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Abstracts



Abstract of Part I.

Section (a)+

The structure of the iron silicide FeSi was determined by
means of X-ray single-crystal photography. The previously re-
ported structure was verified. The structure 1s based upon the
space group T - P2,3 with &, = 4.489 * 0,005 A. TFour iron and

four silicon atoms are in the positions ( xxxX; X+3%, 3 - X, %34)

with Xpe = 0.1370 £ 0.0020 and Xgy = 0.842 £ 0,004,

A detailed discussion of the structure was given in terms

of the resonating-valence-bond theory developed by Professor

Pauling.

- N D S W e S g GO an W

#* The work of this section was done in collaboration with

Professor Linus Pauling.



Abgtract of Part I.

Seetion (b)

An investigation of the structures of the intermetalliec
compounds Mg,Tl, MgpIn, and Mgpla was made, The methods of
X-pay single-crystal and powder photography were employed.
The structures of ﬁgng and %ggln are based upon the space
group D2, - CB2m with three molecules in a unit cell of

dimensions &, = 8.068+0.005 &, ¢ = 3.457+0,0007 4;

(4]

a, = 8.32410,005 4, ¢, = 3.457%0.0007 £, respectively. The

(&)

three thallium or indium atoms are in the positions

l1: (&) 000,
2: (e) 121; 211.
232 332

The six magnesium atoms are in the positions
3: (f) =x,00; Oxj0; X3%40
31 (g) =xp0%3 Oxgds FoXode
In the case of Mg,Tl X; = 0.3746+ 00,0028 and X, = 0.2866% 0.,0038.,
It was not possible to fix the parameters x; and xp accurately
in the instance of MgyIn, but it is highly probable that they
do not differ greatly from the corresponding values of MgyTl
A discussion of the structure of MgoTl in terms of the
resonating-valence-bond theory A2 e was given and it was
found that the valences of the thallium atoms are larger than
that exhibited in the elementary substance.
The.structure of Mgzaa is apperently similsr to that of
Mgng and MgoIn. The positions of the atoms, however, necessitate

a doubling of the unit cell dimension along the ¢ axis. It was

not possible to determine the exact position of the atoms.



Abstreact of Part II.

A discussicon is glven of the relationship between metallic
valence and the fine structure of the X-ray emlssion bands
of metals, alloys, and intermetallic compounds. The study of
fine structure seems to offer a chance to gain valuable in-
formation concerning metallie valences; there 1s, hovever,

a great need for more experimental information.



Abstract of Part IIIX.

Section (a)

The structure of sodium borohydride was investigated

by means of X-ray powder rhotography and found to he based
on a face~centered cuble lattice.

The unit cell of 4di-
mensions 8, = 6.151% 0,000 kX conteinsg four sodium snd four
boron atoms arranged in

the following manner:

4 Ha

505, %30
4 B at 345

It is probable that the structure consists of tetra-

hedral BE; iong arnd Na" fons, The dimenslons of the ions

would permit oscillation or rotation of the EH; tetrahedra.



Avstract of Part III.

Section (b)

The structural parameters of the cubic modificeatior of
arsenious oxide have been redetermined by means of X-ray
powder and single crystal photography and found to agree
closely with those reported by Almin and WGstgren(s).

The structure is based upon the packing of As Of
molecules vhich have the same dimensions as those found for

the molecules of the gas(ek Q’r“‘"‘).
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I, THE CRYSTAL STRUCTUREZ OF CERTAIN
INTERMETALLIC COMPOUNDS
(a) The Nature of.the Bonds in
the Iron Silicide FeSi

and Related Crystals
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Acta Cryst. (1948). 1, 212
The Nature of the Bonds in the Iron Silicide FeSi and Related Crystals*

By L. PavriNg AND A. M. SOLDATE
Gates and Crellin Laboratories of Chemistry, California Institute of Technology, Pasadena, Cal., U.S.A.

(Recetved 7 June 1948)

The iron silicide FeSi has been reinvestigated by X-ray photography of single crystals, and the
reported structure for the substance has been verified. The space group is 74-P2,3, with
@y =4-489+0-005 A.
Four iron atoms and four silicon atoms are in positions (z, z, x; x+ %, ¥ —2, Z; /), with
Zp,=0-1370+0-0020 and xg=0-842+ 0-004.

A detailed discussion of the structure and the values of the interatomic distances has been given,
by application of the resonating-valence-bond theory, and it has been shown that the interatomic
distances are compatible with those found for elementary iron and elementary silicon.

Introduction

The structure of the iron silicide FeSi was first in-
vestigated by Phragmén (1923), who found it to be
based upon the space group 7*-P2,3, with a unit cell
containing four iron atoms in the positions (z, z, z;
x+%, L—2,%; J) and four silicon atoms in a similar
set. The edge of the cubic unit cell (a,) was given as
448 A., and it is evident from Phragmén’s drawing of
the structure that xp, and zg; were taken as approxi-
mately +and §. Wever & Moeller (1930) later studied this |
structure by use of powder photography and reported
the values xp,=0-1340 4+ 0-0020, xg;=0-8445 +0-0020,
and ay=4-467 A. (It is mentioned in the Strukiur-
bericht, 2, p. 241, however, that the authors have stated
in a personal communication that an error was made
in their determination of the parameters.) Another
powder photographic study of this substance was made
by Borén (1933), who reported xpe=0-139+0-001,
2g;=0-845 + 0-001, and a,=4-478 A.

The structure found for FeSi and other silicides
(CrSi, MnSi, CoSi, NiSi) (Borén, 1933) is interesting as
an example of co-ordination number 7. Each iron atom
is surrounded by seven silicon atoms, and each silicon
atom by seven iron atoms, at the distances 2-28 A. (one
ligand), 2-35 A. (3), and 2-50 A. (3) (calculated with the
parameter values of Borén; those of Wever & Moeller
lead to values agreeing with these to within 0-03 A.).
Each iron atom also has six iron neighbors at 2:75 A.
We became interested in the structure in connection
with our efforts to develop a rational theory of metals
and intermetallic compounds (Pauling, 1938, 1947), and
attempted to find an explanation of the choice by these
substances of this unusual structure, in preference to
the sodium chloride, nickel arsenide, or cesium
chloride structure, and also an explanation of the

% Contribution no. 1172 from the Gates and Crellin Labora-
tories.



unusually small interatomic distances shown by the
crystal. These small distances make themselves evident
when an effort is made to calculate the valences of the
iron and silicon atoms from the bond distances, with
use of the recently proposed relation between bond
distance and valence (Pauling, 1947):

R,=R;—0-300 log n. (1)

The bond numbers obtained from the reported inter-

-atomic distances lead, when summed, to the valences

6-98 for iron and 6-93 for silicon, in obvious disagree-
ment with those usually accepted, 578 and 4-00,
respectively.

The seriousness of the apparent anomaly in valence
and the incompleteness of the published details of the
only single-crystal investigation of the structure that
has been reported (Phragmén, 1923) caused us to
consider the possibility of an error in the structure
determination, and led us to verify the structure and
to redetermine the parameters by single-crystal X-ray
methods.

Experimental methods and results

A preparation which consisted of silicide crystals
embedded in a silicon-rich a-iron matrix was made by
slowly cooling a mixture of reagent-grade iron and
silicon containing 25 (wt.) 9, of silicon from the molten
state, under 40 mm. of hydrogen. A residue of silicide
crystal fragments and silica was obtained by the de-
composition of the sample with hot aqua regia. A
single-crystal fragment with longest dimension less than

© 0-1 mm. was selected, and its individuality as a single
. crystal was demonstrated by the preparation of heavily

exposed symmetrical Laue photographs. The Laue
point group was found to be 7,-2/m3. The value of
a, was found to be 4-489 +0-005 A. from equatorial

| measurements of 15° oscillation photographs; no re-
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flections requiring a larger cell were observed on
the Laue or oscillation photographs.* The lattice is .
primitive, restricting the space group to

T*-P23, T*-P23, Ti-Pm3, Ti:-Pn3,
or T$-Pa3 (Internationale Tabellen...).

T3-Pn3 is eliminated by the observation of re-
flections (0kl) with k+1 odd, and T'§—Pa3 by (0kl) with
k odd.

The density 5-95 g.cm.=3 reported for a specimen
containing 33-0 (wt.) 9, of silicon (Landolt-Bornstein,
1931, p. 330) leads to 3:86~4 atoms of iron and
386 ~ 4 atoms of silicon in the unit cell. It is assumed
that the iron and silicon atoms are distributed in a
definite, non-statistical fashion. The final correspon-
dence between calculated and observed structure
factors constitutes the ultimate justification of this
assumption. (Furthermore, there seems to be no
reasonable statistical distribution involving four iron
and four silicon atoms for any one of the three possible
space groups.)

It is impossible to place four iron and four silicon
atoms in sets of equivalent positions of the space groups
T*-P23 and T3-Pm3 which are not also equivalent
positions of the space group 7'3-P43m (which has the
Laue symmetry O0,-4/m32/m). The structure must
therefore be based on the space group 74-P2,3. The
observed absence of reflections of the type (200) with
h odd is consistent with the choice of this space group.
Four iron and four silicon atoms may be placed in sets
of equivalent positions in only one manner, namely, in
two sets of equivalent positions of the type (z, z, x;
56-!—%, %_x! z; l/)

A set of 15° oscillation photographs about a twofold
axis was prepared in a cylindrical camera with a radius
of 5 cm. by use of Mo Ko, o, radiation filtered by
zirconium foil. Three films interleaved with 0-001 in.
copper foil were used for each exposure (Hughes, 1941).
Intensities of reflections observed in the photographs
were estimated visually. Absorption corrections,
omitted here, were estimated to be small. The atomic
scattering factors for iron were taken as averages
between those of Pauling & Sherman (1932) and of
Thomas & Fermi (Internationale Tabellen...), and the
atomic scattering factors for silicon as averages between
those of Pauling & Sherman and of James & Brindley
(Internationale Tabellen...). A temperature factor

* The Mo Ko, components of well-resolved doublets were
used for these measurements; the wvalue 0:70926 A. was
assumed for A. It is probable that earlier measurements of a,
are reported in kX. units. If this is the case, the measurement
of the present investigation is in good agreement with the
measurements of Phragmén (1923) and Borén (1933).

1t Owing to the experimental arrangement the Ko, com-
ponent of the reflection (10.0.0) was coincident with the K,
components of the reflections (10.1.0) and (10.1.0) on one
exposure and the Ko, components of the reflections (1.10.0)
and (1.10.0) on another exposure. The well-known intensity
ratio of the Ko, to the Ke, line, 2 : 1, was used to make the
intensity comparisons involving these coincidences shown in

Fig. 1.
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exp [0-5{(sin 0)/A}?] was applied to calculated structure-
« factor values.

Table 1. Intensities of X-ray reflections on oscillation
photographs of FeSi

(hkl) Obs. Calec. | (hkl)  Obs. Cale.| (hkl) Obs. Cale.
110 11 95 | 710 <30 3-1 490 31 25
020 88 11 550 45 46 940 Abs. 16
120 13 12 460 70 66 770 <30 24
210 26 33 640 68 66 680 <30 1-8
220 2:5 27| 270 Abs. 0-2 860 <30 1-8
130 56 47| 720 56 59 | 0.10.0 6-8 56
310 59 69| 370 33 41 | 1.10.0 37 31
230 14 13 730 42 44 | 10.1.0 30 22
320 84 170 560} 91 90 2,10.0 Abs. 1-2
040 25 25 650 10.2.0 Abs. 1-2
140 Abs. 0-6 | 080 72 64 590 <30 20
410 85 10 180 Abs. 1-2 | 3.10.0 4-1 4-0
330 74 63 | 810 6-3 64 | 10.3.0 Abs. 1-8
240 46 51| 470 Abs. 09 780 Abs. 1-2
420 4-8 5-1 | 740 Abs. 06 870 Abs. 04
340 <19 2:3| 280 Abs. 0-8 | 4.10.0 49 4-3
430 3-8 34 | 820 Abs. 08 | 10.4.0 45 4-3
150 59  6-2 | 660 44 4-2 690 6-1 45
510 39 43| 380 Abs. 07 960 Abs. 10
250 18 19 830 <30 27| 1.11.0 35 34
520 65 72| 570 45 44 | 11.1.0 Abs. 07
440 16 15 750 Abs. 0-3 | 2,11.0 Abs. 16
350 2:7 30 | 480 59 52 | 11.2.0 6:0 4-3
530 33 32| 840 57 52 | 5100 Abs. 11
060 11 11 190 <30 24 | 105.0 28 23
160 56 58| 910 31 37 880 40 29
610 89 99| 670 Abs. 1-1 790 Abs. 06
260 24 29 | 760 62 52 970 45 36
620 2:6 29| 290 82 77| 3.11.0 2:3 23
450 75 69| 920 <30 27| 11.3.0 Abs. 13
540 <30 231 580 <30 20 | 6.10.0 2:8 23
360 58 63 | 850 58 55 | 411.0 Abs. 11
630 49 53| 390 Abs. 07 | 11.4.0 Abs. 1-1
170 44 42| 930 44 42

0136 |- -]

XFe

0140 | -

L |

|
0-838 0-842 . 0-846
Xsi

Fig. 1. Determination of parameters.

Curve Comparison
1 2F%0,0,0 <4F% 10,0+ Fio,00
2 2F%0,0,0 > 4F%0,1,0+ 30,00
3 [ F [o20> | F |s30
4 [ F |ss0> | I |sa0
5 [ F |4,10,0> | £ |3,20,0

Structure factors calculated with ap,=0-1370 and
2g;=0-8420 show good agreement with those calculated
from the observed intensities (Table 1). Intensity com-
parisons between reflections having nearly identical

+ angle-dependent factors and observed on the same side

of a given film were used to establish the limits of error
shown graphically in Fig. 1.f Presumably reliable
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values of zp, and zg are 0-1370+0:0020 and
0-842 +0-004, respectively. These are in essential
agreement with those of Wever & Moeller (1930) and
of Borén (1933).

Discussion of the structure
The interatomic distances

The ligands of each iron atom in FeSi are seven
silicon atoms at distances 2:29 A. (1), 2:34 A. (3) and
2-52 A. (3), and sixiron atoms at 2:75 A., these distances
being reliable to about 0-01 A. The corresponding bond
numbers, calculated with the assumption of the normal
single-bond radii 1-165 A. for iron and 1-173 A. for
silicon (Pauling, 1947), are 1-21, 1-00, 0-50 and 0-20,
respectively; the sum of these values for the bonds
formed by an iron atom is 6-91, which differs signifi-
cantly from the expected value 5-78. Each silicon
atom is surrounded by seven iron atoms at 2-29 A. (1),
2:34 A. (3) and 252 A. (3), and six silicon atoms at
2-78 A., the corresponding bond numbers being 1-21,
1-00, 0-50 and 0-19, and the calculated valence of silicon
6-85, which is very much greater than the normal
value 4.

Let us now consider the electronic structure that
would be expected for the iron silicide crystal according
to the resonating-valence-bond theory of metals
(Pauling, 1948). According to this theory, silicon,
with only four stable orbitals in its outer shell, could
_not form more than four electron-pair bonds, which
might, however, resonate among more than four
positions. In order for metallic resonance of the valence
bonds to occur, some of the atoms must possess an
extra orbital, the metallic orbital; it is not necessary,
however, that the silicon atom itself possess a metallic
orbital, inasmuch as its four bonds might undergo
pivoting resonance about it, if the surrounding atoms
possess the metallic orbital. Moreover, it is to be
expected that the resonance of the four bonds of the
silicon atom would be of such a nature as to lead to
the assignment to the interatomic positions of bond
numbers equal to simple fractions, such as }, %, %,....
Wenote that the observed interatomic distances 2-34 A.
(for three bonds) and 2-52 A. (for three) differ by just
0-18 A., which corresponds to a factor % in bond
number, and that the remaining bond distance, 2-29 A.,
is slightly smaller (0-05 A.) than the smaller of the other
two, suggesting that its bond number is slightly greater.
These distances hence suggest that the corresponding
bond numbers are 1, %, and %, their sum thus being
equal to the normal valence 4 for silicon. We assume,
as has been found necessary for other crystals also, that
the valence of the silicon atom is concentrated entirely
into the bonds with its nearest neighbors, and that the
six silicon neighbors at 2-78 A. are not bonded by
the silicon atoms, the bond number 0-19 given by equa-
tion (1) being illusory.

The silicon atom is thus to be described as using one
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of its four tetrahedral sp® bond orbitals in forming an
essentially non-resonating single bond with one iron
atom, at 2-29 A.; the other three orbitals resonate
between the three iron atoms at 2:34 A., and the three
at 2-52 A., the latter set being the less favored, by the
factor %, presumably because of their less satisfactory
relation to the tetrahedral directions (the angle with the
non-resonating bond being 40° less than the tetrahedral
angle, as compared with 26° more for the former set).

When the two longer distances are corrected by 0-11
and 0-29 A. for bond numbers % and %, respectively, and
the single-bond radius of silicon is also subtracted, there
are obtained the values 1-12, 1:06 and 1-06 A., re-
spectively, for the single-bond radius of iron. Moreover,
we expect that the iron atom has the valence 6 (rather
than the valence 5-78 found in elementary iron), for
reasons described below; of this valence four units are
used in bonds with silicon, leaving two valences to be
divided among the six iron-iron bonds. The iron-iron
distance 275 A., when corrected by the amount 0-29 A.
corresponding to bond number %, leads to 1-23 A. for the
single-bond radius of iron. These four values show
striking deviation from the single-bond radius 1-165 A.
found for elementary iron (Pauling, 1947).

