw, very weak; vvw, very very weak; a, absent. The number
placed below the estimated intensity for each plane gives the computed structure-factor,
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c) Planes of form (R%0).
1. Beam incident on (1 0 0)

b o= 2 4 6 8 10
k=1 s 0,1 vw 0,9 m
8 2 4 3 10
=2} w0,8 a vw 0,9 a
' 2 1,5 0,7 2,5

2. Beam incident on (01 0)-

k== 4 2 3 4 ] i 7
hom= 2 80,7 vw 0,9 50,9 a a a a
8 2,5 10 08 § 6,5 i
ho==4 w 0,6 a vw 0,9 a mw 0,9
2,5 0,2 4 0,4 6

1

Structure factors were calculated with the use of the predicted para-
meter values and with the assumption that the relative reflecting powers
of titanium and oxygen atoms are proportional to their atomic numbers.
These structure factors reproduced the salient features of the observed
intensities for fifty forms; this general agreement is strong evidence that’
the predicted structure closely approximates the actual one. There was,
however, disagreement in a few cases, when one reflection was observed
to be stronger than another from a plane with larger interplanar distance
despite the fact that its calculated structure factor was the smaller of
" the two. Accordingly, the parameter values were varied slightly, and
a change of — 0,004 in X was found sufficient o remove most of the
points of discrepancy. Structure factors caleulated for the new para-
meter values with the assumption of relative reflecting powers propor-
tional to atomic numbers are included in Table V. It will be seen that
when qualitative consideration is taken of the effect of other factors
causing a decrease in intensity with decrease in interplanar distance,
the agreement for all fifty forms is good. The changed parameter
values given in Table VI may accordingly be accepted as correct.

Table VI.
Final parameter values for brookite.
. 01‘ 02 Tz
x=10,010 | &= 0,230 |[X= 0427
Yy == 0,155 pe= 0405 { Y= 0,413
% == 0,480 ;mo,llﬁ.’i Z=-—0,427

Zeitsehr. f. Kristallographie. 68. Bd. 49
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The faw remaining diserapaneiss ara probably due to errar in the
assumed relative reflecting powers. To test this, we made use of an
freurve for (7 obtained by linear extrapolation from Neo and €0, and
ane Tap 0¥ feam O and K7 These flhenvves {which are nob eepeoe
duezd bere because of unecertainty o their derivation) lead to struclure
faclors which are, for the same final paranieler values, also in gowd
bt nolb eorapdate agreemant with the abserved dnlendos.  Possihly
somewhat different fleurves \corresponding to non-linear extrapolation)
would give belter agreement, but because of the arbitrariness of this
procadure na atternpt was made to uliliza it

It is worthy of mention that the rotalion photographs yield infor-
mation substantiating the choice of 17}3 as the correct space-group. Thus
na refleetions oeenered from {100}, {300}, {500}, {700}, (900}, {{4.0.0},
{13-0-0}, {301}, {801}, {701}, {804}, {14.0-1}, {404}, {601}, {801},
{10-0-4}, {12.0-4}, etc. on one photograph recorded in Table V, although
planes of all these forms were in positions favarable to reflection. Similap
failures 1o reflect were observed on the other photographs.

t)n account of the lack of delinite knowledge of the F-curves no
attempt was made to account for the intensities of Laue spots.

Y. Discussion of the structure and the c¢oordination method,

The structure found for brookite is that shown in Fig. 5. Each
titanium atom is surrounded by six oxygen atoms and each-oxygen by
three titanium atoms. The various interatomic distances, given in Table VII,
are similar to those in rutile and anatase; for example, the average
titanium-oxygen dislance is 1,95 A. The oxygen-oxvgen distances and
the distortion of the basic octabedra have been discussed in the previous
sections in the course of derivation of the strueture.

Table VIIL
interatomic distances in brookite,

Ti— 1,949 A Oy Oy { 2,767 A
T (ly 4,942 Oy— Oy 2,818
Ti— Oy 1,928 (s— 0y 2,997
T Oy 4,476 Us— O 2,847
Ty— 1,983 OUy— 0y 2,74
T{—o€y 1,953 Oy — (4 2,544

! O—0; 1 3,042
Oy—Cy | 2,508 Op—0; 2,833
Ol 9.869 (e (g 2,743
0,— 0, 2,544




The crystal structure of brookite. . 255

We believe that our conclusions can be accepted with considerable
certainty, for the agreement belweeu the predicted structure and the
experimental results in regard to space-group symmetry, size of the unit
of structure, and intensities of reflections on rotation photographs is so
striking as to remove nearly completely from consideration the possi-
bility of its being accidental. '

The arrangement of the oxygen atoms approximates double hexagonal
close-packing *). It is evident, then, that Bragg’s close-packing method
of deriving a possible structure might have been used. But both hexa-~
gonal and double hexagonal close-packing of oxygen ions are roughly
- compatible with the observed unit {compare Rows 1 and 3 of Table IV).
To decide between these possibilities intensity comparisons would be
required, and in the absence of information regarding the nature of the
deformation from regular close-packing this procedure might be very
laborious. In anatase the oxygen ions approximate cubic close-packing;
the axial ratio is, however, increased from 2,0 to 2,5 by deformation, and
a knowledge of the size of the unit of structure would not suggest the
close-packed arrangement with much certainly. Rulile provides an
example of a structure which is easily derivable by means. of the co-
ordination theory, but in which the oxygen ions do not approach any
type of close-packing whatever.

The close-packing method is more generally applicable in the case
of crystals containing cations smaller than the {titapium ion and
showing correspondingly less deformation. The method is very powerful
and simple, and already in the hands of Professor Bragg hasled to
a number of interesting structure determinations. The coordination
method, though also simple in principle, is somewhat less easy to apply.
The two methods are not distinct and mutually exclusive, but instead
supplement each other and should be used- together.

YI. Summary.