However, it is known (Pauling, 1948) that elemen-
tary iron represents a resonance average between
two valence forms of iron. In one of these, Fe ,, two
of the eight outer electrons of the atom are atomic
electrons, contributing to the ferromagnetic moment,
and the other six are valence electrons. Of the nine
stable outer orbitals of the iron atom, two are used for
the atomic orbitals, and the remaining seven, d3sp3,
are for the six valence bonds and the metallic orbital.
The metallic orbital accordingly has 2 or 42-99%, d
character, on the assumption that the hybrid character
of the metallic orbital is the same as that of the bonding
orbital. The other kind of iron atoms, Fep, contains
three atomic electrons in three of the d orbitals, the
other six orbitals (d2sp®) constituting five bonding
orbitals and the metallic orbital. These six orbitals
have 33-3 9, d character. The ferromagnetic saturation
moment, 2-22 magnetons, shows that the structures 4
and B contribute 78 and 22 9, , respectively, to elemen-
tary iron, the average amount of d character thus
being 39-7 %,. The corresponding single-bond radius is
1-165 A. The single-bond radius for sp® bonds, with no
d character, is found by linear extrapolation (Pauling,
1947) to be 1-481 A. On the assumption (Pauling, 1947,
1948) that there is a linear relation between the single-
bond radius formed by a hybrid orbital and the amount

' of d character, there can be derived the equation

R,(Fe)=1-481—0-797 §, @)

where the symbol & means the fractional amount of d

' character in the bond orbital. This leads, for example,

to the value 1-138 A. for the single-bond radius of the
d3sp® bonds formed by Fe 4, which is sexivalent.
We may now use equation (2) in interpreting the
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values 1-12, 1-06, 1-06, and 1-23 A. found for the single-
bond radius of iron for the different kinds of bonds
formed in the FeSi crystal. Application of equation (2)
leads to the values 45, 53, and 319, d character, re-
spectively, for these bonds. Since there are altogether
three d orbitals available for use in the six bond orbitals
and the metallic orbital, the difference between 3 and
the summed amount of d character for the bond orbitals
is the d character of the metallic orbital. This difference
is found to be 34 %, an entirely reasonable value.

The state of the iron atom in FeSi may thus be
described in the following way. The iron atom is sexi-
valent iron, Fe 4. It uses four of its orbitals in forming
bonds with the seven surrounding silicon atoms—one
single bond, three % bonds, and three } bonds—and
two of the remaining orbitals, and the corresponding
valence electrons, in forming six % bonds with six
neighboring iron atoms. The orbitals involved in the
bonds with silicon are different in hybrid character
from those involved in the bonds with iron; they have
between 45 and 53 %, of d character, whereas the bonds
with iron have only 319, d character. The metallic
orbital has essentially the same hybrid character, 349, d,
as the bond orbital with the smallest d character.

Itisinteresting to note that the four iron—silicon bond
orbitals make use of just two of the three available d
orbitals, the third being used by the two bond orbitals
involved in iron-iron bonds and the metallic orbitals.
Moreover, the distribution of the d orbitals among the
orbitals of each class is essentially uniform; the four
orbitals involved in bonds with silicon have approxi-
mately one-half d character, and the two orbitals in-
volved in iron—iron bonds and the metallic orbital have
approximately one-third d character. If it is assumed
that the amounts of d character for these classes of
orbitals are precisely % and %, respectively, the bond
numbers calculated for the four kinds of bonds become
0-85, 0-70, 0-35 and 0-33, respectively, adding up to the
valence 6. It is not clear whether the treatment of the
distances in which the bond numbers are supposed to be
simple (1, %, %) or the slightly different treatment in
which the amounts of d character are supposed to be
simple (%, %) is to be preferred.

It has hence been found that the interatomic dis-
tances in FeSi are compatible with those in metallic
iron and elementary silicon, with the principal differ-
ence that the iron atom in FeSi is sexivalent iron,
rather than iron with the average valence 5-78, and the
effective radius of iron for the different non-equivalent
bonds that have formed in FeSi is different because of
a difference in the amount of d character. These values
of the iron radius are, however, related to that shown in
elementary iron, and may be derived from it.

The compounds CrSi, MnSi, CoSi and NiSi were
found by Borén (1933) to have the same structure as
FeSi, and he reported values for a, and for the two
atomic parameters differing very little from those for
FeSi. The corresponding bond distances are given in
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Table 2, together with the single-bond radii of the
metallic atoms calculated from them with the same
assumption about bond numbers as made above for
FeSi. The values for the amount of d character (8) are
also given, as calculated by the following equation
(Pauling, 1948):

R,(8,2)=1-825—0-0432— (1-600—0-1002) 8. (3)

Here z is the atomic number minus 18. It is seen that
the amounts of d character lie in the neighborhood of
50 %, for the bonds between the metal atom and silicon,
and of 309, for the metal-metal bonds. The values
found for the d character of the metallic orbital show
rather wide fluctuations, which presumably have little
significance. (The magnetic data reported for MnSi,
FeSi, and CoSi (Foéx, 1938) are difficult to interpret
+ because of lack of correspondence with the Weiss-Curie
equation, and hence are not useful in this case as a
criterion of electronic structure.)

Table 2. Bond distances and bond character in
FeSi and related crystals

(Al distances in A.)

M-Si
A — M-M
1 bond 3 bonds 3 bonds 6 bonds Metallic
n=1l n=% =n=%} n=} orbital

CrSi (ay=4-620)
Bond distance 2-32 2-43 2-58 2-83
R(1) 115 115 112 1.27
% d character 42 42 45 30 69
. MnSi (a,=4-548)
Bond distance 2-30 2-39 2-55

2-79
R(1) 1-13 1-11 1-09 1-25
% d character 43 46 48 30 57
FeSi (a,=4-489)
Bond distance 2-29 234 2:52 2-75
R(1) 1512 1-06 1-06 1-23
% @ character 45 53 53 31 34
CoSi (a,=4-438)
Bond distance 2-28 2-33 2-47 2-73
R(1) 1-11 1-05 1-01 1-22
% d character 47 56 61 31 18
NiSi (¢, =4-437)
Bond distance 2-28 2-33 2-47 2-73
R(1) 1-11 1-05 1-01 1-22
% d character 47 57 64 29 17

The choice of the FeSi structure

Some general considerations about the selection of
the FeSistructure by iron silicide and related substances
- may now be formulated. It is clear that the sodium
chloride structure would not be a satisfactory one—in
this structure an atom has as its neighbors only six
atoms of the other kind, all more distant neighbors
being so far removed as not to permit the formation of
a significant bond with them; the effective valences of
the two kinds of atoms are hence the same, and the
structure is accordingly an unsuitable one for two
elements with such different valences as 4 and 6. On
the other hand, the nickel arsenide structure, with
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small axial ratio, such as shown by AuSn (Pauling,
1947), might be assumed by FeSi. The axidl ratio could |
adjust itselfin such a way that the silicon atom would
use its valence of 4 in forming four bonds with the
surrounding six iron atoms, and the iron atom would
use its extra valence 2 in forming two iron—iron single
bonds, one with each of the iron atoms above and below

‘it along the ¢ axis. Similarly, the cesium chloride

structure might be assumed by FeSi, each silicon atom
then forming eight half-bonds with the iron atoms
surrounding it in a cubic arrangement, and each iron
atom forming eight half-bonds with silicon atoms, and
six one-third bonds with the six adjacent iron atoms.
It seems not unlikely that co-ordination number 6
(bond number %) is more suitable for silicon in an inter-
metallic compound than co-ordination number 8* (bond
number }), and that, moreover, resonating iron-iron
bonds, with bond number §, are more stable than non-
resonating bonds, with bond number 1. The actual FeSi
structure would thus be preferred to the cesium |

* A substance in which the four bonds of the silicon atom
show pivoting resonance among eight positions is Mg,Si, with
the fluorite structure (Pauling, 1948).

1

chldfid{e‘ structure for the first reason, and to the nickel |

arsenide structure for the second reason. ) 1

We are grateful to Prof. J. H. Sturdivant for assist- |
ance with the experimental part of this investigation. |
The work reported in this paper is part of a series of |
studies of metals and alloys being carried on with the
aid of a grant from the Carbide and Carbon Chemicals
Corporation.
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A Study of the Structures of the Intermetallic Compounds

Mgy Tl, MgpIn, end lg,Ga.

Introduction

The metallic elements gallium, Indium, and thallium ere
members of the ascending branches of the first, second, and
third long perlods of the pericdiec table in the sense first
discussed by Pauling(l). Elements of the ascending branches
typleally show a vaﬁiety of wvalences in the fonmation of
intermetallic compounds and it has been shown theoretically
that the three clements of Group III B can exhibit wvalences
ranging from five dovmwards, although the elementary valences
for gallium, indium, and thallium are 3%, 25, and 2 respective-
1y(1)’ (2). Intermetallic structures involving valences dif-
fering from the elementary values are generally of interest,
and the present investigation was underteken with the ex-

pectation that the phases MgyTl, MgpIn, and Mnga(S)

would
have structures in which such differences in valence are ex-
hibited. This expectation is made reasonable by the existence
of a number of intermetallic compounds of different stoichio-
metric proportions in each of the binery systems of magnesium
with thallium, indium, or gellium. In the magnesium=-thallium
system the phases Mg5T12, Mgng, and MgTl have been reported,
all with narrow regions of homogeneity(4}; in the magnesium-
indium system phases of composition MgsInz, Mgzln, ligIn, end
MgIn2 were found in X-ray studies, although the explicit

details of the phase dlagrams have not been worked out; and
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in the magnesium-gallium system the phase diagram indicates
the existence of the intermetallic compounds MgﬁGaa, MgyGa,
MgGa, and MSGﬂg(S), in agreement with an X-ray investigation
of the system(g). The structures of MgTl, Mglng, and Mgin
are known(5L(7}; no structural determinations have been made
for the other compounds.

It has been reported that the structures of liggGey,
MgSInQ, and Mg5T12 are similar snd are based on an orthorhombic
unit cell containing 28 atoms (Z = 4)(5). In addition a common
structure based on a hexagonal unit cell with 18 atoms (Z = 6)
was implied for the compounds Mg, Ga, Mgpln, and Mgng. The
hexagonal structure seemed the simpler of the two, & priori,

and thus & structurai study of the three intermetallic

compounds MgoGa, Kggln,and Mg2T1 was undertaken.

General Experimental Detalls

(a) Preparation of Compounds

Use of the following method was found to effect easy
and rather accurate gyntheses from the elementary substences.
A molten mixture of KCl and LiCl (11:9 by weight) was added
to an alundum extraction thimble and then heated to incipient
red heat, about 450° C. A calculated amount of heavy metal
was then added end the molten mass was again brought to
about 450° ¢, MNext, the specimen of magnesium was added to
the melt, and the mixture was stirred vigorously for ten
minutes with a clay rod and allowed to cool to room temper-
ature. Heating was accomplished with an oxygen-gas flame

from a hand toreh clamped into position under the alundum
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thimble. Changes in composition due to heating losses during
the course of the X-ray powder photography were estimated to
be small, In view of previous reports concerning the existence
of the compounds and the verification found here for the
essential results of the X-ray studies of them(ak(v), no
attempt was made to check the composition by means of chemical
analyses,

(b) Preparastion of Specimens and Powder Phologrephy

The intermetallic compounds prepared, especially KMgoTl,
were found to corrode when left unprotected from the atmos~
phere, The preparation of specimens sulitable for X-ray powder
photography was thersfore carried out in a dry box under a
carbon dioxide or argon aimosphere. Filings from clean
surfaces of the melis were sieved with a 200 mesh screen and
the resulting powder Wés loaded into thin-walled pyrex
capillaries. The open end of each capillary was then capped
with vaseline in order to secure temporary protection from
the atmosphere upon removal from the dry box. After removal
each caplllary was quickly sealed off with an oxygen-gas
flame. The breadth of the high angle lines in X-ray photo=-
graphs of specimens prepared in this manner revealed the
presence of lattice distortions; annealing of the specimens
for short periods at low temperatures effected a satisfactory
sharpening of the high-angle reflections, In the cases of
Mg,T1l and ligyIn an annealing period of one hour at 100° C was
found sufficient. A somewhat higher temperature was spparently

necessary for the MgyGa specimens, one hour at 200° C being
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affective, The annealed specimens always asppeared clean and
free of oxides upon microscoplc exemination, and no X-ray
evidence was found for Impurities other than those resulting
from the presence of other intermetallie compounds in the
system concerned, such as MgTl, MgIn, etc.

Powder photographs were prepared with copper radiation
filtered through nickel. The ¢ylindrical camera generally
used had & radius of 5 cm.,, and a system of 0.6 mm. slits was
used to define the incident beam. After the present investi-
gation was well under way, the laboratory acquired a 57 mm.
camersa employing the Straumanis mounting. Several powder
photographs were taken with the use of this equipment.

The Structural Determination of MgnTl

The reflections which appeared on powder photographs of
the compound MgoTl and which were not due to the presence of
small amounts of MgTl or MgSTle were successfully indexed on
the basis of a hexagonal unit cell of approximate dimensions

By = 8.04 X, ¢y = 3.64 £¥, This cell is half as large as

G G oW B GO U G0 o% o W 0P 6 o

*mhe powder photograpns of snnealed specimens prepared from
a melt of calculated composition MgoTl contained a few
reflections of low intensity which could be indexed on

the basis of the cubie unit cell of MgTl., VWith the addition
of a small amount of magnesium to the melt and subseqent
powder photography, these lines disappeared, and a small
number of faint reflections in cother positions appeared
which presumably due to the presence of a small smount of
Mg T12. In this way the lines which were those of MgQTl
coéld be identified with certainty.
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that proposed by Haucke(ﬁ), the value for o being approx-

imately one-halfl his reported value for lig,Ga. The smaller
cell was accepted on a tentativ% basis and was confirmed in
subsequent experiments. A density determination with the
use of the displacement technique gave the value 2,75~3
for the number of molecules of Mg2rl in the unit cell”,

It was noticed at once that reflections of the type
hke2n were faint or absent when h-k #3m, but were generally
strong when h - k¥ = 3m. This suggested the approximate
positions 000, 1/3 2/3 1/2, 2/3 1/3 1/2 for the three
thallium atoms, from the following argument. In & hexagonal
lattice 1t 1s always possible to use a triply primitive

hexagonal cell with a volume three times that of the smallest

B e e e

¥The low value for this number is reasonable in view of the
extreme reactivity of the substance and the resuliing tendency
toc measure a displacement volume which is too high. Thiophene =~
free benzene of high purity was used as the liquid and was
dried by refluxing over Pgls for several hours with & sub-
sequent distillation., Even after this precsution was taken
to ensure an inert liquid, bubbles of gas were slowly evolved
upon contect with the specimen. It was, of course, considered
futile to attempt the removal of oceluded gases by boiling.
During the determination the specimen was never directly
in contact with the atmosphere, but was in contact with 602
when not immersed in the purified benzene. All necessary
transferences were made In a dry box under Clo. The surface
of the specimen used was scraped free of oxide initislly.
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hexagonal cell. The A axes of the large cell are inclined
at 30° to corresponding & axes of the smallest hexagonal
cell and lattice translations of n - é,%@} » 0 20, 1, C00s
exist which lead to the extinction of reflections of the type
E - K#3m. BSince MgyTl reflections of the type hke0, h - k#3m
are weak or abgent and reflections of the type hk*O, h - k = 3m
are strong, the projections of the thallium atoms on the base
of a suitably chosen primitive hexagonal cell are indicated
to be at the positions 00, 143 2/3, 2/3 1/3 (the vectors from

the origin to the positions are 0, 1, 2¢ g\;,qa » respectively).
The absence or weskness of reflections of the type hk<*2n,

h - k#3m indicates that one or two of the atoms lie ap-
proximately on the horizZontal plane halfway along the
vertical cell edge (Z = 3). The choice of one or two of the
atoms in any combination to be placed in this plane is
arbitrary; there is only one resulting vector diagram. One
convenient choice has been indicated, with the three thallium
atoms at 000; 1/3 2/3 1/2; 2/3 1/3 1/2; another convenient
choice is 0 0 1/2; 1/3 2/3 0; 2/3 1/3 0,

The general intensity relationships eamong the remaining
reflections observed for which £ is odd were satisfied by the
proposed arrangement for the thallium atoms. It was con-
sidered probable that the proposed positions were exactly
correct, and the chance of determining the megnesium positions
was considered promising. A dlagram of the spatial arrangement

of the thallium atoms with the use of the radius observed in
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the elementary substance indicated that the large vacancies in
the structure were centered sbout the positions Xq @ o, |
0 x,0, ililo; %0 %, © igé, xzxz% where X3, X,> 0. From
considerations of symmetry it seemed reasonable that these
are the true positions of the magnesium atoms; if the radius
of elementary magnesium ig used, there are no steric hindrances
for suitable values of x; and x,. The completed arrangement
is based upon the space group Dgﬁ ~ $62n. Preliminary cale
culations were made to see if the values of X3 and xg could
be determined from the powder photographic data, btut it was
immediately apparent that it is impossible to do so. Re-
flections of the type for which the scattering contributions
of the thallium atoms cancel according to the proposed are-
rangement were observed in one instence only, and the thallium
contributions were so large in the remaining cases that the
seattering contributions of the magnesium atoms could be
changed appreciably without determineble changes in intensities.
It became appsrent that, if the structure of MgeTl were to be
determined in the present investigation, it would be necessary
to obtain additional information from single-crystal X-ray
photography . ‘

It was obvious that certain rather formidable difficulties
would have to be overcome in the preparation of suitable
single crystals of the substance. The substance was very
reactive and would have to be protected from the atmosphere
at all times. The substance was soft and 1t would not be

possible to pulverize a melt to small particles which were
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single crystals. Since the adjoining phases Mgﬁ?lg and MgTl
were so close in composition to that of ﬁgETl, a successful
chemical separation of single crystals grown from a two-
phase me 1t was considered unlikely. Accordingly, the fol-
lowing technique was first tried, A melt of calculated
composition Mgng was prepared in the usvel way with a KC1 -
LiCl flux in an alundum crucible. While the mass was
molten, at a temperature of about 450° ¢, & clay tube with
a 0.5 mm. bore was lowered into the crucible and a eylindrical
casting was formed by sucking up Mgng in the liquid state
with a vacuum pump which was attached to the upper end of
the clay tube. Cooling took place immediately and the tube
was quickly and carefully demolished under a binocular
microscope with a razor blade and ordinary dissecting in-
struments. The casting thus obtained was immersed in a pro-
tective layer of vaseline-ligroin solution--- initially some
gas evolution was noted which soon ceased without visible
corrosion of the specimen. In this manner specimens were
prepared which consisted of clumps of acicular crystals; the
long axes of the needles were misaligned by a few degrees
in each e¢lump. The problem of isolating a single individual
from such an aggregate seemed difficult, and an attempt was
made to grow crystals by a slower cooling process. Crystals
were grown in a two-phase melt by slow cooling in a Swedish
jron crucible under a protective atmosphere of argon. Upon

cooling the crystals were again ¢lumped together and grew
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on the surface of the molten mixture. One promising specimen
was removed from the solid mass by a systematic procedure of
excavation in which selected regions of the surrounding
matrix were exposed to molsture and the resulting products
of the reaction were removed with a dissecting needle, At
the conclusion of the procedure the specimen removed was found
to consist of the usual clump of aciculee; it was therefore
decided to attempt the 1solation of one individual from such
a clump without further expenditure of time and effort in
trying to grow individuals. A specimen was selected which
was indicated by means of Laue photography to be nearly a
single individual on one side and over a reasonable length.
The specimen, always under a coating of vaseline-ligroin
solution, was fastened to a thin Pyrex fiber by dried shellac
using the hot-wire technique. One side of the specimen was
systematically dissolved with 20% nitric acid, and the course
of the isolation was followed and directed with ILeue photo-
graphy. The apparatus used in the controlled dissolution
wasg designed to accomplish the grinding of small crystals
to eylindrical form; it was modified here by replacing the
abrasive surface of the grinding wheel with hardened filter
paper which served as a very gentle rubbing surface which
could bring the surface of the metal into contact with
abso rbed acid solution.