Brookite, Ti0,, is found with the use of Laue and spectral phote-
graphs to have an orthorhombic unit of structure with dygq = 9,166 A,
dy1g == 5,436 f&, and dyp == 5,435 A, containing 8 T50,, and to have the
symmetry of space-group V}%. A structure predicted by means of the

1) There are three close-packed layérs. from which all of the infinite number of
close-packed structures can be built; namely, 4, with- an atom at X =10, Y=10
(X, Y, Z being hexagonal coordinates); B, with an atom at X =1, Y=13; and C,
with an atom at X =2, Y=1. For hexagonal close-packing these layers are super-
posed in the order ABABAB.. ., for cubic close-packing in the order ABCABC..., "
and for double hexagonal close-packing in the order ABACABAC...

i 17*
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coordination theory had the same unit and space-group symmetry, and
gave an atomic arrangement accounting for the intensities observed on
rotation photographs. In this structure the eight titanium atoms and
the sixteen oxygen atoms (in two groups of eight each) are in positions
8¢ with the parameter values given in Table VI. The basic unit of the
arrangement is an octahedron of oxygen ions about a titanium ion; the
octahedra are combined as shown in Fig. 5 so that each shares three -
edges with adjoining ones. Interatomic distances are given in Table VIL

~ Gates Chemical Laboratory, California Institute of Technology.
Contribution No. 177.

Received May 29th, 1928,
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J. H. Sturdivant and Linus Pauling {Pasadena): Note on the Paper
of A. Schrider: Beitriige zur Kenntnis des Feinbaues des Brookits usw.
(With 2 figures.) ‘

We have recently found%) the space-group symmetry of brookite, the
orthorhombic form of titanium dioxide, to be that of ¥}°. In our space-
group determination, use was made of the presence or absence of reflections
on Laue photographs only. Reflections from all types of bipyramidal planes
were observed, requiring that the structure be based on the simple ortho-
rhombic lattice I'y. No first-order reflections were observed from prism
planes of the following classes, although many such planes were in positions
favorable to reflection:

;=10 and [ odd;
]=0 and % odd;
fh=0 and k odd.

The space-group criteria for ¥V}’ are that no odd-order reflections shall
occur from just these planes. These criteria were afterwards found to be
satisfied by reflections observed on several rotation photographs.

1) Gemeint ist dabei die Deformation der farblosen gelosten Ionen Hy*t und J-
bei ihrer Vereinigung zum Salz.

3) H. Ley, Z. angew. Ch, 41, 845. 1928,

3) G. Scheibe, Chem. Zentralbl, 1927, II. 2454, Z. Elektrochem. 34, 497. 1928,

4) Linus Pauling and J. H. Sturdivant, Z, Krist. 68, 239, 1928,



H5hH8 Kiirzere Originalmitteilungen und Notizen.

On page 244 of our paper we pointed out the desivability of basing a space-
group delermination on Laue photographs rather than vn rolalion photographs,
on account of the small chance of error in assigning indices to the planes
producing Laue spots and the much larger uncertainty in identifying planes
producing reflections on rotation pholographs. An example ol an incorrect
choice of space-group arising from the use of rotation photographs was cited.

A. Schroder!) has published data op rotation photographs of brookite
which are incompatible’ with the space-group ¥7}’. He reports the observation
of odd-order reflections from the following classcs of prism planes:

k=10 and [ even,
==0 and A even,
Je == ¢ without restriction,

Reflections reported by Schréder which do not satisfy the eriteria for V7
are: (051), (032), (052), (013), (033), (042), (015), (034), (034).

] I l

o3 0z X 0w 753 253

T I

3z o 052 g2
oz ou1 057 o8

on
020 040 060 : P o!w a0 21 080

Fig. 1. Fig. 2.
Fig. 4. Diagram of Schréder's rotation photograph No. 3, showing his assignment
of indices. The X-.ray beam was incident on (010), the crystal rotating through
: 20° about [0064).
Fig. 2. Diagram of a photograph made by the writers with the crystal oriented as
for Fig. 4, but rotating through 45° The proper assignment of indices is shown
for those lines which it is considered praclical to identify.

On our Laue photographs the following planes, listed in Table Il of our
paper, failed to reflect in the first order, although in position to do so:
(081), (057), (032), (013), {031), (034). The following planes not listed in
our paper also failed to produce Laue spots, although in a posilion to reflect
radiation of the wave-lengths indicated: (052) at ni = 0,28 and 0,38 A,
(043) at nA=10,59 A, (012) at ni==0,64 A. These observations show
that eight of the nine reflections reported by Schroder to disagree with
the eriteria of 7} do mot occur on Laue photographs. The presence or
absence of the remaining reflection, (033), cannot be determined from Laue
photographs on account of ils superposition on (022).

There is additional evidence that Schréder’s supposed observation of
reflections which we find not to occur arose from error in his assignment

1) A, Schroder, 7. Krist, 67, 485. 1928,
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of indices to reflections on rotation photographs, The distance between
reflectivus due o plaves of form (047) and of form (1%7) on a photograph
made with the film 10 em. from the erystal is 0,7 mm. Measurements of
the position of the ceniral point of a given line referred to the central point
of the undeviated image can accordingly scarcely be rendered sufficiently
trustworthy to decide between {wo possible sets of indices differing so slightly
as (1kl) and (0k!). The distance between two refleclions which lie close
together, however, can afford a more decisive test. We have made a rotation
photograph with the X-ray beam incident on the (010) plane of brookite,
and with the crystal rotating through 4£5° about the c-axis; the crystal-to-
film distance was 10 em. and the MoK« radiation was isolated with a
zicconia filter. This photograph corresponds to Schrioder’s photograph
No. 3, reproduced with his assignment of indices in fig. 1. On our photo-
graph, the principal reflections of which are represented in fig, 2, there
appears on the right of the line numbered (051) by Schroder a slightly
stronger reflection. These two reflections are due (o Llwu of the planes (054),
{(151), and (254). In both lines, the Ko doublet was resolved. We calculate
the following theoretical separations for the MoXKe, reflections from these
planes ;
‘ (051) to (1564) ==0,074 cm.
(051) to (281) = 0,221 cm.
(151) to (251) == 0,147 cm.