At the conclusion of the procedure the eriginal specimen
was shaped at one end to a ¢ylinder 0.1 mm, in diameter and
0.5 mme long. The cylinder was almost a single individual
with its long axis nearly parallel to the ¢ axis of the
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crystal. The specimen was then washed repeatedly with vaseline=-
ligroin solution and, after a day, 2 coating of material
formed from the reaction of the remaining acid was removed by
gentle abrasion with a drg surface. The speciﬁen was then
removed from the Pyrex rod and‘sealed'in & thin-walled Pyrex
capillary. It was held rigidly in position by a small shellac
Joining between the inner surface of the Capillary and the
untreated end of the specimen. All photographs of the crystal
were taken with the ¢ axis vertical. Orientation‘of the
crystal was accomplished with Laue photography. During
phiotography the specimen was always in such a position that
the incident beam of radiation did not pass through the un-
treated part of the specimen.

In Figure 1, and 1, prints are shown of two Laue photo-
graphs taken for two symmetrical setiings of the crystal. The
¢ axis is vertical in lo th cases; in Figure 1, the incident
beam is parallel to one of the a axes and in Figure 1, the
specimen has been rotated 30° about the ¢ exis from this
position. Although considerable differences in the spot
shapes are caused by absorption effects and the presence of
other individuals on one side of the specimen, it can be seen
in both figures that the local intensity relationships around
each spot indicate two perpendicular mirror planes, one
vertical, the other horizontel. This indicates that the Laue
point group of the erystal is Dy, - 6.  As a check to this
conclusion, symmetrical Laue photchths were prepared with

a specimen which consisted of a clumped aggregate with a very
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gmall single crystal tip. The incident beam touched only
the tip and extremely long eﬁposures were necessary. The
photographs are'repvnducéd in Figures ea énd’ﬁb.- The set-
tings correspond to those of Figureé 1, and 1 Although
the background is high and reproduction of the photographs
difficult, it is evident that'the syﬁmetryvfoénd in the
preceding photographs is confirmed. |

Additional Laue photographs of the eylindrical specimen
were prepared with the incident besm inclined at emall angles
to @ + The positions of the reflections of only one side of
the photographs could be accurately determined in gnomonie
projections; the sides pro jected correspond to the left side
of the reproductions of Figure 1. No reflectlons were found
which required the assumption of & unit cell larger than the
one proposed from the powder photographic data. The first
order reflections observed in the symmetrical photographs
are listed in Tables 1 and 2.

In the spplication of the Laue pheotographic data to the
determinatioh of structure, it is safe to assume first that
the unit cell and Laue polnt group found holds at least for
the positions of the thallium atoms; it is conceivable that
the positions of the magnesium atoms permit neither the unit
cell nor the Laue symmetry found, but that the contribuﬁians
to scattering from these atoms are negligible with respect
to the contributions from the théllium atoms. The correctness
of the positions proposed for the thallium atoms are tested by
an examination of the ways in which three atoms, either crystal-

lographically equivalent or not, in any combination, could be
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placed in a unit cell based upon & space group of the Laue
point group DSh' Thus all space groups were examined be-
longing to the point groups D6h - ggm, Ds - B2, c&v ~‘amm,
and D&h ~ 62m. The only possible arrangement which does not
lead to gross disagreement with the intensities of the re-
flections observed in the powder photeogrephs 1s the one pre-

viously proposed, thallium atoms at O O 0O %‘g z3 % % z with

the value of z close to 1. The intensity relationships be-
tween the reflections e£§£he Leue photographs show that it 1is
very unlikely thet z differs from 3 by as much as 0.05., This
stateméent is derived from the following argument. If 2z is 3,
the geometrical structuré factor férmulae for the thallium.
positions are |
,X =2n, n= 0, 1, 2, ssn
823, h=-k=23m,m=20; 1, 2, e0s
$=20,h ~-~k$3m
X = 2n+l
8 2«l,h=kz3n
8228 h~kfin
On the other hand, if z differs from $ by 0.05 and
L z 8
8 :&21, he-kz3m
S = 1+i, h - k#3m,
In a few instances the intensitiy of & reflection of the

type hk*5, h - k = 3n could be compared to that of a reflection
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of the type hke5, h - k¥ 3n., In every case the observed in-
tensity of the reflection of the first type is much smaller
than that of the reflection of the second type. Tals would
be expected if 7 is precisely %43 on the other hand if z
differs from 4 by as much as 0.05, 1t would be predicted
that the reverse of the observed relétionship should hold.
Furthermore, only four very faint reflections of the type
hk+5, h - k = 3n were observed to twenty-one of the type
hk+5, h =« k¥ 3n, vhich were generally of moderate intensity.
There are approximately one~half as many reflectlions of the
first type a8 of the second type {in & given sphere of
reflection) and the much greater preponderance of reflections
of the second type would be unexpected, i1f the thallium con=
tributions to reflections of the first type were greater than
those to reflections of the second type to the extent indicated
for z = & 0,05,

The positions of the thallium atoms having been fixed
with some degree of accuracy, it 18 now profitable to discuss
the possibility that the size of the unit cell found ig not
correct with respect to the positions of the magnesium atoms.
It can be noted from Tables 1 and 2 that a few reflections of
the type hk*0O, h - k+ 3n are obgerved. There i8 no doubt
that the contributions made to the intensities of these re-
flections by the scatiering of the thallium atoms exactly
cencel one another, and that the intensities of the re-
flections are due only to scattering by magnesium atoms.
Since it is possible to observe reflections which depend on

magnesium scattering alone, it 1s reascnable to expect that,
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if the true unit cell were larger than the one proposed, some
evidence should be found to this effect from the Laue photo-
graphs, It was, therefore, considered safe to proceed with
the assumption that the unit cell found is correct.

With the thallium parsmeter z fixed in the range % +0.05,
the scattering contributions of the magnesium stoms should
have an appreciable effect upon the intensities of'many of
the reflections observed in the Laue photographs. For in-
stence if z = 220,05 and f= 1,

S, =0.902 - 0.6181, h - k = 3n

S,uz 1.902 + 0.3091i, h - kX #3n.
Thus, even if z were to differ from % by as much as 0.08,
st111 only one thallium satom out of three would contribute to
the intensity of the firast type of reflection and two out of
three to the second type. The maximum magnesium contribution
in any case would be that for which six magnesium atoms would
scatter in phase., A reasonable average value for the values
of sin.% observed in Taebles 1 and 2 is 0.30/0.37 = 0,81,
At this value of sin % the ratio of the atomic scattering
factor of magnesium to that of thallium is about 0,075, The
maximun contribution of magnesium would therefore be 6 x 0,075
= 0,45 compared to approximately 1 for the thallium contri-
bution in the case h - k = 3m, Lz 1, It is improbable, of
course, that the maximum magnesium contribution would be
realized; it is, however, reasonable to expect that the

contributions would be large enough to be able to lead te
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contradictions of the observed Laue symmetry for reflections

of the type h = k = 3m, F= 1, at least.

Ho contradictions

to the general symmetry relationships were observed and the

Laue point group Dy, can be assigned to the structure without

reasonable doubts.,

It i8 now possible to derive the space group of the

structure from the following considerations.

If all the

space groups of the Laue point group Dy, are considered in

which it is possible 1o place three thallium atoms in the

positions 0 0 0, 1 22z, 2 1
5 S

found that the only positions for

are not immediately eliminated by

are

(1)
(2)
(3)
(4)

(5)

(6)
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(8) xy 05 Ty X-y, 0; vy=%, %, 0; ¥ % 03 x, %=y, O3

Wi
%
]
b
&
H\
-
2ihes
we
4|
al

(10) xy 335 T -y, &

(11) xX 0; =x, 2x, 03 » X3 O (two sets)

-
2

» X5 = {(two sets)

%5

(12) x X 33 Xy 2%, 53
(13) three atoms in (11) snd three atoms in (12)

(14) x 00, 0x 0, TX 0 (two sets)

\
\
ke

(15) x 0%, 0x %, TX % (two sets)
"{16) three stoms in {14) and three 2tomg in (15).

In the discussion of the various arrangements listed above,

the positions 0 0 0, 1 2 z, 2 1 2z will be assigned the three
S O )

thallium atoms with 2 in the range %4t 0.05., The generality
of the discussion is not affected by this choice,

It will be noted that the majority of the permissible
arrengements (1) to (16) are planar. These arrangements
might be eliminated at once by & consideratioh of the
00: 2n - 1 intensities. Unfortunately there were no re-
flections of this type which were observed unambiguously
in the powder photographs, and it wes not considered feasible
to attempt single crystal photography of the specimen prepared
in such a way as to observe them. If intensities of the type
hk0 are considered, arrangements (1), (2), (3), (9), (10),
(14), (15), and (16) differ only in that one or two magnesium

parameters X are possible, The various strmucture factor
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expressions can be made formally identical to that of arrange-
ment (14) with two peremeters x; and xg by letting x; = fxy
in certain ceses, A discussion ¢f these arrangements will be
deferred until later.

It is necessary now to have some ldea of the sizes of
the wvarlous atoms without making assumptions which would
vitiate the eliminations of the remaining space groups. A
lower limit of 2.50 A for both the thallium-magnesium and
magnesium-magnesium distances seems safe., A minimum bond
number of 2.6 was calculated for a thallium-magnesium dis-
tance of 2,50 £ with the assumption of the normal single
bond radius of magnesium and the single hond radius of
guinquevalent thallium, 1.387 ﬁ(lk(z). The bond number 2.4
was calculated for a magnesium-~magnesium distance of 2.50 A
Bond numbers significantly greater than one are rarely, if
ever, observed in intermetallic compounds.

By graphical means 1t was seen that arrangement (5) is
not permissible if the lower limits to both megnesium-thallium
and magnesium-magnesium distances are to be maintained. In
this arrangement the value of the parameter x must be between
0.84 and 0.88 if the magnesium atom at x ¥ 3 1s to be fitted

between the thallium atoms at O O 0 and As a result

21 1.
332

=Y

pairs of magnesium atoms, such &s those at 2x, x, & and

x, 2x, 5 are at a distance between 1.8 end 2.3 A apart. A
similar argument can be used to eliminate arrangements (8)
and (12). Arrangements (9) end (10) are permissible for

values of X between 0.31 and 0.35 and of y between 0,03 and
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~0,05. Decause of the small allowable value of y these ar-
rangements can be considered as nearly equivalent to those of
arrengements (14) eand (15) with x;= %,. Further discussion
of arrangements (9) and (10) will therefore be postponed.
Arrangements (4) and (11) are permitted only for values of x
between 0.78 and 0.83., If X or X; and X, are taken as 0,80
it is easy to show that the gross Intensity relationships
between the small angle powder reflections are not satisfled.
For example, the reflection for the plenes {S0.0} was Ob=-
served to be about twice as strong as the adjacent reflection
for the planes {22.0} o Since the thallium contributions and
the frequency factors for the two reflections are the same,
the magnesium contribution in the case of {30.0} must reinforce
thet of thallium much more strongly then it does in the case
of {22.0} « On the other hand, the geometrical structure
factor for arrangements (4) and (11) with x = 0,80 is -1.,73
for {50.0} and -1.97 for {22.0} , the geometrical structure
factor for thallium being 3.0 in each case., Arrangements
(4) end (11) are thus eliminated, In arrangement (7) steric
considerations show that x must agein be close to 0.80 and
the value of ¥ must not differ from that of x by more than
sbout 0,05. Arrangement (7) may therefore be eliminsted by
the argument used to eliminate arrangements (4) and (11).

In the case of arrangement (6) it 1s easy to show that
x mugt be between 0,78 and 0.88. At x = 0,78 the previous

caelculations indicate that the calculated intensities of
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{30.0} and {22.0} fail completely to satisfy the observed

relationship. At x = 0.88 the geometrical structure factors
for arrangement (6) are -1,60 and -1.91 for {50.6} and {22.6&
respectively; again the observed intensity‘relationship is
not satisfied. Arrangement (6) is accordingly eliminated.
Arrangement (13) may be split into two divisions. In the
first, the two values of x lead to an errangement which,
when projected on the base of the unit cell, is nearly
identical to arrengement (5); the observed intensity
relationship between {30.0} end {22.0] may be used to eliminate
this possibility. In the second, one value of x lies between
0.84 and 0.88; the other value 1lies in the neighborhood of &
within rather wide limits. The latter arrangement leads to
a very unfavorable type of coordination, one of the thallium
stoms having nine nearest magnesium neighbors and the other
two having only three nearest neighbors. For this reason
the arrangement was eliminated from further consideration.

All possible arrangements have now been eliminated
except those which are formally equivalent to the arrangement

(¥7) x5 0 293 0O xq 243 Xq1%Xq273 Xg 0 zg;5 0 %g 2o}

Xp Xy %o .

411 the arrangements of this type with the exception of
arrangement (16) require that all the magnesium atoms be in
one plane., Such a degree of planerity was felt to be un=-
likely, and it was considered that hk«0 data from single
crystal photographs teogether with the powder photographic

data would be sufficient to complete the determination of
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structure.

In order to determine the positions of the magnesium
atoms it 1is necessary, as discussed previously, to observe
as many hk+0 reflections of the type h - k#3n as possible,
The Laue data of Tables 1 and 2 was found to be useless for
this purpose; only a small number of sugh reflections were
observed, and the possibility of intercomparison of inten-
sities, which 1s necessary for a parameter determination,
is denied by the faect that the reflections are observed at
greatly different values of nA and 8in© . It was deemed
impractical to attempt a systematic program of ILaue photo-
graphy with successive orientations of the crystal in such
a manner as to observe selected palirs of the reflections at
identical wave lengths. Instead a program of monochromatic
photography was undertaken in order to complete the deter-
mination of structure.

A series of oscillation photographs with the ¢ axis
vertical were prepared with the use of Cu K radiation
filtered through nickel, In this manner all the hk*0,

h - k#3n reflections were obtained which it was possible

to observe under the experimental conditions. The choice

of copper K<< radlation instead of molybdenum K < radiation,
the only other feasible cholce, was made for the following
reasons. It was realized that hesavy exposures would be re-
guired in order that the reflections of the type desired
could be observed with sufficient intensity to afford
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reliable intercomparisons. Previous experience with the
apparatus available at the time coupled with the fact that
the mass absorption coefficients for both copper Ke« and
molybdenum Ke< radiation are high, 231 and 1386 respectively,
led to the conclusion tmet heavy exposures could not be ob-
tained in a reasonable length of time with molybdenum radia-
tion. Furthermore, filtered radiation of the highest pos-
sible spectral purity was desired; filtered copper K
radiation is much cleaner than is filtered molybdenum K
radiation. Finally, the existence of a high temperature
factor was indikated by both the powder and Leaue photographic
data, and it is doubtful whether the larger sphere of re-
flection gained with molybdenum K= radiation could be used
to good advantage even under favorable experimental conditions.

The exposures necessary for the preparation of suitable
30° oscillation photographs were of the order of 15 x 168 = 2520
milliampere hours. The successive oscillation ranges over-
lapped 5° and the total oscillation range was over 60°. Three
f1lms were used for each exposure in accordance with the
multiple £ilm technique(8) and the intensities were estimated
visually. No reflections were observed on any of the films
which necessitated an enlargement of the unit cell chosen.

In Figure 3 the most heavily exposed film of one set of
three is reproduced. It shows the same general asymmetry as
that shovn in the Laue photographs, one side of the specimen

apparently consisting of several large individuals inclined
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at small angles to one another. The equatorial reflections
on one side of the film, however, are reasonably well formed
and permit fairly rellable intensity estimations. The powder
lines of the intermetallic compound MgTl are also observed '
in the photograph indicating 1ts presence as an impurity;
little difficulty was occasioned by this complication. |

The c¢ylindrical absorption factors of Glaassen(g) were
applied to the observed intensities together with the
frequency factor and the usual angle-dependent factors. The
corrected intensities so obtained are listed in Table 3.

If arrangement (16) is chosen for the magnesium atoms,
the space group is Dgh -~ (062n and the z parameter of the
thellium atoms must be exactly %. The lower limit of 2,50 A
for the magnesium-thallium and magnesium-magnesium distances
requires that 0.312 < x,; < 0.492 and 0.212 < X, < 0.372,
This parameter region includes any of the parameter regions
sterically permissible for the remaining possible arrange~
ments. Complete generality with regard to the choice of any
one of the arrangements formally equivalent to arrangement
(17) is therefore preserved,

The observed relationships between the intensities of
the reflections 210, 310, 32+0, and 50+0 are approximately
satlisfied only in the sub region 0.402 < x; < 0.352,

0.252 = xg < 0,302, In this region curves were calculated
for each ratio between the corrected observed intensities

of adjacent reflections. From the points of intersection of
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Pigure &

Right side of specimen, 30° osecillation
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these curves the approximate parameters x; £ 0,187,
2

ig = 0.142 were obtained, With the use of these parsmeters
%ge temperature factor B in the expression Icalﬁfilﬂi”%“¥zsé%§}
was found to be approximately 1.65., This temperature factor
was used to correct the intensities listed in Table 3 and
the final values of the'parametera were determined by the
points of intersection of the corrected curves, calculated
as before.

| In the final parameter determination the coordinates
of the various points of intersection were given the weights
0, 1, or 2 by the use of the following scheme. If the point
of intersection does not lie within the region 0,402 < x; < 0.332,
0.252 < Xp < .302, the weight ie zero™., If the angle of
intersection is close to 90°, both coordinates should be
welghted heavily, subject to the remaining considerations
of the scheme. On the other hand, 1f the angle of intersection
is very small, but both curves are nearly perpendicular to one
axis (xl or X, axis), the coordinate along this axis should
be determinable with some certainty. Finally the magnitude
of the slope of a given ratio along a given axis at the point
of intersection should be large if the corresponding coordinate
is to receive a maximum weight.