The separation of the two Koy reflections was measured on the film as
0,443 7= 0,003 ecm. These two refleclions are accordingly due to the planes
(151) and (254), and Schroder’s assignment of one of them to the prism
plane (054) is incorrect?),

The same error was no doubt made in his assignment of indices to the
other reflections, ‘ '

Summary.

It is shown that Schroder’s reported observation of X-ray reflections
from brookite not allowed for a strnefure hased an the space-group T}°
is due to error in his assignment of indices to lines on rotation photographs.

Gates Chemical Laboratory, California Institute of Technology.
Contribution No, 195,

Received October 13, 1928.
4) The occurrence on Schroder’s photograph of the reflection from (151) and
not that from (254) arises from his small angle of oscillation of the crystal (20°).




THE CRYSTAL STRUCTURE OF COLUMBITE

1 form a series of mixed

Columbite and tantalite
crystals of composition (Fe,¥n)(Cb,Ta),04, with ortho-
rhombic holohedral symmetry. The crystal used in the
present investigation was & shart columbite prism from
Norway.g showing develoved pinacoids, black, with a density
of 5,71 * .1 (determined on a powdered sample with a pyc-
nometer). Laue and oscillation photographs preparcd with it
served for determining the space group and unit cell, while

i
to find possible atomic pogyions use was made of the cobrdi-

nation theory and of close packing.

I. The Unit Cell and Space Group

Oscillation photograchs for the determination of
the lattice constants were made with molybdenum E-radiation
ref&ﬁ?ted from the pinacoids, a calcite spectrum being recorded
simltaneously for a comparison. Table I shows the data
obtained., The indices of the reflecting pinacoids are
referred to ax=s wnich will later be seen Lu be indicated

by the space group with Wyeckoff's distribution of symmetry
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elements; the space group axes are reslated to the crystallo-
graphic axes (after Dana) by cyclic permutation: 2pana < 0

« 8. The tabulated interferences lead to 2

»

:-O—Danam 9{ gf)ana
unit with 4, /n; = 2.541 &, 4., /n, = 7.115 &, dgo1/ M5 =
2.865 1; ny, ng, and ny a}e the orders of reflection of the
first lines on the respective photograrhs. Laue photographs
were taken with the incident beam of X-rays inclined at various
small angles to the normals of three thin slips ground parallel
to (100), (010), and (001), respectively. The short wave-
length limit of the incident spectrum (from a tungsten target)
was 0.24 &, The smallest unit which will give calculated
values of nN\ not less than 0.24 A for all Laue spots is that
corresponding to ny = ng = ng = 2; since this unit accounts

. for all reflections observed on the two Laue photographs which
were completely analyzed, it is to be accepted as the correct
one. (Table II lists a few typically useful Laue interfer-
enées appearing on one vhotograrh; on the two photographs
mentioned, a total of approximately two hundred forms
reflected.) The fundamental translations are:

dy 00 = 5.082 A, 'dOlO = 14.238 A, d001 —~ 5,730 A.

These ars conft%?ed by the application of the Polanyi formulia
to the layer lines occurring on all oscillation photographs.

All indices occurring in this paper are referred to the axes



Table 1

Measurements of the axial lengths

L1
(hkx1) | Order (ﬁb?g) J d/n Average
(100) np| B 7° 8. '| 2,542 &
ny | 8 1.5 | 2.543
2 ny p 14 24. 2.540
2n| o 16 11. | 2.541
2n; | o | 1617. | 2.541 | 2.541 4
(010) | 2 ny * 5 43.5 | 7.117
3 n, P 7 38.5 | 7.120
3 ng %, 8 35. | 7.119 | 7.119
(o01) ny A 6 19.5 | 2.865
ng x 7 6.5 | 2.868
2 ng a, | 14 24. | 2.864 | 2.865




Table II
S'elec‘ted firgt-order pyramidal reflections
from a typical Laue photograph
X-ray beam at small angle to (010); 170 msh., 51.5 kv. peak.

Form n\

{hk1]
311 .40, .44
434 .30, .35, .38, .43
335 .30, .33, .39, .43
136 .30, .31, .41, .42
435 .24, .28, .35, .31
337 .25, .27
731 .24, .25
762 .35, .37, .40, .41
499 .32, .34, .38, .40
895 .31, .34, .35, .38




of this unit of structure,

- The axial ratio calculated from the X-fay data is
a:bic = 0.3569 : 1 : 0.4024, This may be compared with the
axial ratio given by Dana for a columbite crystal:5

a D N = 0.82850 : 1 : 0.88976, or a:b:c =
Dana’ Dana Dana ’

35 x 0.3080 ¢ 1 ¢ 3 x 0,4023.

If the crystal were pure columbite, with any
ratio of iron to manganese, the observed unit would contain
4.24 molecules of (Fe,Eh)CbEOG. The composition
(Fe,Mh)Tazoﬁ, corresponding to pure tantalite, would reguire
2,79 molecules in the unit cell. The unit cell must therefore
contain either three or four molecules of (Fe,Mh)M206. With
the former alternative, the specimen must consist of 73.5%
TagOg, 11.5% CbgOs; with the latter, of 14.1% Tag05, 65.8%
Cby05. A decision between the two possibilities may be made
by reference to Marignac's table showing the relation between
density and composition of columbites and tantalites4 (or

to other summaries of analytical results):

Density 5.36 5.65 5.70 5.74 5,92
Percent Ta 0y 3.3 15,8 13.8 13.4 27,1

6.05 cen 7.03

0.4 - 68,6

The former composition is correlated with z density of 7;

\



the latter with a density of 5.7. The unit of columbite
fherefore contains four molecules.

Since firatmbrder Laue reflections are observed
from all types of pyramidal planes (Table II), the space
grour is based on the simple orthorhombic lattice ‘:. of
the space'groups derived from [; the following are
eliminated5 by observed first-order reflections on Laue
photographs from the prism planes listed in Table III:

3 8 9 ic .2 3 .4 6 _8..9 _10 12

12 15
Cav’ C.2v’ 02v’ sz' Vh’ Vh’ Vh’ Vn' Vh' Vh’ Vh ! ‘”h ' Vh

Of the remaining seventeen spéce groups, only one reguires
the first-order absences which were regularly observed;
namely, forms having |
h =0, k +1 o4d,
k=0, { odd, or
£ =0, h odd. |
These absences are exactly thosé required for any structure
based onlvié, and therefore this is taken to be the correct
space group. No observable reflections upon the oscillation
photographs contradict the preceding conclusion; over one
hundred absences upon them confirm it.
The four groups of coBrdinate positions permitted
by Vié for equivalent atoms are:6
4a: 0,0,0; %,%,%: 0,5,%; 4,0,0.
4b: %,0,%; 0,4,0; ¥,%,0; 0,0,4.