Ao A S e S NS 4 R U WD S o ey

Only two curves were completely removed from this reglon, those
involving the observed intensity of the reflection 43¢0,
During the estimation of intensities it was noticed thatthis
spot wag ill-formed, apparently because of absorption effects,
and some doubt was felt at the time 28 to whether or not an
attempl should be made to estimate its intensity.

A nunmber of curves lying well within the region were parallel
to the extent that no included points of intersection existed.
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The wvalues of X, end 32 derived from each point of inter-
section, together with thegassigned welghts, are given in Table
4., The final wvalues of the parameters and the corresponding
probable errors determined by the weighted averaging of the
data of Table 6 are X; = 0.,1873% 0.0014, g? = 0.,1433 £0.0019,
The calculated valuez of the hke«0, h - k#3n iIntensities,
corrected for thermal motion, are given in Table 3 and gen-
erally are in satisfactory agreement with the observed in-
tensities, although the discrepancies are eppreciably greater
than those observed in the usual structure determinations made
under more favorable experimental conditions. It is felt,
however, that the final parameter values are reliable to the
extent indicated. DBecause the values of x; and x, differ
greatly, 1t is possible to eliminate arrangements (1), (2),
(3), (9), and (10) for the magnesium atoms. The only possible
arrangements are (14), (15), and (16), all of which lesd to
the space group Dgh - CB82m and the exact value 3 for the
thallium parameter.

In order to verify the conclusion made previously that
arrangement (16) represents the actual configuration of the
magnesium atoms, a set of multiple film powder photographs
were prepared and the intensities of the observed reflections
were estimated visually. The use of arrangement (16) leads
to satisfactory agreement between calculated and observed
intensities; on the other hand it ig easy to show thast gross

disagreements would exist if either arrangement (14) or (15)

were used., For example, the reflection for the planes {00.2}



40

is observed to be about 2% times as intense as that for the
planes 150.1} . With arrengement (14) the calculated ratio
Igoo.z} / Iiso.l} becomes about 193 with arrangement (15)
the ratio becomes 0.85. The corresponding ratio caleculated
for arrangement (16) is approximately-2.4. Arrangement (16)
was therefore chosen.

In order to obtain the best possible agreement between

calculated and observed intensities the expression

Lg PlFlca\c.W{”ZB(MT“:G *% )f

was used., This expression contains the general form of the
temperature factor for a biaxial crystal derived with the
essunption of ¢central linear reééring forces. The value of
the perasmeter B was found to be 1.80 from a consideration
of the {hk-O} powder reflections,; necessarily those for which
h -k = 3n, This value is in good agreement with the value
1.65 which was found for B from the intensities of Table 3.
T™e parameter b was given the value 1.286 because of the close
equality of the intensities of the reflections {33.0f and
{22.2} 3 its magnitude is not of such an order as to affect
the argument used in the elimination of arrangements (14)
and (15). Observed intensities, corrected with Lorentz,

(9)

pclarization, and absorption factors are listed in Table
5, as are the corresponding calculated intensities,

The structural investigation was completed with a
precise determination of the dimensions of the unit cell,
The best value for a, was found to be 8.086 A from the

{hk'o} powder spacings with the use of the extrapolation
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(10)

method of Nelson and Riley « In this procedure values of

a, calculated from each {hk'O} spacing were plotted against

corresponding values of the function 3 iﬁiig + 99%;@ Ys
The plot so obtained was approximately linear with a slopse |
which is a measure of the magnitude of the absorption error
in the wvelues of the observed spacings.

At the position Oz 90° the absorption effect vanishes
and the intercept of a straight line drawn through the points
of the plot with the a, axis represents the correct value of
O if shrinkage and eccentricity errors are negligible.
Three plots of the type described were made from three dif-
ferent powder photographs. Two of the photographs vere of
the usual type with both ends of the film in the back reflec~
tion region; the third photograph was prepared with the
mounting first used by &traumanis(ll). In each case shrinkage
corrections were madé and eccentricliy errors were assumed to
be negligible, The three values of 8, found from the plots
were 8.087 A, 8,086 &, and 8.085 £, A reasonable limit of
error was estimated to be 0.005 & from a consideration of the
chenges in the value of &, on drawing other reasonably well-
fitting straight lines through the points of each plot. The

values of A for the K«,, and K« , components of the copper

2
K< line were taken as 1.5405 A and 1,5443 ﬁ, respectively.,
One of the plots is reproduced in Figure 4.

The extrapolation procedure of Nelson and Riley could

not be used directly in the determination of o because no
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more than four reflections of the type {oo.l} lie within the
range in which the lines of the powder photograph could be
indexed with certainty, and of these only [oo.z} could

be observed free from the interference of other reflections.
This 1t was necessary to determine ¢, from generalihk'ﬁ}
data. Agalin three determinations were made with the use of
the three photographs mentioned previously. In each deter-
mination the value of aj was taken from the{hk'o}data in

the manner first described. The spacings of as many: of the

{hk‘é}reflections as could be measured accurately were

corrected for absorption shifts by.the use of the a, Plots
in the following way. According to Nelson and Riley(lo)

and Taylor and Sinclair(le), under certain experimental con-

ditions which are commonly satisfied,

(a) ~__'§_) oc_gz_(cos ‘8 4 cos8)

sIme e

where D is the true spacing and D, = D+dD. 1In the instance

of hk.0 reflections g% = g&o end we find that

(b) - a.o - ) o &ofcos*8 cos™ &
( 0 \ z ( SO + ] )
the proportionality constants of Equations (a) and (b) being

equal. The proportionality«constant is determined from the
plot of the type shown in Figure 4 concerned, more accurately
from the slope of the straight line drawn througﬁ the points
of the plot, and is then used to find the correction dD to

be applied to the observed spacings of the{hk'z} reflections.

The value of a, derived from the{hk‘o}spacings of the photo-
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graph in question, together with the wvalues of the corrected
{hk'z} spacings were then used to calculate corresponding
values of ¢,+ These values were then averaged to obtain the
best value of o for each photograph. The probable error
in each case was estimated from the internal consistency of
the set. The three values of ¢, and the corresponding
probable errors are 3.,6741 0,003 E, 3,670 10,005 5, and
3.672%£0,005 £, The final value of Cq was taken as

Q %k

3.6721 0,007 A,

Structural Summary

™e structure of the intemetallic compoﬁnd Mngl is
based upon the space group Dgh - C62m with a unit cell of
dimensions &, = 8.0 .5 ¥0,005 &, ¢, = 34672 £0,007 £, Three
thallium atoms and six magnesium atoms are conteined in the

unit cell, Thne thellium atoms ere in the positions

1: (a) 000
2: (c¢) 1213 211
T 52 B3FET

*The increased value of the error assigned to the final value
of e, represents the sum of the aversge probable error from
the three determinations and one-half the error assigned to
velue of &_. The determination of ¢, 18 partially dependent
upon the determination of &_ . A rather quelitative argument
was formulated to show that this partial dependence of o
upon a_ could be expressed reascnably by the calculation of
the error for o in the manner described.
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The magnesium atoms are in the positions

3: (f) %,0 03 0 x4 03 %X, %, 0

W=

33 (g) xe'o 23 0 x

= - 2
9 H Xey &5 Be

The values 0.3746 £ 0,0028 and 0.2866 £ 0,0038 were found for

xq and‘ié, respectively.

Structural discusgsion

The positions found for the magnesium end thallium atoms
in the structure Mg2T1 lead to the following details of
coordination. The thallium atom at 000, hereafter to be
denated T1 I, is surrounded by six magnesium atoms at 2.96 4
whiech lie on the corners of a trigonal prism, and by three
magnesium atoms at 3.03 A which are situated on lines per-
pendicular to the reetahgular faces of the prism and passing
through the point 000, A closest thallium atom is at 001,
3.67 A distent ; this distance is not considered to be &
bonded distance. Eaeh.thallium atom of the positions 2: (¢),
hereafter Tl II, is surrounded by six magnesium atoms at a
distence of 3.14 A and three magnesium atoms at a distance
of 2,90 &. The coordination polyhedron is very similar to
that of T1 I; the six magnesium atoms at 3,14 A form

a trigonal prism, and the three magnesium atoms at 2.90A
are again situated on lines which are perpendicular to the
rectangular faces of the prism and which pass through its
center. Bach magnesium atom of the set 3:(f), hereafter
Mg I, is surrounded by four thallium atoms at the distance

3,14 & end one thallium atom 3,03 A away. The polyhedron
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is a rectangular pyramid with the magnesium atom close to the
base on the line drawn through tle apex and perpendicular to
the base. Rach magnesium atom of positions 3:(g) is surrounded
by two thallium stoms at & distence of 2.96 A and two thallium
atoms at a distance of 2.90 A. The coordination polyhedron
in this case is an approximately regular tetrahedron.

In addi tion there exist magnesium -~ magnesium digtances
of alout 3.30 A which are perhaps non-bonded distences; the
decision es to the nature of these distemces will be attempted
subsequently. Each atgﬁ*ﬁgil’is surrounded by six Mg II
atoms,; four at a distance of 3.30 5 and two at & distance of
3.31 ﬁ. Sifog I atoms surréund each Mg II atom, four at
3.30 A and two at 3;31,&@. The coordination polyhedron in
both cases is very nearly & trigonal prism.

The nearest or very nsar néighbor distances found in
the structure can be used to derive the valences exhibited
by the various types of atoms with the application of the
rales proposed by Pauling{l)* (2), The procedure ié besed
upon the relationship
(e) R, :,Rl - 0,300 log n
which i8 now too well known to require further explanation.
The principal difficuliy in the application of this relation
between distance and bond number is the uncertainty as to
the correct value of the single bond radius Ry« A8 a start
in the discussion of valence we shall essume that the value of

Ry for both types of magnesium atoms is normsl, 1.364 R(g).
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¥e shall now seek a self-consistent solution of the thallium
valences, defining a self-consistent solution as one in which
the use of single bond radii derived from assumed valences
in a manmer to be described leads to valences equal to those
assumed., As sn example, let usg assume that the valence of
T I is 4,00, If we assume that the d character of all bond-
ing and metallic orbitals is the same, we find that the use
of the relationship
(d) th£ Z ) = 1.850 « 0,030 2 ~ (1,276 - 0,070 z)o"
leads to the value 1,419 & for Rl(g). The use of Bquation
(c) now leads to the valence 4.20 for T1l I. Thus 4,00 is a
nearly self-consistent solution for the valence éf T1 I.
The exact self-consistent valences of T1 I and T1 II were
found to be 4.14 and 3.63 with the respective single tond
radii 1.414 A and 1.433 A. Ve can now calculste the valences
of the magnesium atoms by the use of the self-consistent
single bond radii of the thallium atoms. If the short mag-
nesium distances are non-bonded, the calculated valences of
Mgl snd MgII are l.45 and 2.35. If the magnesium- magnesium
distances are bonded, the corresponding valences are 2.10
and 3.00, The magnesium valences in either case seem im-
probable, and thus the validity of the self-consistent
solutions for the thallium velences is to be questioned.

It is worthwhile at this point to consider the effect

of small wvariations in the distances upon the results of the
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preceding cealculations. The T1 I - Mg I distance of 3.03 A
is very sensitlive to the value of the parameter x; and is
independent of Xg. A reasonable minimum value of x, 1is
03746 - 3°0,0028 = 00,3662, The Tl I =~ Mg I distance is now
decreased to 2.96 A; the Tl II - Mg I distance, previously
taken as 3.14 ﬁ, is not decreased eppreciably. The self-
consistent valence of T1 I is now 4.36, the self-consistent
valence of Tl II being about 3.63, Corresponding valences
of g I aend Mg II are 1l.56 and 232 with the assumption that
magnesiunm-magnesium ¢istances are non-bonded. Although the
maximuwn allowable decrease in the value of Xy brings the
magnesium valences closer to the expected value 2,00, the
shiift is not nearly greai enoughe. An increase in the value
of Xq would obvicusly meake mattérs WOTrse.s,s

If the value of xy found experimentally 1s retained,
and variations in the wvalue of Xgo are congicdered, we have
the following situation. If the value of ié is increased
to 0.2866 t 3°0,0038 = 0,2080, the T1 II - lig II distance is
decreased Lo 2.85 A and the T1 I - Mg II distance is increased
to 3.04 A, The self-consistent valences of T1 I and T1 II
are now 3.60 and 3,90 with the single bond redii 1.434 4 and
&.423 ﬁ, respectively. Corresponding magnesium valences are
1.45 (I) and 8,37 (II) if short magnesium- magnesium distances
are assumed Lo be non-ionded. Although the thallium valences
are changed appreciably by an increase in the value of ié,

the magnesium valences are essentially unchanged.
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If the value of X, is decreased to 0.2866 - 3°0.0038 =
0.2752, the T1 II ~- Mg II disteance 1s 2,96 A and the TL I -
Mg II distance is 2.89 A. The self-consistent valences of
T1 I and T1 II are 4.71 and 3,35 with single bond radii
of 1,396 A and 1.445 £, The valence of Mg I is 1.48; that
of Mg II is 2.34, It is assumed again that no magnesiuwm=-
magnesium bonds exist.

It is evident therefore thet with the largest reasonable
variations of x; and x, from the most probable values, the
magnesium valences calculated in the manner previously in~-
dicated ere essentially unchanged, It is improbable that
the magnesium valences are correctly indicated in the preced-
ing calculations, elther with or without the assumption that
the magnesium - magnesium distances ere non-bonded. One
immediate objection to the method employed in the calcula-
tions is that the assumption of the equality of the percentages
of d character of all the bonding and metallic orbitals
for a given thallium atom may well be incorrect. In order to
avold this assumption it 1s necessary to attack the problem
in an entirely different way. We first assume the principle,
first enunciatéd by Pauling(l), that bond numbers should

always be equal to ratios of small integers %, %, %, %, ete,

The occuq@nce of numbers greater than about 5 in the retios
seems to be unlikely; this enables us to make a decision as
to the nature of the shori magnesium- magnesium distances.

The bond number of a magnesium - magnesium distance of 3.31 A



50
18 0,107, 1 with the use of the single bond radius 1,364 £,
It seems ggely, in view of the principle just olted, that the
bond ndmber 1 has no physicel significance and that the
magnesium - gzénesiﬁm distances are non~59nded.

It is hard to see why the valences of the magnesium atomse
shouid differ frdm two; Electron transferences aﬁpeér im-
probable becaﬁse'of the small differences between the electro-
negativities of magneéium.and thallium, and the resulting
difficulty in satisfying the principle of electroneutrality(la)
if significant formal charges exist. Thus it seems wholly
reasonable that the valeﬁces of both types of magnesium etoms
are 2.00, In accordance with thié valence requirement we
now select bond numbers for the various distances whieh seem
satisfactory. From the bond numbers and the single bond radius
of magnesium, 1.364 ﬁ. the corresponding single vond radii
of the thallium atoms is calculated with the use of Equation
(c). The number of d orbitals employed in bond formation
is then calculated from the spplication of Eauation {(d4).

The valence of a given thallium atom is determihed initially
from the bond numbers assumed, and must be compatible with
the number of d orbitals_empioyed in bond formation, as cal~
culated in the manner Just daséribed. If valences are in-
compatible with emounts of d character employed in bond
formation, the initial cholce of bond numbers is incorrect.

A new choice of bond numbers must be made then and the
procedure repeated, When valences are found to be compatible

with the number of 4 orbitals employed, & decision is reached
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concerning the valences of the thallium atoms, the bond numbers
of the various distances, and the numbers of d orbitals em-
ployed in bonding.

Aﬁplication of the methbd describ&d sbove, with the use
of the most probable values of Xy and Xp led to the coneclusion
that the valence of Tl I 1s 4.40 and the velence of Tl iI is
3480, Each atom Mg I forms one bond with T1 I of order 2
agd four bonds with T1 II of order 1. Each atom Mg izifzvms
two bonds of order 2 with T1 I and §§a bonds of order 3 ﬁith
71 II., Every thall;s-.mn atom I forms six 2 bonds with ':.Ee use
of 0.67 d orbitals and three 2 bonds mtgout the use of ¢
orbitals; 0.30 metallie erﬁiggia are employed which have 10%
d character., Thallium II forms three 3 bonds with the use of
0.29 d orbitals, and six 1 bonds withggt the use of d
orbitals, Thallium II hég 0460 metallic orbitals which have
194 4 character. This deseription of valences end distances

in the structure of Mggwl seems the most reasonable.

The Structural Determination of Mgoln
Preliminary powder photography indiceted that the structure

of MgyIn was isomorphous to that of Mg,Tl. Experience gained
in the determination of ﬂhe structure of MgyTl led to the
conclusion that, if the structural parameters of MgyIn were
to be determined accurately, it would be necessary to obtain
single-crystal data., Accordingly, a number of attempts to

prepare single crystals were made along the lines described
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in the preceding section. These experiments were unsuccessful.
Additional experiments were made to ‘prapare slowly cooled -
¢y lindrical éasting;s of the compound with the use of the
small bore clay tubing de‘s.aribad ﬁrevieusly. Several single
orystalsv were prepared by this methed, but a’ll of them were
found t.o. have t.he Laue 8ymmetz.'y' Oh-‘ Since the only known
phase in me ma@eréium«indima system with the Laue symmetry
0, is' thai of ,Mg)jnéw”, it was ‘aaameﬂ'that large d»e.cr‘easeﬂs» :
in tfxe ﬁzagnesium content of the melt occurred whenever the
molten material was in prolonged contact with the clay
tubing.