4c: %,O,u-%; "%t%o%’"u; %’Oo%"U; %!%tu"\”‘%'



Table III

Prism reflections on Laue photographs

Intensity I > 0 unless otherwise

noted.

(hx1)} LI n\
011 5.3. & | 0.34 %
021 4,46 .48
021 " .29
031 3.658 .29
031 " .23
031 " .39
071 1.92 44
013 1.89 .38
0,12.0.1 1.39 .57
0.11.2 1.18 .46
0.12.1 1.16 .49
035 1.11 .45
0.12.1 .| 1.08 .38
0.13.1 n .42
0.13,2 1.00 .28
0.15.1 .94 .29
0.15.1 " .32
0.15.2 .90 .55
0.15.2 " .41




Table III, Continued

(nk1) Ayl nh I
——
0,17.2 0.80 8 | 0.21 % 0
0.19.1. .74 33
0.19.2 L3 .35 0
038 .71 .26 0
0.21.2 .66 .29 0
0.23.2 .60 .24 0
0.23.3 .59 .37
0.21.5 . 58 .35
0.25.3 | .55 .4l
0.9.11 .49 .34
0.9.11 " .28
105 1,12 .43 0
105 " .54 0
501 1.00 37 0
501 " .32 0
502 .96 .38
106 .94 .29
106 " .39
108 " .48
107 .73 .27 0
108 .71 .30
702 .70 .32
702 .70 .36




Table I1I, Contirued

(hk1) A1 nA
702 0,70 & | 0.33 &
702 " .38
703 .68 . 30
208 .66 .42
208 " .47
704 .65 .41
202 .55 .25
902 v .34
3.0,10 | .54 .32
3.0,10 " .37
904 .53 .36
904 " .39
904 " .37
904 " .41
230 2.24 .31
310 | 1.68 46
1.20.0 1,37 .49
290 1,54 .31
1.11.0 1.25 .46
430 1.23 .44
1.12.0 1.15 .43
1.12.0 " .A8
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Table III, Continued

(k1) e nA I
—_—

1.73.0 1,074 | 0.42 % 0
1.13.0 " .40 0
1.14.0 1,00 LAz 0
1.14.0 0 .36 0
1.14,0 n .38 0

530 .99 « 38 C

530 " .47 0
1.15.0 .93 .37 0
1.15.0 " .32 0
1.15.0 " .36 0
1.16.0 .88 .32 0
1.17.0 .83 .32 0
1.18.0 .78 .26 0

730 .72 .25 0
3.25,0 .54 .36 0
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8d: x-},y,2-3; x+t}, k-y,2-2; x-},3-y,2¢4; x+4,5,4-3;
2-x,¥,2-%; 3-%,¥,3-2; F-X,y+b.3-5; i-x,7+§, 2+,

The minimum number of parameters which must be evaluated to
determine the atomic positions of the 4 Fe, 8 Cb, and 24 0
is seven, and a larger nunber is necessary if the atoms are
to be homogeneocusly distributed throughout the unit cell.
Recourse to the non-rigorous principles developed in recent
years for the solution of complex ionic structures is

accordingly indicated.

II. The Application of the Co8rdination Principles,

with Closest Packing7

Since the crystal radius of Fe® is 0.75 K, of
ev™ is 0.70 X, and of 0= is 1.40 4,% it may be assumed that
the metal-to-oxXygen distances in tantalite are 2.0% 0.2 a.
From the univalent crystal radius of Cb5+, a cobrdination
number of six for the ion in oxides has been predicted9;
aﬁd although the univalent crysial radius of Fgfhas not been
calculated, its crystal radius suggests thatthis ion also
will coBrdinate six oxygen ions about it. The octahedra of

CXygens will be distorted, but because of the deformability

of the iron octahedron, resulting from the large size of
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‘the central ion and from its low valence compared to that of
the caluﬁbium, the distortion will be left for determination
by the intensity data. Union of the octahedra to form the
completed strﬁcture Will be accomplished without the sharing
of faces (threé oxygens) between columbium octahedra or
between columbium and iron octahedfa, and the number of
shared edges should be small. Lastly, it is eXpedient to
assume that the oxygen framework is derivable by distortion
of a close-packed assemblage with the normal to the layers
parallel to the b-axis of columbite. The four assumptions -
of reasonable metal-to-oxygen distances, of fairly regular
~octahedra, of limited sharing of oxygens, and of close
packing - suffice to define, under the restrictions
imposed by the space group and unit cell, a small class of
structures from which one may be selected for detailed
testing with the observed intensities of reflection.
Arrangements of ions in closest packing have been
deséribed 10 in terms of the order of superposition of the
three fundamental layers from which all of the infinite number
of closenpacked structures can be built; namely, A, with an
atom at X= 0, Y=0 (X,Y,Z2 being hexagonal coBrdinates);
B, with an atom at X ='1/3, ¥ = 2/3; and ¢, with an atom at
X=2/3, Y=1/3, The effective thickness of a layer of

oxygen ions is approximately 2.3 A, If distortion is assumed



o)
1

to alter the height per layer by a maximum of 15%, the

length of the b-axis of columbite then reguires that the suc-
cession of layers have az periodicity six. Accordingly, the
layers may be superposed in the order ABABAB..., giving
hexagonal closé packing; in the crder ABABAC...; giving
triple~hexagonal close packing; in the order ABCABC...,
giving cubic close packing; in the order ABCACB..., giving

double~-cubic close packing; and in no other non-equivalent

sequence.