Although the procedure followed in the preparation of
slowly cooled castings was unsuccessful in the present in-
vestigation, 1t will be described in detall with the hope
that some future use can be made of 1t in the preparation of
single crystals in systems of less reactive metals. A4 tubular
fumsace was prepared by winding a double helix of resistance
wire around a piece of c¢lay tubing in such a way that both
leads were situated at one end of the tube, The inside
diameter of the tube was of such & size as to permit an easy,
but snug fit with the small bore tubing in which the casting
was to be prepared. A gheath of large-bore clay tubing
surrounded the win&ing and w‘aa attached to each end of it
with sodium 8ilicate. The end of the intemnediate tube at
which the }.ea&s of the winding ane?ged s and which projected
beyond the sheath tube, was then sealed with silver chlarido
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to the small—bore‘tubing on the inside, and to & piece of
Pyrex tubing on the cutside. These seals were made wvacuum
tight. The Pyrex tube was connected to a twa~way stopcock
and pump. The innermost, amall bore tube projected inio
the Pyrex tube at one end and through the ends of the sheath
snd intermediate tube at the other; thus forming & passageway
from the pump to the atmosphere. The spacing of the furnace
winding was increased from one end to the other so that a
large difference between the steady-state temperﬁtureé at
either end of the furnace could be obtained. In this way
& sudden decrease in the power input produced a caaling front
which traveled along the length of the furnace, It was hoped
that cooling in this manner would encourage the formation of
fewer, end larger single crystals. When a caesting was to be
prepared, the furnace was brought to a steady state temper-
ature with the lower end of the furnace somewhat above the
estimated melting ppint_§$ the alloy and the upper end about
100° ¢ cooler. The gum@ was turned on, but was isolated
from the innermost tube by means of the two~ way stopcock.
The casting essemblege was lowsred into the crucible until
the tip of the small-bore tube touched the bottom; the rest
of the furnace was well above the surface of the molten
compound. The pump was then connected to the system by
a quick turn of the stopctock and the molten material wes
gucked into the small-bore tube. In most cases selidiffication

occurred toward the top of the furnace before metal was sucked
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into the Pyrex tube. The assemblage was withdrawn from the
eracible and the power input to the tubular furnace was digs~
cbntinued._ After a few minutes of cooling the casting wes
removed by careful demolition of the entire furnsce assemblage
snd quickly placed under a protective coating of vaseline-
ligroin solution, Very rarely did the casting consist of
a continuous rod, Usually sections of alloy were interspersed
by regions of solidified flux. The crystallinity of the
various particles obtalned was tested by mesens of Laue photo-
graphy. As was stated previously, several single crystals
of identical structures with the Laue symmetry O, were ob-
teined; no single crystals of hexagonal symmetry were found.,

Because of the fallure to prepare single crystals, 1t
was necessary to rely on powder photographic data for the
determmination of structure. Two sets of multiple~film photo=-
grephs were prepared in the usual way, one of which was an
extremely heavy exposure. Intensities were estimated visually;
the data is gilven in Table 6, A few lines‘of'very low ine
tensity which were identified as belonging to Mgin and-Mgsxng
were observed in the photographs. The presence of both the
phases was atiributed to the fact that Mg In probebly melis
incongruently. It is well known that, in the case of incon-
gruent melting, 1t is often possible to obitain three solid
phases from the cooling of a liquid phaaeilé’. _

In order to verify the identification of the Hgging
lines, a melt of calculated composition Mgglng was prepared
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end photographed. During the course of the ettempts to pre-
pare single crystals, some alloys were prepered which had
large percentages of the phase Mgin, end no ¢ifficulty was
found in the identification of these lines in the final
Mggln powder photographs.

The powder reflections which were those of Mgyln were
indexed with & unit cell of dimensions 8, 2 8,324 ¥ 0,005 3.,
6o ® 3.457% 0,007 £, The detemination of precise unit cell
dimensions was carried out by the use of the extrapolstion
procedure of Helson end Riley( 10) in the menner previously
described,

The observed intensities of Table 6 show the same gen-
| 'e'ral relationships found in the powder pattern of MNgpTl, end
1% is evident thet the structures of MgoIn and MgoTl are
isomorphous. It was not possible to fix the megnesium para-
meters Xy end Xg with precision, becsuse only a small number
of reflections of the form hk+2n, h-k#3m were observed. The
intensity relationships between the reflections {22'175 and

{301} , {[82°3} eana f{z2.3} , isz.-s} and  {61°1f ,
| 172«3;}‘ andialol} limit the parsmeters to the reglon
0.170 ¢ & <0.200, a,wosgg <0+170. 1In the derivation of
this region a lower limit of 2,50 A was essumed for magnesium~
megnesium and magnesium - indium distences.

Intensities celculated with the parameter values

;g;l - 0,187, X, . 0.143 are in satisfactory agreement with ob-

gerved intensities, as is shown in Table 6. The tempersture

2 2
factor exp {—4.60 (5%—1—9-4— 0:2;2 )}wa-a epplied to the calculated
. .
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intensities.

The structural detéilglaf“ﬁgzzn are, therefore, very
similar to those of MgyTl end the two structures are ap-
Darently'1semefphbu$.‘"i€ is ﬁet cans:de:ed safe télsﬁate
more than this ithout »@ddiuémi é1ffraction datas

' Mgobe

The Structurel Detemmatie ; |
At the outset of. thia inveatigatmn 1'6 was decided to

attempt the complete deteminatian of structure with powder
photogrephic data. The previous di.fficulty found in gmwing
single orystals and the ﬁmasum ta. complete the work in a
reasonable length of time led to this .deeia_ian.

A melt of caleulated composition Mgole and several
specimens suitable _fox? pa#der photography were prepared in
the ususl way, A heavy multiple~film exposure was made and
the intensities of the observed reflections were estimated
visually. The reflections of the photograph were indexed
successfully with the assumption of & unit eell of dimensions
&, = ’?.80’7,.&, %‘F;; 6,500 .;A*;_ \

The dimensions of the unit cell found here are in es-

3)

éémial agresment with those found by ﬁaucke‘ » &, = 7.88 A »

9 - *

¢, = 6.94 3.. ,‘Ihe.value'at €, is approximately twice that of

(63
those found for o, in the cases of Mggfr.l and MgoIn, and the
volune of the unit cell is approximately twice as large.

ST e G S M R

‘*'me determination of the precise dimensions of the unit cell
was carried out in the manner already described.
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The reflections for which f is 0dd, which necessitate the .
doubling of the value of ¢,, are of low intensiiy, and the
possibility that the strmucture was gmsaiy the sme}a‘s that
found for Mg 3'!:1 and }é,gzzn vas suggeste’d**. Y.Rerlectiona of
the type h-k = 3n, 1: 4m were strong and refleg‘tiona h =%k
#mn, L= 4m were wealk. _This cen be teken as confirmatory
evidence that the siructure of Mg,0a 1is gm ssly isomorphous
to thet of Mg,Tl and &gzxn.-. 48 a start, therefore, the
structure previously found was assumed for Mgobea and the
values of x; and X, were determined in the usual way with
the assumption of minimum magnesium ~ gallium and megnesium -
magnesium distences of‘ 2.50_1'&1» The best values of %:1 and '%2
geemed to be in the neighborhood of 0.182 and 0,147, respect-
ively, The temperaturs factor was estimated in the usual
way and the intensities of the first twenty reflections of
the type hk+2m were calculated, The agremneﬁt between cale
culated and observed intensities was very good and confirmed
the general deteails assumed for the structure.

in order to derive the space group of the actual structure,
it was assumed that the symmetry of the space group requires
a truly hexagonal latiice and that the unit cell contains

gix gallium etoms and twelve magnesium atoms in positions

e e Bk L

Alloyﬁ of composition ilg ﬂag and MgGe were prepared and
photographed in order to be sure that the reflections of type
{= 2n+1 were not due to their presence in small amounis.
The strongest lines of both substences were not observed in
the MgpGa photographs; it seems certain the doubling of the
unit cell of Mg,la 18 necessaryy
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which are very close to those found for the structure idealized
in thb}manner Just deseribed» The space groups which satisfy
these reéuiraments were found to be Dgh:“ C82¢, Dgh e_GﬁZma
¢, - ¢8, b2 - c32, ¢4, - c3lc, 02, - 03Im, and CF - C3.
Of these space groups it is natural to favor the first two,
Dgh and D%ﬁfbegause of their relatively high $ymmetry. A
systematic extinetion exists for agh - 082¢, if Lz 2n+1,
reflections of the type mhsd are absent. ¥o reflections
of this type %gié’ebservéégvalthaughfiﬁ‘aevaval‘cases it
would have beaﬂ'possible'te;obgervérahambigﬁaasly-a*rs,r‘
flection of this £ype 1f 1t were of moderste intensity.

Violations of the ak@iﬂctieﬁ'rale,fer'ﬂgh'- 3523 were
not observed; there is no extinetlon mle f@r‘bgh--‘céamf* :
In view of the number of hhe2m+ 1 absences, it wes felt that
the ﬁgh'spaﬁe‘grau?;ﬁgh,wfﬁéﬁm wag Improbable, and no systematie
effort was made to find & structure based upon this space
group which would be consistent with the observed intensities.

The Space group ﬁgh-vfcéﬁc was thought teo be the most
probable space group because of the number of sbsences which
could be explained by iis assumption, and because of iis
relatively'high aymmetry. If the magnesium atoms are to be
placed in the manner postulated, it is necessary to put six
magnesium etoms in the positiqns'

6 (gf x00; 0x0; RXO
x03%; 0xd; X3

and six magnesium atoms in the positions
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6 () uy s Tyu-y, $3 7eu, 8, 3

yu3d;: U, y-u, §3 W=Ty Ty Oe
2 " i p s

Thers a?e two poesible arrangaments for the gallium atoms.
Tae first arrangement is identicel to that fbund in Mggwl,
two atoms at 0003 0043 two aquivalent atoms at % 2 i;

2 1 53 and two aquivalent atoms 2% 2 1 1: 1 2. 3, In the
331 337 33 ' ‘
gsecond arrangement two equivalent gallium atemaiére’iﬁuthe
positions 0033 oq%; and four equivaleﬁt etoms are in ﬁhé
positions |

4 (f) 1223 21%F; 2,1, 1 1, 2, 1-2.
() 282 3% oyt » Pyt

The first arrangement was considered to bs incorrect from
the following considerations. IT the first arrangement were
correct, the correctesd intensities of reflections with the
same values of h and k but different odd values of L ehould
be the ssme. This is obvious because there are no general
7z paremeters in the flvet possible arrengement ef.gallium
atoms. On the other haﬁé,ﬂzf the second errangement ig
correct, the intensities of hkef and hk>«i'ean‘differ
greatly. Experimentally, it was observed that the corrected
intensity of the reflection {10'5} i8 nearly ten times
thet of the reflection {16 l} The second errengement wes
therefore chosen for the gallium atoms; the value of Z was
presumed to be nearly O.- ;

If reflections of the type {h kool l} are con=

sidered, the parameter x of the magnesium positions 6 (g)
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is eliminated, and it is necessary to congider only the
magnesium paremeters u, y and the gallium parameter z. It
was assumed that the value of uw 2+0,182, determined initlally
from the {hk‘4n§ s hek #£3n intensities was appreximately'
correct. Intensity rélationahips between the observed ée~v
flections with [ odd are insensitive to large variations in
u from this value, end thus the explsnation of the intensities
of these reflections becomes essentially a two parameter
problem. A consideration éf the intensities of the observed
reflections of type {m:-m + 1} -with the use of the pre-
1iminary value of u, leéd to the parsmeters Z z 0.031, ¥ = 0.022,
These paremeters were then used in the consideration of the

{hk-én} intensities to correct the initiel values found for
u and x. It wag now found from a consideration of the in= -

tengity ratios 38.0, 40'0. and 21«4 that u 4 0,192, X = 0.142.
o Sﬁfﬁ 3573 2 Z

With the parnmeter values dnrived #o far, the tempersture

factor earrection waa ahawn to be appreximately

Popie * F[Fl"”’l“{ 3‘:2.(04”\2'6 = loo}c )}

With the new value of %, 0,192, the intensities of the
{hk‘2n+'1} intensities were wsed to determine that ¥ s 0.022
end Z = 0,034,  These values for y and 2z were then used in

the final determinetion of u and x, The observed intensity

retios 32+0, 21+4, and _{40:2] + {32.1 are best satisfied
II:0 30°4 (32707

when u = 0.387, x s 0.284, Intensities were then calculated

for all reflections observed snd compared to the values
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estimated visually. This comperison is given in Table 7.
In general the agreement between observed and calculated ine
tensities is rather good; there are, hovever, & few marked
dlscrepancies. The agreement between calculeted end observed
intensl ties for the reflections {30°2] + {s2-3f + {31.0%,

{22°a] + {s2e3] , {s3-1] + {20,-5} + [42:0} , end {314}
is especially poor. Stlrenuous, but unsuccessful, efforts
were made to expiain these discrepancies in a number of ways.
Errorg in the indexing proéeas were np£<fbund, end there were
no gross errors in the estimation of intensitles. There seemed
to be no systematic effect due to preferred'orientatién of
cryetallites. Since the observed intensities in the case of
marked discrepancy are always too small, the presence of ime-
purity lines cannot be invoked to explain the difficuliy.
Accidental physical effects, such as the oocurrence of
maltiple reflectibna(ls) within each mosaic block, seem im=
probable for a number of reasons,

The structure found for MgoGs in the present investigation
is8 not completely acceptable in view of the inexpliceble dis-
crepencies between the caleulated and observed intensities
for a small number of reflections. It is quite probable that
the gross strﬁctural detalls proposed ere correct, but that
the precise positions of the stoms have not been determmined
correctly. |

A coﬁsideratien of the other space groups which were

proposed above would be extremely involved without additional
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experimental information. In passing, it should be noted that
the extinetion rule for the space group sgy « G3lc is the same
as that for Df - CB2c. In this space group eight paremeters
would generally be necessary to describe a structure which is
grossly the same as that of uggm.

It 18 reasonable to expect that, with single-crystal data,
the structure of Hgaﬁa gould be completely determined., A
further attack upon the structure in this direction was not

possible in the present investigation.

Summary eand Cone lusions

An investigatlion of the structures of the intermetallic
compounds MgypTl, MggIn, and Mgyla has been made.

The structure of MgoTl was determined precisely with the
use of single-crystal and powder X-ray data. The valences
of the two types of thallium atoms were found to be greater
than the elementary valence; it is probable that one of the
three thallium atoms of each unit cell has a valence of 4.4
and the remaining thallium atoms & valence of 3.8, the
magnesium valences being 2.00. No thallium-thallium velence
bonds exist in the siructure.

| The structure of MgyIn was found to be isomorphous to

that of Mgg'i'l. It was not possible to determine the positions
of the magnesium atoms with sufficilent accuracy to give a

discussion of valences.
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The structure of Mg,Ga is apparently gimilar to those of
KgoTl and Mgyln in 1ts major aspects. The positions of the

atoms, however, necessitate a doubling of the lengih of the

unit cell dimension along the ¢ axis. It was not possible

to determine the exact positions of the atoms.
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Table 1

| Laue photographic.data for MgoTd

¢ vertical, S, " a

sin ©

0,302
. 0.8458
- 0.300
0.384
0.344
0.242
0.380
0.380
0.339
0.338
0.338
0.170
0.202
0.200
0,237
0370
0.329
0.368
0.284
0.566
0,327
0.322
0.356
0.225
0.3568
0.158
0,353
0.384
0.314
0310
0.267
0.215
0.264
0,372
0.152
0,180
0.301
0.335
0.2858
0.150
0.211
00147

nA
0,479

0.474 .

0.474

0.471 .

0,469

0.461 .
0.460 .

0.458

0.456 .

0.456

0.452 .

- 04451
04450
0.445
0.442
0.435
0.433
0.430
0.425
0.425
0.424
0.411
0,402

) 0-451
0,400
0.397
0.395
0,393
0,380
0.381
0.378
0.370
0,367
0.367
0.360
0,359
0.359
0.358
0,353
0.350
0.350
0,342

LA
0.792
0,967
0.790
0.615
0.682
0.051
0.605
0.603
0.672
0.673
0.668
1,32
0.770
0.766
0.933
0.588
0.658
0.584
0.754
0.581
0.648
0.638
0.564
0.893
0,564

1.25

0,560
0.511
0.621
0,615
0.702
0.860
0,695
0.493
1.18

1.20

0,596
0.554
0,682
1.17

0.828
1.16
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Table 1
(Gont.)
hkef s © nA d(ﬁ)x
25°3 0.2808 0.342 . 0.8B22
5,101 _ 0.328 0342 0.621
48 3 0,293 ‘ 0.339 0.878
32 15 0.251 ' 0333 0 , 663
373 0.250 0,329 ; .658
584 0,322 ' 03287 . O , 509
45°5 0.286 0323 04564
- 474 04286 0323 0,566
41°6 0.285 04322 0,564
6a1l+1 0,348 ; 0.322 0,463
4,10°1 0,280 0.318 - D.582
123 - 04139 0307 ' 1,10
264 0.241 ‘ 0.305 0,632
39°*1 0240 03058 : 0.634
5,110 0,508 0.303 0,491
49+3 0,874 0,207 0,541
26°3 0,194 0.283 ' 0,786
592 0.232 0,282 0,608
28°1 0.189 0.281 _ 0,744
153 0,133 0.873 R % ;)
16«1 0.131 0.266 1.02
calcmlat.ed with the preliminary cell dimensions a,. = B.04 A,
e. = 3.64 -&ﬁ .