Tre triple-hexagonal close-packed assemblage lacks
a diagonal glide plane normal to the'layers and containing
a two-fold rotation axis parallel to them. The uhit with
gspace~group symmetry V%4 therefor e cannot be derived from
such an oxygen skeleton.ll The cubic close~packed framework
of oxygens with tried axis parallel tc b is similarly elim-
inated. | |

Yormal to the layers of the double-cubic closé-
vacked arrapgement there is only one distinct set of glide
planes with a diagonal translation, and normal to these planes
and to the layers only one distinct set of symmetry planes with
a simple glide. The clocc-packed acesemblage can be inserted
into a unit with space group Yi4 in only one distinct way.
The oxygens are in three sets of 84 positions, with parameter

values:®
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x, = 5/6 x,= 5/6 Xy = 1/2
y, = 1/12 y, = 5/12 y, = 3/4
z, = 1/8 z, = 1/8 z, = 1/8

If the oxygen ion is assigned the diameter 2.76 &, the

axial lengths are a = 4,78 X, h =13.5 3, ¢ = 5.02 3; they
deviate by 6, 5, and 4%, respectively, from theee of the
actual structure, This is the arrangement shown in Figure 2.
If four iron atoms are inserted into this oxygen framework

in the unique positions 4a or 4b, there are no reascnably
regular octahedra of oxygen ions about them, and the

shortest iron~-to-oxygen distance is only l.4 3; the unique
positions are therefore not available., If, however, they

are placed in positions 4c¢, with u = 3/8, éach is surrounded
by oxygen atoms at a distance of 1.95 3; arranged in a
regular octahedron, and each octahedron shares two edges

with the adjoining ones to form parallel to the a éxis strings
of the type which were observed in brookitelz(Fig.l). Save
for the equivalent parameter value u = -1/8, there is no other
value of u which places the iron atoms within reasonably
regular octahedra or at distancesvof the order of 2 i from

the heighboring oXygens. (small parameter variations,

with Au of the order of 1/8, are of course left to be
considered when the structure is tested with the observed

intensities of reflection.) Similarly, there are bul lwo



Fig. 1. A string of staggered octahedra.

15
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®u O~

O

Fig. 2. The projection of (100) of Structure E,
undistofted. The edges of the unit cell are outlined, and
the uppermost face of each octahedron is indicated. The
strings lie normsl to the plane of projection; edges shared
to form them are marked by double lines. The numeral beside

each atom gives 1ts depth in twelfths of a.
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sets of positions for the columbium atoms; both place the
metals within strings of staggered octahedra, with metal-
to~oxygen distances 1,85 k. If the columbiums are in one of
these sets of positicns,

. 8d: x =2/3, y =1/6, z = 3/8,
each colurbium octahedron shares two edges with columbium
octahedra of the same string, two edges with an iron octa-
hedron, and two corners with columbium octahedra of an
adjacent string. This set of parameters is improbable; it
is discarded for this and for another more convincing
reason which will appear later.15 If the second set of
available parameter values is chosen,

8d: x=2/3, y=1/6, z=17/8,

each columbium string is joined to an adjacent iron string
by the sharing of one additional edge per octahedron (the
typé of linking observed in brookite);'and only corners are
shared between successive columbium strings. The electro-
static valences of the three groups of oxygens are li, 2,
and 2%; resyectively., Fig. 2 shows this structure, hereafter
called Structure E.

The examination of the hexagonal close~packed
arrangement (with its hexagonal axis parallel to b) is
similar to thet of the double-cubic close packing. Only
one distinet unit can be derived from it which has the
space group Vﬁi and the basal translations of which

approach a and ¢ within 40%. The oxygens are in three sets



Fig. 3. The projection on (100) of Structure C,
See Fig., 2 for explanation of symbols. The lower numeral
beside an atom, when two are present, refers to the

numbering in Table VI,

18



Fig. 4. A model representing half of the unit of

gtructure of columbite, showing the strings of occtahedra

combined by sharing corners only.
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of 84 positions (see Fig. 3); their parameters are:

x,= 1/3 x,= 1/3 X,= 1/3
y,= /12 y,= 5/12 ys= 3/4
z,= 1/8 - z,=1/8 zy;= 1/8

The iron atoms must lie in positiens 4c with u = 5/8.
(setting u = 1/8 produces an equivalent arrangement,)
The columbium atoms must be in one of two sets of 84 positions.
If they have the parameter velues

x=0, y=1/6, z= 5/8,
each columbium octahedrdn shares a face with an iron
octahedron; this structure disagrees with our original
hypotheses. They must then have the positions corresponding
to

x=0, y=1/6, z = 1/8.
The resulting unit, hereafter called Structure C, is shown
in Pig. 3, and 2 model of a portion of it in Fig. 4. It has
been found to be the structure of columbite, All of the
metél atoms lie within regular octahedra of oxygen atoms.
Iron octahedfa share two edges each to form strings parallel
to the a axis, and columbium octahedra do likewise; each
striﬁg of staggered octahedra is joined to two adjacent
strings by the sharing of corners only. The electrostatic
valences of the three groups of oxygens are 2, 1%, and 2%,
respectively., In short, Structure C.differs from Structure

E only in the sharing of corners instead of edges between
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iron ahd columbium octahedra, The principles which have been
adopted indicate that Structure C is slightly more probable
than the other,

A choice between Structures C and E is easily made
by comparison of the observed intensities of reflection from
(200) and (400) with intensities calculated from each of the
two structures, which differ only in the distributicns
parallel to a. (It is assumed that the relative intensities
of the lower orders will not be largely affected by distorticn.)
Oscillation photographs show a normal decline in intensity
for even orders fﬁéﬁ (100); i.é., they suggest approximate
equality of the structure factors for these orders. The

caleulated structure factors are:

Btructure E: 8200== -2 Fet+ 2Cb -4 0,
8400 = 2 Fe -~ 2 Chb.

Structure C: Szoo'= - 2 Fe - 4 Cb+ 12 Q.
3400::. 2Fe+40b—-12 0.

Structure C is accordingly selected as suitable for detailed

comparison with the intensity data.

III. Testing the Structure with the Estimated

Intensitiés of Reflection

Oscillation photographs were prepared with the
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molybdenum Ka lines, isolated by a zirconia filter, reflected
from the'ground pinacoids of the erystal, a crystallographic
axis being made the axis of rotation. Reflections employed
in the limitation of the parameters were identified by
measurement of latitude and azimuth on the film; for a
control, the spheres of reflection in the reciprocal lattice
were constructyed. As an added precaution against the con-
fusion of prisms and pyramids, each oscillation photograph
was repeated with the crystal rotated a few degrees about
the normal to the reflecting face; when a, say, was the
axis of rotation and (OlO)vthe reflecting face, this displaced
vertically reflections from forms with £ # 0, Because of
the length of the b-akia, reflections from planes with k =
0 and with k¥ = 1 were superposed, save when b was the axis
of rotation; photographs from (100) with ¢ the axis of rota-
tion, and from (001) with a the axis of rotation were therefore
not used in the testing of the structure. All reflections
from planes whose traces in the reflecting face were not
normal to the axis of rotation were likewise ignored, because
of the probability that the intensities of such reflections
are strongly influénccd by absorption.

The relative intenasities of useful lines on the
various photographs were estimated by visual comparison
with a scale bearing eighteen lines of darkenings corres-

ponding to various values of the product X-ray intensity
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times time from 0.25 to 30,

" The origin of the unit cell of columbite has been
‘chosen at a center of symmetry. In this case, neglecting
eitinotion, and with the oscillating crystal method as
deécribed, a quantity proportional to the integrated
intensity of reflection from a plane (hkl) is wéa,vwhere
I 2w
A= 2. Ay cos(héi + kg + LE;5),

i,J

1/w= [1 - (ul/asin 29)°]"%,

i
_ (1 + cosaRS)/z'
Ai - 2 sin 29 Fi'

The factor l/o is a correction for the varying specific

times of illumination of planes inclined to the axis of
rotation; u is the index (i.e., h, k, or 1) corresponding to
the axis of rotation, and d is the unit translation along

that axis.*? The triple ( £y rjij’g ) are the

ij
cobrdinétés of the jth atom of the ith species referred

to the axes of the unit cell, and the summation is over

a certain half of the atoms of each kiﬁd in the unit cell;
namely, over that half from which the others are obtaiﬁable
by inversion through the origin. F; denotes the usual F
factor for the ith kind of atom. The quantity ©A®, and

less accurately A, must approximately parallel the
estimated relative intensities of reflection on any one
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photograph.
‘ - The ¥ curves emploved for iron and oxygen are
taken from the tabulation by Bragg and West,l5 The F
curve for columbium is calculated from Thomas® atomic
model according to the method given by the same authors,
and is corrected for the heat motion by an arbitrarily
chosen factor less than unity and decreasing with increase
of 9; the resulting F values are given in Table IV,
Although molybdenum Ko« radiation (v/R = 1287) is softer
than the X edge of colfimbium (v/R = 1401) and near it, no
correction for the change of the amplitudenratio in & region
of anomalous dispersion is necessary.l® The effect of the
presence of tantalum in the observed ratio atoms Ch: atoms Ta
= 89:11 was estimated from thelg curve for tantalum according
to the Thomas model to be equivalent to an increase of
about 10% in the F curve empio&ed for columbium, Since
this effect is opposite to that of the anomalous dispersion,
and. in view of the inexactness of the intensity est{mates
as well as of the F curves themselves, the presence of
tantalum was likewise neglected,

The parameters of the metal atoms along each
axis were fixed successively. A values of high ordersl
fiom (010) were first examined as functions of the single
parameter ygp on the interval 0 = ygyp < 0.25, Allowance

was made for the maximum possible contribution to any,é
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Table IV

F values for columbium

gind
A F
0.0 41,
1 35.5
.2 20,0
.3 24,8
A 21.3
.5 18,7
.6 | 16.5
.8 - 12.9
1.0 10.4
1.2 8.6




. from the oxygens; for the higher orders this maximum
(equal to 12 AG) is conveniently small. Observed
inequalities of various lines (Table V, Photographs C and

- b
Iop 0.170, and the most
satisfactory agreement was obtained with Yop = 0.163,

E) sufficed to fix 0.159 =

The oXxygen parameters yl' Tos ys were then chosen to give
agreement for all orders from (010), especially for those
for which A

Ch .
‘A values of high-order reflections of form {(hk0) (Table

+ AFe is small, With Yeop evaluated, the

V, Photograph C) were treated similarly as functions of

the single parameter §Cb’ with -0.25 < befa 0.25; only

on the subinterval -0.04 ﬁ:xbbré 0.04 did the A curves
duplicate the observed order of intensities, To explain

simply the facts that the intenéities of high-order reflections
(nk0) appear to be independent of h and to vanish when k

is odd, Xop Was made zero.l7 The oxygen parameters X Xy

X, were then chosen with regard to the intensities of

3
1oﬁer orders. In like fashion, Zop and u weré limited by
large-angle reflections of form (0kf) (Table V, Photogfaph
E). They were Qéried over‘the intervals 0 £ z, < 0.25,
0.50 £ u= 0,75, The use of inequalities alone requires
0,12 = Zgp £ 0.22, and u < 0.70; satisfactory agreement is

obtained only within a much smaller region.

The following set of parameters was found to give
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the best agreement with all of the 127 prisms and pinacoids
’

identified on the oscillation photographs:

Xap = 0.000 X = 0.333 x, = 0.333 Xy = 0.320

Yop = 0.163 ¥ = 0.090 g = 0.410 ¥z = 0.750

Zop = 0.075 z, = 0.135 z, = 0.150 Zy = 0,170
u = 0,600

Comparison of these parameter values with those for the
undistorted Structure C shows that distortion has produced
only slight relative shifts along the a2 and b axes, and a
ma.ximum change of 0.05 parallel to the ¢ axis,

Table V gives the values ofcué? calculated with the
corresponding atomic positions, If any one of the four
metal parameters is altered by as much as 0,005, the gualita-
tive agreement is markedly poorer. <*he oxygen parameters
along b seem to be fixed within the same limits, Those
along a and ¢, however, are determined by the intensities
at best to a few hundredths; they are fixed at the values
given by the assumption that the distance from a c¢olumbium

atom to an oxygen is 2,0 + 0.1 R.