0 .
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Laue photographic datas for Mgg’z’l

¢ vertieal, < (5., @)= Fo°

~

s 9

0.322
0548
0.372
- 0320
0344
0340
Q364
0386
0,339
0,179
0.254
06185
0,356
0379
0.253
0372
0.305
0380
0175
0.,368
0,370
0.208
0.322
0370
0.208
0.208
0.356
0.168
0.352
0.288
0.350
0,118
0.884
0327
0308
0,258
0,281
0,383
0.301
0.254

66
Table 2

nA

0,479

0475
0.474
0470
0.465
0,458
0.455
0,455
0.450
0,444
0.442
0,440
0.440
0,440
0,435
0.427
0.425
0.421
0.420
0,419
0.417
0.409
0,405
0,398
0,596
0,394
0380
0,386
0,376
0.375
0.3756
0.368
0.368
0.366
0.5658
0.362
0.5362
0,359

0.354 -

0.354
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Table 2
(cont.)
hie 4 Sin © na d (A)*
11°4 0,197 0.350 0.890
11.3°1 C.251 0.349 0.8956
12.3°1 0.275 0.348 0.634
13.3*1 0.295 0,344 0.583
14,23 0354 0344 0.486
3156 0.250 0,341 0.682
10.53*1) 0.221 0.338 0.766
7178 0335 0,338 0,508
14,3°1 0.311 0.336 0,540
833 0.220 0.532 0.756
312 0,110 0.330 1,80
12,3¢2 0.265 04522 0,608
93°1 0.1886 0.317 0.853
30°4 0.187 0.317 0.848
16.3°1 0.338 04317 0469
15,342 0.319 0.312 0,488
41°3 0.181 0.311 1,03
52°1 0.1086 0.3086 1.46
13.28%4 0.314 0308 0.486
025 0.210 0.300 04714
783 0.181 0.207 0.822
216 0.206 0.289 0.702
93°2 0.175 0.276 0.720
5_]_.'4 . 0,178 0.874 0.782
83°1 0.142 0,272 0.960

Galeulated with the’ prelimznary cell dimensions a

€. = D.64 AQ ©

= 8004 .A,
o ,
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Table 3
Mngl Single Crystal Data

hize0 observed calculated
intensity intensity
{corrected) (scaled)

10,0 not Qba.: 0.06
20.0 nod Obg. 0.07
21.0 15.4 10.3
31‘0 5;52 5.30
40,0 1,88 1.76
3240 4.00 4e31
50.0 1,79 1.85
42,0 784 6.56
51,0 €.69 7 « 04
43,0 2.94 1,85
61.0 2.29 235
7040 1.18 , 1.50
53,0 1.51 - 178
62.0 1.7 _ 1.47
54,0 2,861 2452
80.0 Bell | 1.95
72.0 27 | 1.46
81.0 1,08 0.90

*In’this reglon of the photograph there was & rather heavy
background.



o 3 4 5 6 7 8 9 10 11 12
=
5 | 0.1885| 0.1870| 0.1890 0.1900 0.1850
1 1 x
5 1 2 2 1 1
0.1430 0.1870
2
2 2
0.1435 | 0.1425 0.1870| 0.1865| 0.1865|0.1860 | 0.1865 0.1870|0.1870 | 0.1845
o 5 2 2 2 2 2 1 2 2 2
0.1425 0.1865| 0.1910]0.1850 0.1915 | 0.1905/0.1915
4
2 1 2 2 1 1 2
0.1425 0.1405 0.1865 0.1850|0.1840 | 0.1875
5 1 1 1 1 1 1
0.1475|0.1510 | 0.1470 0.1885
6
2 1 2 2
0.1390|0.1395 0.1855 0.1865
7
1 2 1 2
0.1425 0.1400 0.1395
= 2 5 2
0.1490
9
2
0.1435(0.1435 | 0.1435(0.1435 | 0.1430 0.1435
10
1 2 5 5 2 2
0.1450 [0.1450 | 0.14500.1455 | 0.1450
11
2 2 2 2 2
0.1365 0.1385 0.1380
12
1 1 2

Table 4
Curve No. Intensity Ratio
1 40.0:31°0
2 32°0:40°0
3 5040:828+0
4 42°0:50°0
5 51+0:42°0
6 70+0:61+0
7 53°0:70+0
8 62+0:83+0
9 54°0:62°0
10 80°0:54°0
11 72+0:80+0
12 81+0:72*0
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Table 5
Mg,T1l Powder Data

observed calculated nkel observed calculated
spacing spacing intensity intensity
A & (corrected) (scaled)
7 004 10,0 not obs. 0.00
3,992 4,043 11.0 11,7 4,09
5.628 3.672 00.1 £ 0,38 0.18
3.502 20.0 not obg. 0.00
3.225 3,252 10.1 6+10 3¢50
2.696 2,718 11.1 1.46 1.28
2,618 2.647 21.0 <0,37 0.09
2.516 2,536 20.1 5.99 4,19
2320 20334 30,0 7 .21 5.63
2,139 24143 21,1 7 .32 6415
2,010 2,021 22,0 3,47 2,73
1.963 1.970 30.1 0.45 0.63
. 10942 31.0 not obs. 0,05
1.830 1.8386 00,2 1.09 1.12
1,763 1.776 10.2? 0.53 0,73
1771 22.1
1.751 40.0 not obs. 0.01
1:711 1.718 31.1 3.93 3.40
1.663 1.672 11.2 3446 2,92
1.626 20.2 * 0.00
10606 32.0 not obs. 0,04
1.675 1,580 40,1 1.19 1.25
1.524 1.528 41.0 5.50 3.96
1-508 21.2 not obs. 0.086
1.468 l.472 3241 5,80 4,72
1.439 1.442 30,2 5.62 4,19
1.406 1.410 41,1 0.686 . 3403
1,401 50.0 not obs. 0.01
1,387 1.359 22.2 1.92 2.19
1,344 1,344 3340 1.94 2.20
1.334 31.2 not obs. 0,03
1.823 42,0 not obs. 0.07
1.3C6 1.309 50+1 1.75 2.01
1.268 40,2
1.261 1.265 3341 <0,43 0.41
' 1.287 51.0
1.242 1.2456 42,1 1.89 2.38
1.224 00,3 not obs. 0.02
1.202 1.209 3242 0.48 0.57
1.206 10.3
1,188 1,190 51.1 2.32 2.66

1,173 1.174 41.2} 356 342
1.171 11.3
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Table 5 {(cont.)

obserged calculated hkeQ observed calculated
spgcing spacing intensity intensity
A 2 {corrected) (sealed)
1,165 1.167 60,0 0.76 1.686
1.1886 20.3} L 047 Q.67
1.151 43,0
1.120 1.121 52.0 2.08 2.22
. 1.313 50 . ‘ :
1.110 1,112 60.1 0.68 1.08
: 1111 21,3 .
1.097 1.008 43,1 0.91 1.25
1.085 1.087 33.2 1.80 1.99
1,084 30.3
1,072 52,1
1.058 %.g?l 4?.2 < 0,39 0.44
.068 81.0
: 1.047 22.3 not obs. 0O Roe)
1,034 1.037 51.2} 0.49 077
: 1.035 31.3
1.024 1.025 6l.1 0,78 1.23
1.010 1011 44,0 1.18 0.90
1.003
1,002 1.001 5530} {0,385 0.29
1.001 700
0.9774 3243 :
08743 44 4 ;
0.9710 62.0
0.9641 0.9652 55;1} 2.06 2.11
00652 7041 :
0.9557 0.9568 58.2) 2433 2222
0:95582 41 .3
0.9378 0.8386 628+1 1,24 1.5}
0.9265 0.0274 710 1:.32 1.38
0.9227 6142 :
0.9198 0:9214 50.3 <0.25 0.48
- 0.9180 00«4
0.9088 10,4 not obs. G.00
00060 3B d not obs. 0.06
08001 71.1
0.8985 0.8984 48,3 0,62 143
' 08964 54,0
0.8049 1l.4 :
00,8848 0.8880 8054} 0.92 0.85

0.8855 44 .2

*me absence of this line was not certain becsuse of the
presence of the lines of either MgpTl or‘Mgale.
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Teble &
BgylIn Powder Data

observed caleulated nkeed observed celeulated
spacing spaging \ intensity intensity
A A _ v (corrected) J{scaled)
; 7 « 202 10.0 not obs. 0,00
4;127 4;162 11;0.' 6.05 l;gg
3608 20,0 not oba. 0.00
5418 34451 00,1 033 0.10
3.008 3113 10,1 2.80 1.83
2;700 g{?E& EIQQ, <O'19 i 0-16
2,647 2.657 11.1 1.24 1.18
.220 2,403 30,0  5.82 4.05
2.131 2,150 21.1 4442 3467
2.072 2,081 22,0 1,64 1.27
; 2.000 51‘6. not ObS. C.08
1.263 1.972 30,1 O.44. 0.4
1.802 49.9, not obs. 0,01
1,776 1783 2.1 0.60 0,53
3 = 730 3xif, . &
1.678 10.2. not obs, 0,00
1.647 %.ggé Sgwg, <0,.26 0.07
5 0 D98 v 40, : ;
1.590 1,504 llgé} 1.20 1,70
1.567 1,873 41.0. 2.00 1.88
; 1.5566 202 not obs. 0«00
1,487 1,492 | S2+1 3482 3.88
1.487 31‘3. not obs, 0.11
. 1.442 50,0 = not obs, 0,01
1,428 1,431 41,1 0.66 0,70
1.308 1,401 30.2.  2.90 . 2.88
1.3856 1,387 33,0 1.34  1.33
1,360 - 1,362 ggAgA <0429 0.13
b 1,330 ?} ¢ | g
1.328 1,328 22,2 2 :49 2,30
1,304 1,306 31.2, <0,30 0.06
1.295 51!0. not obs., 0@12
10381 1.887 ‘ 53'1.‘ <Oq50 0:14 '
1,266 1.267 42,1 0.87 1.16
1.246 40.2 not obs. 0,01
1.210 1.212 5141 1.23 1,54
1.20G0 1.201 6040 0.78 0.85
1,194 33.2 not obs. 0,03
1,193 4340 ¢

1.162 1.162 41,2 1.29 1,60
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Table ©
(cont.)
observed ealculated hizs b observed calculated
spaging spacing . intensity intensity
A £ {corrected) (scaled)
" 1,154 5240 G.94
Aud B8 1,150 00,3} A
1,134 %j%gg ég i} 0.29 0.41
1 ° 9 ; 1:3 .
14107 10106 50,2 <of29 0.17
| 1,100 61,0 |
1.C93 1.0086 20,5] 0.58 G.62
1,079 1,081 ' 33,2 1405 1e 15
1,068 42,2 = not obs. 0.10
1.087 1.060 21.3 0,55 0.686
1,040 44,0y e
1.039 1,038 56’3 0.38 0«60
, %ggﬁg , glqg_
e 3 5‘ o % R '. - S
1 080 70.0) not abs. 0‘50
1.007 22.3 @ not obs. 0,09
1&@00 62% : '
0.9961 0,9970 3131 0.42 0446
: 0.0962 44,1) _ ‘ :
0.,9868 T0:31) b ;
049769 , not obs, 0,02
y o " 0.9606 40.3 net obs., 0,09
0,9592 0.9602 62,1 | |
: 0,0504 52.2 1.70 2,60
0.8539 0.9548 71, ‘ ’
0.9429 g;gg&z 2?;3 0+56 0.58
. » ] ‘
0.9275 0i0271 e1s } < 0,19 0.16
' 0,9829 54,0 not obs, 0,03
0.£194 0.,9201 71l.1 <012 0,18
0.2078 @;gg?g Gggg 0.60 0,55
" 80, '
08981 9’89?2 5005} 0.18 0.15
0.,8915 44,2 e
0.8909 0.8915 54,1 0.80 0.68
00,8856 3343 not obs. 0.03
0,8842 53,2

0.8842 70.2 not obs, 0,03



obgerved
spaging
a.

0.8718

0.8596
00,8533

0.8438
0.8354
(.8325
0.8252
0.8195

caleoulated
spaging

08807
0.,8789
0.8783
0.8718
00,8650
0.8627
Qﬁaﬁggj
0.8567
0.8833
08448
08437
00,8390
0.8554
Q.8334
0,8310
0.,8270
08254
0.8225
0.8196
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Table 6
(cont.)

hied observed
intenslity
{corrected)

7240 o
4243 0.30
83,1

80,1 0.27
6242 not obs.
gg»g not obg.
10’4 0;56
1144
81,01 <0411
2044. : .
71.8 0.72
ao.s) . 0w15

64,0 ;
%3.3} < 0,08
21l.4

8l.1 0,32

caloculated
intensity
(scaled)

0.35

0.20

V.02
0,07

0.33
0,35

O¢15
0.67
0.24
Gel2
0.48



observed
spaging
A

4,827
3935
3e454

3,080

2,577
2,553
24417
2,259
2,179
2 4057

1.955
1,806

1,883

1.815
1,729

1,704

1.649

1,579
1,552

1.516

1.477
1,454

1,430
1,415
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Table ¥
MgyGa Powder Data
caleulated hize observed
spacing - intensity
A {corrected)

6,800 0{}'1 not obs,
64764 10.0 not obs.
4,830 10.1 0.08
3,004 11.0 207
32450 00,8 Oell
3,398 11.1 not obs.
5,382 28;2 not obs.
5{ '?4; 1 Ey- Is
R .07 20.1} i
2.586 11.2 2.50
2 5586 21.0 G224
Red1H 20.2 s
2,397 21,1 4:80
2300 00,3 not obs,
2.8585 30,6 ° 7,01
2,178 10,3 0.71
2,143 30,1 ot obs,
2.0584 21.2 4,72
1,982 11.3 not obs.
1,952 22,0 1.50
1.902 2043 0,388
1.887 30.2
1.879 22,1 0.41
1.875 31,0
1,810 1.1 < 0,07
1.7?3 Gg.é 1,13
1,699 gg,2f  9+78
1.691 40,0 not obse
%.6?1 %2;3 not obsg.
1,648 'qﬂ} &, s
1,642 4041) - AalB
1.810 304D not obs.
1.578 11l.4 G52 ‘
1,552 32,0 0.16
‘%yﬁi? igwg ‘ not obs,

« 518 ? :
1,513 sz.z} el
1,488 22,3 not obs,.
1,476 41,0 2.41
1.454 31.3 0.75
1,442 4101 not obs.
1,489 21.4 0.46
1.415 22,2 4,83
1,380 00,5 not obs.

caleulated
intensity
(scaled)

0.00
0,00
0,07
1.83
0.09
0.00
0.03

1476

0.76
5.22

0.00
8,25
0.85
0,01
4.48
0,00
1,64

- 0440

0.98

0,05
1,12

1,18

0,07
0.04

1.08

0,00
0.5l
0+16

Q.37

0,00
2.42
0.73
0,04
0.44
4,88
0,00
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Table 7
{cont.)
observed calculated hicod obgserved calculated
spaeing specing intensity intensity
A A : {corrected) (scaled)
1.572 %:g@g 28:; %.14 5,17
, 1.357 41.2 , '
1,356 _ 1,352 1045 0,69 0.82
10585 50,0 )
1.328 gOyl not obs., 0,03
S 1.302 -1;5} ’ ‘
1,302 1.301 33.0 1,82 1.29
1.200 %:ggg 52:5 .14 0,93
la.8ve :
1.897 1.278 QO.g 0.48 0,75
1?273 46¢0
1,269 14870 31 & < (0ell2 0,30
1.259 14259 o{ I O 2,08
1.887 42 1 " . *
1-242 &1’5 not C)bac 0002
1,218
1.8218 1.814 21 5 0.98 1,17
1.814 - Bl:0
%.iﬂ? 40,4 not obs. C,11
ca6 1,188 42,2 ‘ ‘
1488, 1,198 51,1 1.09 A4 0B,
_ 1,177 30.5 not obs, 0.00
1,166 1.166 50.3  <0,13 0,15
14156 %‘igg gg:g} € 0.18 0.16
_1 155 10.6 not obs, 0,05
‘ :% %gé , §§05 not obs. 0,00
- b ] . Rosls ;5 3
1,128 1,127 j 60.0 046 0765
' 1,121 41.4 . : .
1.121 WLL , 42§3} 0.76 0,99
1:118 60,1 : .
1.11} 43.0 :
1,103 1.108 11.6 0,18 ‘ 0,20
1.097 43,1 not obs, 0.04
1.080 1;093 20,6 0.20 0,30
1.087 52,0 ,
1.083 1,080 51.5} 0787 1.43
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Table 7
{oont.)
observed caleulated hkp observed caleulated
spaging spacing intensity intensity
A A , {corrected) (scaled)
1.071 60,2
1.073 i:g;_g ‘ 2?;;% <0,13 0.41
1.058 1.058 43,2 <0,13 0.21
1,049 1.049 2146 0.16 0.22
1,033 52.2 |
1.031 1,051 61.0 0.30 0.38
' 1,031 ) 3245
4 1.027 42,4 ,
1.027 1.024 30,5} <017 0.23
1.020 6l.2 - not obs. 0.01
1 oﬂlg 80,3 not Qbs s 0O .02
" 1,007 41 .5 not obs. 0.01
1.001 1.001 . 43,3 0.24 0;29
0,993, g:gg;ﬁ gé:g 0,16 0,22
; ; 0.9882 612 :
00,9804 31.86 not ob8. 0.04
g o2 «9758 L0 >
O.@?bl 0.9760 24.0 O B4 0.56
5:9663 7620
7 o) L R A oW » €Y
00,9660 5045,
0.9567 70.1 _
0.9567 . 3% P} not obg. 0.02
09560 , AN
0.9510 40.8 not obs. 0.00
gsgzgg _ ig.z not obs. 0.07
. L) @ &
. 0.9385 44,2 . ‘
0.9375 0.9377 42.5 .29 , 0.63
0.93785 62.0 e
0.,0346 43 .4
0.,9304 5342 :
0.929g 0.93504 70.8 0.98 0.98



observed
spaging
A

0,925,

0.916g
O lg llo

0.9045

0.894g
0,890
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Table 7

{conts)
calculated hkel
spaging

&

0.92329 32.6
0.0178 BR.4
C.911% B1+5
00072 41.6
C.2051 62.2
0.2031 3047
0.B9086 44,3
0.80858 710
0.8908 B3 s
00,8908 T0:3
0.8852 61:4
0.2708 28.7.

obgerved
Intensity
{corrected)

0.31
0.38
0.26
net obe.
1,03

net obs.e
Q.68

0.20

not obs.
not obs o

calenlated
intensity
{scaled)

0.48

055
0,24
0.02

0.80

0.00
0.62

0,27

0,04
0.00



(1)
(2)
(3)
(4)
(5)

{6)
(7)

(8)

(o)

(10)

(11)
{12)

(13)
(1¢)

(18)
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II. METALLIC VALENGE AND X-RAY RMISSION FINE STRUCTURE:
A DISCUSSION
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Metallic Velence snd X-ray Emission Fine Structure: A

Discussion

Theories of modern structural chemistry find meny severe
tests in the fiqid of metals and alloys. In addition to:
questions concerning ordinary ghysical_pgaperties, ductility,
malleability, mechanical strength, themal and eleqtrical
canﬁucﬁivﬁty, ete., ﬁhéra is the central question a8 to the
réaéenvfar thevexiétence of the varidus'ebaerva&'strﬁcture
types which can vary in complexity from the cubie or hexagmnal
closest packing of identical spheres to the structure of
NaGd

2
ing nearly twelve hundred atoms

» which is reported to be based on a unit cell containe
i3 2 One necessary subdivision
of the existence question 18 concerned with velence, in other
words, how meny strongly bonding electrons does a given atom
contribute in any particular metallic or intermetallic
structure. In some cases such classlcal chemical quentities
a8 oxldation numbers and stoichiometric proportions seeﬁ to
provide a satisfactory answer; for example, the metallic
valences which are predicted for the alkali and alkaline
earth metals from these quentities, one and two respectively,
geem to be correct. On the other hand, although in classical
chemistry the wvalences of iron are glven as two and three,
convinecing physical evidence has been found recently for the
belief that the metallic wvalences of iron are as high as

(2e), (@D), (c )‘

five and six Iron 1s, of course, not unique
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in this respect; most of the other transition group elements”
apparently have grester valences in the metallic state than
was heretofore imagined.

In view of the importence, the generality, and the un-
expectedness of the recent discoveries concerning metallic
valences it is worthwhile to\search for additional experimentel
evidence bearing ﬁpan them. The follawihg discussion is
eoncernéd with & promising physical method for the deter=-
mination of valence, namely, the analysis of the fine structure
of the X-ray eﬁissian apéetra of solide, In the cases of such
metals as sodium; aluminuwm, end magnesium, this method has
given the eerrect'answew; the extension of the method to the
more interéﬁting transition group elements 1s difficult and
must be examined with cars.

It is well knawn*that the gross features of the X-ray
emission spectrum ef”a given element are not affected by
chemical or phyaicai‘changas. 'sloaar examination of spectral
depa@lg, however, reveals the existence of small grfeﬁts,
especially in the highest frequency line of a gilven emission

seriesﬁﬁ. In these instances one of the states concerned in

Xi

5% g i .

The use of this term is that of L. Pauling (General Chemistry,
Freeman and Co., San Francisco, 1947, p. 146). The elements

of the first transitlon series, for example, are Sc¢ to Zn.
#*gee, for instance, Manne Siegbahmn, "Spektroskopie der
Roentgenstrahlen™, Second Edition, Julius Springer, (Berlin)
1931, pp. 160 £f,, 278 £f.
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a particular electronic transition is an outer state; one
in which the electron is for the most part relatively far
removed from the nucleué in question, and it is understand-
able that the energy of such a state should be perturbed
appreciably by neighboring atoms, The perturbétiona,aris-
ing from adjacent atoms are 1érge‘1n,metals‘and‘the energy
of & particular outer atomic state is given a nearly contin-
uous set of wvalues over a rangg‘which 1s of the order of
several electron volts, such a set being called & band. A
line emitted as a résult of transitions from outer occupied
states in a metal, thefefore, is much wider than in the
case of the corresponding gaseous spectrai line, with a
fine structure which is dependent upon the nature of the
interatomic interactions.

The fine structure of a brosdened solid spectral\line
is related explicitly to the emergy distribution of outer
occupied electronic states in the following menner. If the
energy range of the inner state concerned is assumed to be

negligibly small, at absolute zero:

(1) T(E) « v’ PEYN(E), E=<E,,

(2) TI(E)=0, E>E,

The nunber of outer electroniec states iIn the energy range
B to B ¥ dE is given ﬁg B(E)dE; I(E) is the intensity of
radiation emitted with spontaneous transitions from outer

electronic states in the range E to E + dE; P(E) is the
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square of the electric dipole moment integral®; end B, 1is
the maximum energé of the filled levels. If the form of
the function P(E) were knmwn; Bguation l‘would enable ¥(E)
to be found directly from the'measurement of I(E)s There
is, however, a theoretical 1limit to the resolution‘of the
feaﬁures‘of %he-distvibutian fﬁneticn which arises from the
finite width of the inner level, radistion damping, and Auger
effects; features of the function which are within 1 evof
one énotﬁaé caﬁnot.be resalved in the X-ray region Which OX =~
tends from & few &ngétrams upﬁards‘s’.

The functien P(B) 1= geﬁeral1y difficult ia determine,
but e convenient radnctian of the pyablem can be made(é” (5’
The form of P{E) is given mf’_f% %xdrl ¥ and it is reason=-
able to assume that }é » the wave function of an inner state,
1s localized about each nucleus without apprecieble perturb=
ationé frvmknaighharing atemB*%%. In order to evaluate P(E),
therefore, it 1is necessary to calculate the outer wave

funct;en,'%g s Only :m the immediate neighborhood of each

*1t has been mssumed by most workers that the probabilities
of transitions which violate the eleectric dipole moment
seleetion rules are negligible.

If the outer electranic states are degenerate, P(E) should
be represented by & weighted average of terms of this type.

*¥mis assunption may be open to question; Perratt!®), for
axample, found that the helf widths of the Ko< lines of ¥n,
Pe, Cr, and Ni cen De varied by as much as 23 percent by
alloying.
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nucleus. In the neighborhood of a nucleus yz can be expanded
as a series of functions )Z, %Z, yz- ‘seey e 8, p, d wave
functions of the free atom.:  Thus,

~ — +

(3) ;é: /1:%g + /%;¢; /4d¢§-+
If now 3k’is an s function, es it 1s in the instances of X
or L * spectra,

(4) my Yxde| = A €)= FE).

For II or LIIX spectra,

(5) P(E) = {E, A () +F A (O]

Since the funetions P 5 P p? ete. are to be regarded as ine-
dependent of the energy of the outer wave functions, and as
known for each given Uype of atom, the problem of the form

of P(Z) has been reduced to the determination of the functions

AS(E), AP(E), etce.

Alkaeli and Alkaline Esrth Metals

In the case of metals such a8 lithum, sodium, beryllium,
magnesium, and aluminum, low energy electrons in the band
fommed from the outer atomic § states, the valence band, can
be regarded to move in a field of nearly constant potential
energy within a given specimen and in & field of very much

higher or infinite potential energy outside the specimen.

S G B CT W S S TR O oy

*For an explanation of these symbols see Compton and
Allison, "X-Rays in Theory and Experiment", D. Van Nostrand
GCoey (New Yor'k) 190355 pe 630,
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The wave functions in this instance c¢an be given the form
exp izv"'(@‘l)}(‘” where the vector r locates & particular
point in the metal specimen with reference to an origin
which may be arbitrariiy chosen &nd k is & vector having
& discrete set of values which depend upon the dimensions
of the metal specimen. (For metals based on a cubic
léttica the sgeci@an is usually considered to be & cube as
& matter of convenience.) The distribution function N(E)

has a parabolic form,
: Yz
(6) N(E) = 2T M (em) (E-E)"
R

where ¥ 1s the stomic weight, p is the density, N is Avogadro's
number, m 1is the a%lﬂedtﬁanic mass, and Eg is the energy of the
lowest wvalence state.

Ags the kinetic energy of the valence electrons increases,
however, a reglon is encountered in which the electrons,
considered as de Broglle waves, can undergo a Bragg reflection
as 8 result of Interections with the erystal lattice; in
this reglon ¥(E) fluctuates markedly from the parabolic fomm
of Equation (6). This situation can be treated more precisely
1f a k space is concelved in which veotors drawn from the
origin to a set of points bvased upon an appropriate lattice
are the vectors k. I:ﬁ" the metal speeimen is a cube with
edge length La,‘ such a lattlice is cubic with a period -

_L—'Z along each axis, and the corresponding components of k |

have the form ’—:‘“— s vhere n and L are integers. We shall

a
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assume that the crystal lattice is cubicji the crystal lattice
is aligned with. the _1_;_ space lattice in such a manner that
the points ( c%' , %,,) %3 } in _&_:-_»g_g_g__qg form the feeiprocal
lattice of the crystal, An electron in the state exp{Zﬂi('g‘,!)}
can be reflected according to the Bragg condition from the
crystallographic plane (1 m n) if k touches a plane vhich
is at a distence '

() + 2+ (27"
from the origin, with a unit nommal vector

(oF+ (2eef] ™ [de s me )

Za Ra Za Za 2a
where Py, by, and bz are unit vectors directed along the
axes of the k lattice. If the engle between the vector k

end the unit normal vector 18 T _ 8 ,
Z

() |k| sm @ = [ (ls) (u) v (2 ay*] /2

The de Broglis wave length of the electron considered

is [Er‘ and 1ts momentum is therefore hlﬁ‘ « Thus

(8) E-E, = ¢'= h‘onl-,i. [(@z)a(ms\ [ns\*] =

Z.M Zm Zm sim*6 L\Za Za/ a, Zm X
(9) Therefore; s A = Z2a sm8 = Zd?mn sy
(2% mt+ n") "™

Since the crystallographic plane (1 m n) is perpendicular
to the vector ( 132£v+—”_"_§3%-+1’§'~g? )
2a Za 2a
from the properties of ithe reciprocal lattice, Equation (9)
is the condition for Bragg reflection from (1 m n).
If B(k) is plotted against |k| , the k's being collinear,

& parabolic curve, given by Equation (6), is obtained until k/,h,



88
drawn from the origin in k space, is in the neighborhood
of a plane correspending to & erystallographic plane (1 m n).
In this neighborhood the curve flattens sharply and h§§ a
discontinuity when k lies in the piane. As k increases,
the curve, still flat, quickly increases in slope until the
parabolic law is again satisfied. This behavior is in
general repeated for each plane as k ls further increased.
Qiscontinuities along different lines in k space mey overlap;
thet 1s, energles vhich are forbidden an electron traveling
along a certain directlon may be allowed for another
direction.

Mottt and Jones(e) have shown that in the case of a
monatomic s80lid and loosely bound electrons the magnitude of
each discontinuity is roughly proportional to the structure
factor for Bragg reflection from the corresponding crystal-
logrephic plane. Discontinuities are non-existent when
corresponéing structure factors are exactly zero. In the
case of a polyatomiec solid this proportionality 1s assumed,
but may be in serious error(g)’ (10).

The plenes of energy discontinuity in k space form a
series of polyhedra, concentric about the origin. For a
primitive cubie lattice, the first of such polyhedra is

generally a cube defined by the crystallographic planes

[/oo} * This polyhedron is then called the first Brillouin

zone and its boundaries Brillouin zone boundaries.l The space
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- between the dodecshedron defined by the crystallographic
planes {110} end the cube {100} forms the second Prillouin
zone, and 80 on. In the primitive cublc case, with no
vanishing structure factors, each zZone contains 28 (twice
the number of unit cells of the cubic block) electronic
states, when spin degeneracy is taken into account.

When the electrons of the valence band are loosely bound,
theory predicts an N(E) function of the types shown in Pigure
1. At small kinetic energles the curves follow the parsbolice
law, Bquation (6). As the kinétic energy is Increased and
k, drawn from the origin in k space, approaches the first
zone boundary, the ﬁ(E)-curve rigses sharply to point P. At
a point in the neighborhood of P, the total number of states
with lower energies are glven by the number of points of the
k space lattice which lie within the inseribed sphere of the

first zone polyhedran(ll)

« As the eﬁergy is increased the
¥{B) curve falls sharply to point K because of the energy
discontinuity at the zZone boundary. The N(B) curve rises
sharply from ¥ becsuse of the contribution of states in the
gecond Zone.

A detailed consideration of the function P(E) indicates
that points P and X of Pigure 1 cannot both be found in one
emission baﬁd(s),,and, therefore, that the K and LXII
emission curves of an element for which N(E) is appreciably
greater than zero at point K should differ greatly in ape

pearance, Aluminum and msgnesium both have filled zones and
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Figure 1
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in each case the K snd LIIX

pearance, as can be seen in Figure 2. Further consider-

emission bands differ in ap-

ation of P{E) shows that, at low energies, I(E) should very
as (8 = B,)¥% ana (8 - 5,072 1n the K and Lyyy dends,

wmw.OnmeMMrmm,memwwofm@m

respectively
2, especially the Lypy curves, extend toward very low
frequencies with a small but finite ordinate. This be-
havior has been sxplained by advanced‘consideratiqns of the
radiation processes of solids whiech are quite beyond the
scope of this discusgion(s). The high freq ency edges of
the bands shown in Flgure 2 have nearly Infinite s'lopes in
accordance with Fermi-Dirac statistics.

The widths of the bands of Figure 2, as xﬁegsufed by

(3)

Skinner » are given In Table 1 together with valences

calculated from them with the use of Equation (6)*.

Table 1 |
Metal Band Measured Caleculsted
Breadth velence
(ev) ‘
7] K 4,1+ 0,3 0,77
Re K 14083: 0-5 2002
ﬁa LIII 3.0 i 0.2 0088
Mg K 731t} 2.02
Mg L 7.6 £0.35 2,14
AL — 12,7 x 1 3052
Al LIII 13.22 6.5 3,52

S e G 0 O Gy I3 OB N G B9 on e oD

*Skinner obtained the low frequency edges of the bands, that
is, &. by the linear extrapolation of the Lvél tails to zero;
K tails were extrapolated by the use of an % form. This
seems to have been done on the basis of expediency.
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The asgreement between observed valences and those ordinarily
assigned to these elements 1s wvery good, even in the cases
of beryllium, megnesium, and aluminum, vhere marked deviations
in the form of the N(E) curve from that of Equation (6) must
occur at filled zone boundaries. . :

The only investigation of alloys between the metals
of Table 1 has been made by Ferineau, wpo studied thew‘ alloys

zagaalg and Alslﬁgé(w)a The L... bands of the two components

IIx
were found to be superposable in both cases, indicating that
an electron of the valence band cen approach either type of
atom with nearly equal probablility. The observed widths of
the bands of the two alloys are identicel, 11.5+1.5 ev,
which dlffers somewhat fram the corresponding widths for
MgzAly and Alglig, caleulated with the assumption of nommal
vel ences by application of Equation (6), 9.0 ev and 9.4 ev,

respectively«

Transi tion Group Metals

’ The outer electrons of trensition group metals are more
tightly bound than in the case of the alkali or alkaline
earth metals and it would be unsound to assume that the
dstribution funetion N(E) follows the parabolic law of
Equation (5) ever at lov kinetic energies. Varlous theoreti-
cal caleculations of N(E) have been made for transition
metals with the vse of the molecular orbital spproximation,

and some degree of experimental verification has been claimed,
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Prominent features of N(E) ¢slculated for coppef by Rudberg

(13)

and Sleter can be placed In correspondence with

prominent features of K emission end absorption curves for

copper, as has been shown byABeeﬁan and Friedman(14): on
the other hand, the experimental verification of the
Maming~Chodorow distributlion function-fbr tungsten(ls) has
not been carried through as suchesafully(ls).‘ The

theoretical N(E) curve of Rudberg and Slater shows that the
energies of all the outer, that is, 3d and 48 electrons lie
in a continuous band. for copper, but this does not mean that
all the outer electrons are neceSSarily valence electrons.,
There 1s gqod evidenée, in fact,ithat‘af 5+44 of the eleven
outer electrons of copper are valence electrons. This con=
clusion is a result of a general scheme.for the distribution
of the outer electrons of transition group metals which has
been proposed by Pauling‘ga). In this distribution the
outer electrons éra considered to be divided into two over-
lapping bands. The first band contains electronic states
which cover a large range of energvaith a small density;
the second band has & small energy v&nge with a high density
of states and overlaps the firét band &t the high energies.
The electrons of the broad band are valence electrons; while
those of the narrow band are tightly bound to individual
atoms and do not contribute appreciablé 1o bindinge. In
fact, although Pemi-Dirac statistics governs the filling

of the states of the valence band, the electrons of the narrow
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non-bonding band tend to remain unpaired with parallel spins
in acchdance with Hund's rule of maximum multiplicity and
are responsible for ferrpmagnetié properties. Now the
presence of & narrow band of tightly'bound elecirons over-
lapping ir energy a brosd valence band might well be ex~
pected to render the experimental determination of the
distribution of occupied states in the Valanée bend diffieunlt
or impossible., In eddition, the effects of gross changes in
erys tal struqtﬁre upon the distributioﬁ of states in thé
valence band qould be at least partially obscured by the
presence of a relgtively unchenging distribution of tightly
bound states. Furthemmore, changés in () where no over=
lapping occurs might not be appérent beceuse of the relatively
low density of occupied states in the valence band., The
nature of the emission band studied is important, to be sure.
Pauling has indicated that the states of the narrow, non=-
bonding band are ﬁanned from etomic d states(ga); therefore,
it might be assumed that, if a K emission band were studied,
the complications described above could be avolded because
of the dipole}selection rules, There is & certain amount
of experimental evidence, however, which indicates that this
method of attack is unavalling. Bearden and Priedmant17)

have studied several alloys in the copper-zinc srstem and
found only small systematic changes in K spectral detail

with composition, although corresponding structurel chenges

are gross and unsystematic. It is quite possible then,
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thet the quantities Ag and Ap in the expansion of Equation
(3) are rather apprecisble for the wave functions of the
non-bonding band. A certein percentage of the observed
intensity might result from electric quadrcpole trensitions
which in scme cases have a probability of about one-tenth

that of dipole’transitions(le)

; the selection rules for this
type of transgition of course, permit d -~ 8 transitions.
Studies of transition metals and ealloys between transition
metals, therefore, would seem rather fruitless as sources

of information concerning the distribution of occupled states
in the valence band; this conclusion may be premature
because of the small amount of experimental informetion
evailable, tut 1t is certain that such studies cen be made
frulitful only after formidable complications have been over=-
COMe »

It is possible, however, to gain infommation conceming
the valences of transition elements from spectral studies
without regard for the difficulties in the interpretation of
transition element emission bends. In order to explain this
statement let us consider the probable nature of the
emission bands of both components in an alloy of the copper-
°h"m“wnsystem. The copper emission band would be expected
to result from transitions involving states of both the
broad valence band and the narrow non-bonding band in

accordance with the previous discussion. On the other hand,

it seems plausible that there should be no appreciable
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contributions to the aluminum emlission band from transitions
of the copper non-bonding ststes. ©Since there are no non-
bonding states centered about aluminum atoms in the energy
region concerned, the aluminum emission band should be the
result of transition from valence states alone. Consider-
ation of the observed form of the aluminum emission band
should thus lead to some information about the distribution
of valence states in the alloy.

Farineau has investigated the fine details of the outer-

most emission bands of aluminum=copper and sluminum-nickel

(19)

alloys . His spsctr&i curves are shown in Filgure 3.
The copper emlission bands shovn are L < bands, that is,
the transitions involve outer occupied states end inner
atomic p states. Accordingly, the masking effect of the
outer narrow non-bonding band would be expected to be large;
however, considerable changes In spectral detail with changes
in sluminum content are to be seen., (Curve; I to VII contain
0, 19, 35, 49, 60, 82, and 96 atomic percent of aluminum,
respectively.) No attempt will be made to discuss the
features of these curves. The nickel L« emission bandg, in
contrast to those of copper, show little detail, as would
have been predicted in the present discussion.