IV, The Discussion of the Structure

| - Fig. 4 is a photograph of a model representing
one-half of the unit of structure of columbite. Any one

string contains only iron or only columbium ions at the



TABLE V

..

Photograph A: Xerays incident on (100), b-axis vertical; oscillation 0-45°; 42 kv. pesk; 220vmifliampere hours
grap ¥ : - , ; :

2nd Layer Line

Equator 3rd Layer Line 4th Layer Line §th Layer Line -
(hx1) | I |wa®.10°%| (me1) | I |ea®.10"t | (mx1) | I |0aB.107% | (mkl) | 1 jwaR00% | (hkl) | I |wa?.10-4
200 | 17. 13.9% 220 01 0 24% 230 8.6 2.9% 240 5 +93#
400 7«5 3.3 430 5 18 440 25 «13 460 7.0 4,0
800 2.0 1.93 630 «00 »00 660 N «91
800 «20 «53 860 o2 «59

8¢



TABLE V
Photograph B: X~ray besm incident on (010), e-axis vertical;

oscillation 0-30°; 40 kv. peak; 75 milliampere-hours

Equaﬁor Z2nd Layer Line
(k1) | 1 |wa®.a0"% (nk1) I |wa®.1074
040 |- 1.5 | =2.5* 240 35| 1,37
| 250 v vw L02%
060 5.5 7.4" 260 | 10 23.,*
270 .00 04"
080 vw 03" 280 .00 .03*
| 290 .3 .39*
0.10.,0 35 « 45" 2:,10.0 6 ‘ N ¥
2,11.0 «00 .01*
0.12.0 w5, 4.1 2.12.0 2.5 3.1
2.13,0 .00 01%
0.14.0 .00 .00 2.14.0 | v w .03
2.15.0 | v v w .04"
0.16.0 o2 «30 : 2.16.0 .2 #31%
2.17.0 .00 .00
0.18.0 N W72 2.18.0 8 1.00




TABLE V

Photograph C: X-ray besm incident on (010), a-axis vertical;

oscillation 20-50°; 40 kv. peak; 225 millismpere-hours

Equator 2nd Layer Line 4th Layer Line
(hkl). I |wa®.107% (hkl) I am?;10'4 (hk1) I |wa®,107%

2.15,0 | vl .05

0.16.0 | 1.0 .30 2,16.,0 6 »21 4,16.0 .35 J4
2.17,0 .00 .00 4.17.0 -00 .00

0.18.0 | 1.7 .72 2.18.0 | 2.5 1.00 4,18,0 | 1.6 .78
2.19.0 .00 00 4,19.0 .00 .00

0.20.0 .2 .04 2.20.0 |[vvw .01 4,200 | vvw .12
2,21.0 .00 .00 4.21.0 .00 .00

0.22.0 .35 13 2.22.0 .26 .13 4,22,0 | 2 .11
2.23.0 .00 »00 4,23.0 +00 .00

0:24.0 .8 .37 2.24.0 .5 231 4,24,0 35 .30
2.25.0 .00 .00

0.26.0 | “.1 .02 2.26.0 | “u1 .03




Photograph D: X-ray beam incident on (010); c-axis vertical; oscillation C-30°; 40 kv. peak; 75 milliempere hours

TABLE V

-

Equator 1st Layer Line 2nd Layer Line u 3rd Layer [Line
(hk1) I |wa®.007% (hk1) I |wa®.a0" (hk1) I |wa2a04| (nk1) I | waR.1074
020 1.4 7| 2.4%
_ 031 12, 13.5%
040 242 2.5%
051 .00 «00%
060 8. 7.4* 062 Be 4,1"
on o2 «10% ,
080 .05 .03* 082 .00 + 00
091 2. 1.4 093 | 2.5 6.6
0.10.0 5 «45% 0.10.2 o5 +45*
, 0.11.1 .00 .00 0.11,3 .00 .00
031210 4;5 401 N 0'1202 105 043
0.13.1 .00 .01 0413,3 .2 .28
0.14.0 «00 <00 0.14.2 »00 .01
0.15.1 o5 o4l 0.15.3] 1.5 1.37
0.16.0 .2 .30 0.1642 | ©,05 .11
0.17.1 .00 .01 ,
0.18.0 5 .72 0.1842 o256 W31
0.18.1 vVVW .02 :

1



TABLE V

Photograph E: Xerays incident on (Cl0); c-axis vertical; oseillaticn 20-50°; 40 kv. peak; 250 milliampere hours

Equator 1st Layer Line 2nd Layer Line 3rd Layer Line
(hk1) I |wa?.10°% (nk1) I |wi2,10"4 {(hkl) I |waR.10"% (hkl) I |wa2.10%
: 0.13.3 1, 28
0,14.2 | w,05 01
0.15.1 245 41 : 0.15.3 6, 1.37
0.15.0 1.2 «30 : 0.16.2 «5 11
0.,17.1 «00 .01 0.17e3 n,15 .01
0.18.,0 243 .72 0,18.2 1. «31
0.19.1 o2 02 0.19.3 'S5 215
0.20.0 «25 04 : 0.20.2 | ©,01 «00
: 0.21.1 N «13 0.21.3 8 «43
0.22.0 05 ‘15 ) 0'2202 02 006 )
0.23.1 .l 201 0.23.3 32 202
0.24.0 1.0 37 0.24.2 25 208
0.20.1 «00 01 0.25.3 v2 .08
0.26.0 | vl «02 0.26.2 | v.,1 .01
0.27.1 2 «06
0.28.0 2 .08




TABLE V

Photograph F: X-rays incident on (001); bcaxis vertlcal, oscillation 0-30°; 40 kv. pesk; 190 milliampere hours
(The estimation of the intensity of 0.0.10 is obtained from photographs at larger angles,)

Equator 1st Layer Line 2nd Layer Line “ 3rd Layer Line 4th Layer Line

(hk1) | T |wa2.10°4| (hkl)| I [wa2.10"4| (hxl) I |waR.00"% L(hkl) I la2,10-4 ﬁ (nk1l)| I |wa®.10-4%
011 | w1, | = .49% ‘ 031 | 15-30| 17.* :

002 |15-30| 3.1* 022 .8 27* 042 | 1.2 | 1.09*
013 .5 37 033 | 15-30| 13.* :
015 .35 .25 035 | 6. .88

006 | 5. 1.12 026 |vvw .04 046 | ».1 .10
017 vy w <03 037 | vvw «01

008 | 1. .25 028 |vwvw .12

€.0.10] .00| .01

5th Layer Line 6th Layer Line 7th Layer Line 8th Layer Line 9th Layer Line

062 | 6. 9.7*

053 | «.2 J09* 073 1.5 «49

' 064 [vvw «R7 084 | v vw +04 I

055 | v.2 .21 o 078 .6 31 095 5. .69
066 5e 2.3¢

057 .00{ .02 A
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center of its octahedra; one layer of iron strings follows
two layers of columbium strings. Three metal ions are about .
each oxygen ion. The interatomiec distances ars shown in
Table VI, Distortion from close packing subsequent to the
insertion of thé large coBrdinating ions has resulted in an
gxpansion of all octahedra, the meah increase in thé edges of
the columbium octahedra from the originally assumed length

of 2.76 A being 4% and of the iron octahedra 8%. . Although
no use was made of the principle that edges shared between
octahedra should be most shortened, the rule is obeyed by the
columbium octahedra; since it appears to be invalid for the
iron octahedra, the et - met repulsion is unimportant
compared to other interionic forces.

Vhile Structure C is in accord with most of the
principles that have been suggested for ionic structures, the
deviation of the electrostatic valences of the oxygens from
the value two is large., Qualitatively, the strengﬁh of a bond
as defined by Pauling7 (i.e., the positive potential at the
location of the anion arising from a neighboring oation)
should be considered to increase with decreasing anion-cation
distance, and the columbium-oxygen distances should De |
observed to decrease in the order Cb-Os, Cb-0;, Cb-Op. 1In
agreement with this prediction, &hat geems to be the most
satisfactory agreement between calculated and observed

intensities appears when the distance Cb-0, is ghorter by



shared edges are marked by asterisks,

Table VI

Interatomic distances in columbite

35

Distances equivalent by symmetry are bracketed;

Iron octahedron

Columbium cctahedron

Elec. valence

- of oxygen Elec, valence
- of oxygen
Feo~01 2) Cbz=0ny [1.86 & 1%
RT3 592 % 2 524
F62~018 Cb3-013 2.04 2
g
Feo~001) . Cbz~-012|2.05 2
| 2,10 1%
Feg-Ogs : Cby=0s¢ 2,09 2%
J
Fe,~0 Cb,~0 2.11 24
27Y24| 5 54 12 3~Vag Z
Fe2~0‘26 Cbz-0zy |R.12 2%
C Opy=0 0y 5=0
24 23;] 2.79 127738, 61
Oysr=0 0. =0
25" 2 137V5%
015“021} O37-0zg |2- 70
2,89
018-Cusf| 0y5-0,5(2-76
0,,-0 : 0, 5=-0,, |2.84
24 25} o 93* 012 024 -
Onn =0 - .
21°v26 36~Va7
0y 3=01g | 3.07 015-0zn |2.88
0g1=0gg | 3.07 Op4=0zg |2.88
0, =0 Opy=Onq|3.02
137724 3.08 247V 38
018-026 013-03¢ |5+ 04
01 3-02¢ 013~004(35.08
. } 3.22 5 20
0 "0 0 "0 .
18"Y24 36~V28
Average | 3.00 Average|2.87
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approximately 0.1 X than any other colambium~oxygen
distance. That Cb~0z is larger than Cb-0; is uncertain.
Br8gger and Prior have observed a close cryétallc~

18 It

graphic relationship between columbite and brookite.
is now seen that the structure of columbite also 18 similar
to the structure of brookite; the two are differentiated
by the manner in which successive strings are connected, and
consequently by the number of edges shared per octahedron.
It is satisfactory, but of doubtful significance, to find
that with the replacement of guadrivalent cations by
bivalent and quinquevalent ones, that ig, with the change
from the molecule TizOg to the molecule FeCboOg, the
rnumber of shared edges pér octahedron in otherwise similar
structures decreases from three to two.

The undistorted Structure C is exactly the
Structure A which was built up in the study of brookite,1?
except for the tripling of the unit caused by the presence
of the two kinds of metal atoms. The two oscillation
photographs shown in Figs. 5 and 6 evidence strikingly the
pseudo-unit, with a b axis one-third that of columbite, and
with the same distribution‘of symmetry elements, They led
early in the present study to the predictionzo that the

columbite unit would prove to be a triple of the unit of

8tructure A, and to the rapid derivation by the cobrdinalion
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theory alone, with no assumption of close packing, of both
Structureé C and B, Only when it was proved that no struc-
ture of the proper symmetry containing strings of octahedra
could satisfy the electrostatic principle exactly was the
hypothesis of clooe re.cking substituted for the hypothesis
of strings of octahedra. 1t has been seen that it was at
least impracticable to apply the later hypothesis in a

form more lenfent than the earlier one.

Summary

A crystal of columbite~tantalite,
(Fe,¥n)(Cb,Ta)50g, containing principally columbite was
found by the use of Laue and oscillation photographs to
have an orthorhombic unit of structure of dimensions ‘
a=5.082 A, b= 14,238 4, ¢ = 5,730 A, containing four
molecules. The space group is Vﬁ?. By the use of the
cobrdination theory and of close packing, a number of
possible structures were devised, and one was shown to have
the observed unit and symmetry, and to explain the inténaities
of reflections on oscillation photographs. Its structural

element is an octahedron of oxygen ions about a metal ion;

gach octaheiron shares two edges with adjoining ones to form
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strings of either columbium octahedra alone or of iron
octahedra alone, and the strings are united by the sharing
of corners. A diagram of the structure is shaovn in Fig. 3,

a>model in Fig. 4.
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