The aluminum K/i emission bands of Figure 3a possess
a considerable amount of structure which suggest fluciua-
tions in corresponding N(E) functions at the surfaces of

important Brillouin zone boundaries. It is of interesti,
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accordingly, to find the impormaﬁt 2one boundaries for the
valence bands of each of these alloys. This is done in the
following manner. The Iimportence 6f a given boundary is
estimated from the magnitudes of the structure factors of
the set of planéevinvolvad; this procedure has been dis-
cussed previously%, Hext, the extent to whicﬁ en important
zone is filled by cccupied states is estimated by caiculat»
ing the number of states in the inscribed sphere of the zone
polyhédron. If the number of valence states is greater than
the number of states contalned by the inscribed sphere, the
zone 1s st least approximately filled . At the value of
the energy for which the occupled states just fill the in-
scribed sphere; the N{(E) curve rises to & maximum, the points
P of Figure 1(8); When the next zone overlaps appreciably
and the reglon of oécupied states extends well into it, the
points of discontinuity K of Figure 1 are contained in the

filled potion of the N(E) curve. In general it is difficult

W WO G G e O S A i S

wIn many cases 1t is sither ineonvenient or impossible to
calculate gtructure factors. The alternate procedure in these
cases is to use observed intensitiesy if possible, corrected
with frequency factor, and, in any event, corrected with the
appropriate Lorentz end polarization factors.

#*me number of states in an inscribed sphere 1is calculated
from the volume of the sphere and the density of states in
k-space, 2V, where V is the volume of the ecrystal parale
Telepiped with the edges La, Mb, and Ne¢ in the orthorhombice
Ca8C,
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to caleulate the function E(k). In the discussion of the
features of the aluminum berds of Figure 3, the free
electron approximation will be used to calculate the positions
of the points P, with the recognition that this approx=
imetion may be quite crude.

In Tables 2-7 the calculstions outlined in the preced-
ing paragraph are given for the substences Al, ngAl, GuAl,
CugAl,, 19% Al-Cu solid solution ( « phase) and NiAl, In
the first column of each table the indices of the observed
reflections are given; in the second, the uncorrected ob-
served intensities; in the third, the Lorentz asnd polari-
zation factors; in the fourth, the freguency factor; in the
fifth, the number of states per unit cell (crystallographic
unit cell) in a sphere tangent to the corresponding set of
planes in the first column;i in the sixth, the radius of the
sphere in A7 units; and in the seventh, the value of E(k) -
E{o) calculated from the radius of the inscribed sphere with
the use of the free electron approximation.

The number of occupled states in the valence bands of
each of the alloys is calculated in two ways. The first
value is obtained with the use of 5.44 for the wvalence of
copper and 5.76 for the valence of nickel; these are the

(23);

valences proposed by Pauling The second value is de=-

rived from the assumption of the valences 1 and 0.6 for
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copper and nickel respectively, following Mottt and Jones(go)*.
Inspection of Tables 2«7 shows thet important Brillouin

zones of the different structures sre fillled with elther set
of velenceg. In general, however, there is better cor-
respondence between the features of the emission bands and
the filled-zone scheme obtained with the larger valences,
The form of the aluminum emission bsnd for the intermetallie
compound CuAlg suggests that et least two, and perhaps three
important Aones are filled, From Table 3 it is seen that the
inscribed spheres of the two most importent sets of planes

{a2-0} , f11-2] , ena {31-0f , {20-0} can ve rilled with
gither set of wvalences., The sphere inscribed in the poly-
hedron bounded by the planes (310§ , {20+8} contains 27
states per uniit cell; the number of occupied states with
the valences of Mottt and Jones is B8, hardly more than
enough to fill the inscribed sphere. It might be reasonably
expected, therefore, that the emission band would exhibit

two instead of the observed three mexima, 1f the idea of

*14 nas recently been shown by Pauling(29; (2d) that the
valences of copper and nickel can assume a variety of values,
the maximum values being about 7.0 and 8.0 respectively. The
use of the velence 5.44 for copper has been previously juste-
ified for the ¥-brass structure, CugAly(10), and the inter-
atomic distences found in the structure of CuAly(21l) ave con-
sigtent with valence 5.44 for copper. The structure of CuAl
is unknown(22) and a check of the valences from structural
date is impossible., It seems likely that the valence of
copper in the 194 Al << ~brass structure is also 5.44.
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monovalancy for copper is correct. If the valence of eopper .
ig about 5%, however, the number of filled states greatly
exceads that contained by the second sphere, and three maximae
in the emission curve would be expected, the third maximum
regulting from the ebrupt decrease In the number of filled
levels in the region of maximun energy due to Femi-Dirac
statistics.g The positions of the two maxima which are o
corraspond.%c the f1lling of the two inscribed spheres are
calculated'ke be 8.6 and 10,1 ev, respectively, from the
low frequency edge of the emmission band. (In calculating
these positions'the free electron approximation is assumed
as before‘stated, with the additional assumption that the
low frequency edge of the emissien bend corresponds to a
transition from the lowest state of the valence band.) The
regpective bbaerved.maxima~seem‘ta be gbout 7.5 and 10,0 ev
from the low frequency length edge, if we may take the edge
as given by the long wave length extremity of the curve in
Figure.&a*' The correspondence between calculated and

D 0 an Gl CU G S S8 W W gl PO >

*ohis secms a resgcnable choice, especlally from comparison
with the indicated’'edge for the band of 100% Al, the point A

in Pigure 3. Farineau does not report his low frequency edges
explicitly. He does state, however, that the observed maxima
in question lie between & and 6 ev and et 8.5 e¢v, respectively,
from the low frequency sdge. An inspection of the curve for
CuAly given in Figure 3a shows that, if the positions reported
by Farineau are correct, the low frequency edge would be site
uated at some distance to the left of the indicated extremity.
The wvalues reported by Farinesu thus seem In error; oneé explan-
stion for this discrepancy might 1lie in Farineau's desire to
ascribe the first maximum to the presence of a filled sphere
inscribed to the set {20+01 , {002} at calculated energles
4.2 - 6.1 ev.e As Table 3 shows (20+0} and (002} are much
less prominent than either {22°01 , {1l+2} , or {510} , {20°2} .
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observed positions is as good as can be expected in view of
the roughly approximate nature of the calculation. The cal~
culated width for 45.8 occupled states per unit cell is 14,7
eV, which seems somewhat highg

It 1s difficult to choose important planes in the case
of CuAl. For one thing, the intensitles of the planes have
been reported on a qualitative basis onlyf For another,
there are a large number of closely spaced, heavily reflecting
planes. An appreciable concentration of important planes
seems to occur in the vieinity of the planes 200, however;
and the first marked fluctuation in the ¥N(E) curve may ocecur
at this point, caleulated to be 8.6 ev from the low frequency
edge. The ob8erVGd_mazimnm is about 8,0 ev from the edge,
in reasonable agreement. lwha inscribed sphere to the planes
200 contains 49 states, and is filled in either valence
gcheme, If copper is monovalent in thié structure, however,
it is hard to underatgnd why there.are two very pronounced
maxima with one broad minimum in the ébser@ed emission curve.
The free electron wldth for 64 occupiled gstates per unit cell
is only 10.4 ev, which 1s about the position of the minimum
of the observed curve. The asaﬁmption of the higher wvalence
for copprer can explain the shape of-thé curve very well --
there is again a discrepancy, even more prnh@unead than in
the first ease,,bgtwaen calculated and observed widths, 17.0
ev and about 14 ev, respectively.

The Brillouin zones of the Humewﬁethary ¥ -phases are

(10)

well known « The first impprtant zone is formed by the
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planes {411} , {300} , and the second by the plenes {800} ,

4421 « The inseribed sphere of the first zone would just
be filled, with the monovalent assumption; both inscribed
-apheres are filled with the use of the valence 5.44. The
calculated position of the maximum which corresponds to the
£illing of the first sphere is 8~9;ev,_the valculated position
of the sacond.maximum 18 17.8 ev. The observed emission
curve shows two maxima, one ai approximately 8.9 eviand one
near the high frequency edge of the curve at about 13.5 ev.
It would again be difficult to understand the presence of
two maxima in the observed curve if copper were assumed to
bo mongvalent aines ik first inscribed sphere contains
80 of the 84 occupied states, Again, the discrepancy between
the observed width, CaBls 1455 ev, and that calculated with
the H.44 valency, 19;8}‘is guite pronounced.

In order to carry out a discussion of the 19 Al-Cu
golid solution, it will be necessary to assume that the
method of determining the importance of & given plane, i.e.
the magnitude of the energy discontinuity in the region of
k-space adjoining it, 1s not to be altered because of the
existence of & disordered arrangement of atoms in the
structure. This assumption seems plausible beceause the
relative magnitudes of the‘structure factors are unchanged
by the existence of & solid solution.

The only planes with & finite structure factor sre {111},

{=z00f , {220} , ete. The sphere 1n§er1bed to the {111} planes
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contains 5.4 of the 5.5 occupled states calculated with the.
}Mott and Jones valences. It would be predicted, therefore,
thet the observed emission curve should exhibit but one maximum,
actually two are observed, at 9.0 and 14,0 ev, respectively.
The appearance of the emlssion curve is thus more reasonadbly
explained with the assumption of 5.44 (53) valent copper.
Again, the caleculated position of the first maximum, 8.4 ev,
agrees well with the observed position. As before, with the
nigh valent copper, the width of the emission curve is less
than the width of the filled portion of the free electron
N(E) curve; the discrepancy between calculated and observed
widths, 20.0 ev and c.a. 15 ev, respectively, is very large.
The general appearance of the aluminum emission curves
for the copper alloys 1is, then, more reasonably explained
if the metallic valence of copper ls assumed to be much
greéter than the value 1, which wes commonly accepted a few
years ago. 1t 1s somewhat difficult to estimate the precise
valences exhibited by copper in the wvarious structures, how-
ever. With increasing copper contents the free-selectron
widths caleulated with the assumption of 5.44 (5%) valent
copper become progressively largér then the observed widths,
which are aspproximately constant. This would indicate that
the velence exhibited in emch case is much smaller than 5%,
being close to 3. On the other hand, as 18 indicated in a
previous footnote, there is reliable evidence that the

valence of copper is epproximately 5% in the structures of
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CuAlz and GuQ&lQ. It may be that the free electron ap~
proximation is completely invelid here; this seems imprabab;e
for the low energy region of the band at least, since the
calculated position of the first maximum in the emission curve
agrees well with the observed position in every case., Even
if the free eleciron spproximation ie wvalid except in
regions close to zone boundaries, the large deviations from
the parabolic N(E) curve at points corresponding to the
filling of important zones may cause the large discrepancies
found between calculated and observed widths, If this were
the case, 1t might reasonably be expected that the widths
of the various aluminum curves would vary irregularly end
markedly in view of the large siructural @i fferences ex=
hibited in the series,

An explanation of the disagreement between calculated
énd observed widinhs which should be advanced at this point
lies in the recognition that the one~electron approximetion,
which has been implicitly assumed throughout the discussion,
may be inadequate to explain completely the features of the
various emission curves., It is possible that, although in
each case the width of the filled portion of the N(E) curve
is reasonably that calculated for the free~slectron form,
exchenge effects prevent elecirons In one region of the band
from approaching the aluminum atoms freguently enough to
give rise to much radiation of frequencies corresponding

to the energies of such a region., Thus, if slectrons in the
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high energy region of each band were prevented from approach-
ing the aluminum atoms frequently, the observed widthe of
the corresponding emission curves would be émaller then 1f
this mechenism did noi obtain. In the present explanation
this is the effect postulated to exist. The observed widths
of the emission bands indicate that no more than about
three of the 53 valence alectrvns of copper can appfoach the
alumiﬁum atoms frequently. The remaining 2§ valence electr@ns,
situated in the high energy region of each band, are forced
to remain in the neighborhood of copper atoms. Such & sit-
uation seems fairly plausible although a specific theoretical
justification for it is lacking.

It is reasonable to expect that & high energy emission
cutoff due to exchange efféet should be less sbrupt than a
cutoff of the type described by the elementary theory of the
introductory section. Indeed, Figure 3a shows that &s the
copper content is 1ncreased,vthe slope of the cutoff gen=
erally decreases.

In the aluminum-nickel series the aluminum curves are
for the most part featureless. It is likely that meny of
the compositions are in two-phase regions; the only known
structure is that of NiAl (Curve IV). With either valence
for nickel, the first important inscribed sphere, containing
2.8 occupied states per unit cell, is filled. The appearance
of the emisslon curve indicates the filling of at least one
inscribed sphere. The width of the emission band is again

nearly the same as thaet for pure aluminum.
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Conclusions

The study of the fine structure of X-ray emission bands
of metals, alloys, and intermetallic compounds seems to offer
a chance to gailn valuable informetion concerning metallie
valences, In many cases, however, it will be necessary to
have an extremely refined theoretical description of the
situation in metallic structures before the interpretation
of the spectral dats can be made with confidence. In other
cases there is some hope that the roughly approximate
picture, that developed in this discussion, will be ef-
fective in the interpretation of the date,

In any event there is a grest neéd for more experimental
information; the study of alloys and intermetallic compounds

can be said to have just begun.
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intensity

Table 2

Aluminum
Strmacture: A 1 type
Number of occupled states per unit cell: 12.0
Lorentz & Frequency no. of gtstes
polarization factor in inscribed
factor sphere
Se 4
8.4
2.4

radius of
schere
(A-1)
0.21 .
0«25

0.35

E(k)-E(0
(ev)

6.9
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Number of occupied states per unit cell:

hk{

11.0
10-1
200
21-1

mw.ew

11-2

UH.OW

20°2
30°1
22-2
32°1
103
40°0
312

intensity

440
not
200
420
880

210

not
86
not
not
not
66

obsg,

obs.

oﬂvm .
obs.
obs.

structurel23); uwmt

Lorentz &
factor

60

28

16
13

frequency
polarization factor

6} wmmm«gw &

18

Table 3
O:.}_N

0

no of states
in inscribed
sphere

2.4

6.7
14
20

27

45

55

8 = 6.054 A;

-

4,864 £; 2
45,8 (Pauling); 28.0 (Mott end Jones)
radiug of

mﬁﬁmdm
(A-1)

0.12
0.16

0.21
0.24

0.26

0.31

= 4

E(k)=-E(0)
(ev)

3.8
B.6

10,1
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Table 4

(22) . Cual . . .
Structure*““’: a = 4.08 4, b = 12.0 A, ¢ = 8.63 A; Z =.16
Number of coccupied states per unit cell: 135 (Pauling), 64.0 (Mott and Jones)

hk ! intensity Iorentz & frequency no. of states radius of E(k) = E(o)

polarization factor in inseribed sphere {ev) .
fector sphere (A-1)

020 M unity

o21 MW 4.1 throughout

110 ] 0.13

111 S . 0.14

022 S 322 0,15

040 W

003 MS 017

130 8 0.17

023 S 2.2 0.19

132 MW

113 MS 0.21

043 W . : \

150 S ’ 0.24

200 s O.24

024 S 1.6 49 0.24 8.6

133 vs _ ; Oe24

151 8 . 0.25

060 8 . 0.26

061 W

220 S 1.4 C.25

221 M ’ S :

202 3 0.27
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hk P

222
044
005
134
240
203
063
225
154
135

224

006

intensity

Lorentz &
polarization
factor

1.3

1.0

Table 4 {cont.)

M%@ﬁﬁ@bﬁ%. no of states in

factor

unity

awaﬁzmsoﬁw_

ingseribed
sphere

105

150

racdiue of
sphere

(3-1)
0.28

E(k) -~ E(o)
(ev)
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Cughl, .
Structure: ﬁw 8 = 8,700 A; Z = 4
Number of cccupied states per unit 11: 244 (Psuling); 84 (Mott and Jones)
hk]} intensity Lorentz & frequency no. of states radius of E(k) - E(o)
polarization factor in inscribed sphere (ev) -
factor sphere (A-1)
210 128 53 24
211 2e4 43 24
UOQW 258 25 6
221 24
222 90 1o 8
321 110 1e 48
»MOW 43 24
522 24
411 2920 11 24 80 0.24 8,9
330 12
331 26 24
420 34 24
421 31 48
332 142 2,0 24
422 183 24
510 86 MM
431
mHJ 59 24
333 8
520 38 Mm
432 g 8
mmmw 31 24
441 24
WMOW 20 24
433 24
531 i4 48

moo wmm m.o m wmm O.uﬁ Hqtm
442 24
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hkt

610
611
532
621
540
443
541
622
muow
542

631
444

intensity

Lorentz &
polarization
factor

Table 5 {cont.)

frequency
factor

24
24
48
48
24
24
48
24
24
48
48
m 2

no. of gstates
in inscribed
sphere

348

radius of
mmwowm
(A-1)

0.40
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hki

111
220

100
110
1311
200
211

Table 6

- Cu - Al (19 at. o/o 41) .
Structuret © ), A 1 so0lid solution; a=3.85 A; 2 = 4
Number of occuplsed states per unit cell: 16.9 (Pauling); 5.52 (llott and Jones)

intensity | Lorentz &  frequency 1no. of states radius of EB{k) - E{o)
polarization factor in inscribed sphere {ev)
factor ‘ - sphere (R=1)
5.4 0.24 8.4
M.wo@ Qomq & Mvuilm
24 0.38 22 .4
Table 7

H3AL .
Structure(®4); 121: a =z 2.88 &
Number of occupled states per unit cell: 8.87 (Pauling); 5.52 (Mott and Jones)

2.8 0.25 9.0
8.4 0.35 17.2
(1)
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[Reprinted from the Journal of the American Chemical Society, 69, 987 (1947).]

CONTRIBUTION FROM THE GATES AND CRELLIN LABORATORIES OF CHEMISTRY, CALIFORNIA INSTITUTE OF TECHNOLOGY,
No. 1086]

Crystal Structure of Sodium Borohydride

By A. M. SOLDATE

The unexpected properties of sodium boro-
hydride, such as its stability in vacuum at
temperatures as high as 400° give |interest
to an investigation of its structure, hitherto
unreported.

Experimental Methods and Results.—A sam-
ple of powdered sodium borohydride was kindly
supplied by Dr. H. C. Brown of Wayne Univer-
sity, who reported it as being 98-999, pure.
Specimens suitable for X-ray photography were
obtained by sealing powdered material in thin-
walled Pyrex capillaries about 0.5 mm. in diam-
eter. To ensure adequate protection of this
hygroscopic substance, the procedure was car-
ried out over sulfuric acid in a sealed enclosure.

Powder photographs were made with copper

(1) Private communication from Dr. H. I. Schlesinger, The Uni-
versity of Chicago.

K« radiation filtered through nickel in a cylindri-
cal camera with a 5-cm. radius. The twenty re-
flections observed were indexed on the basis of a
cubic cell with ap = 6.15 A. More precise lattice
constant measurements using sodium chloride as
aninternal standard gave 6.151 = 0.009kX for the
value of @p. No reflections with mixed indices
were observed, the lattice is, therefore, face-cen-
tered.

The unit cell, being face-centered, must contain
a multiple of four sodium borohydride molecules.
It was assumed that the correct number of mole-
cules in the unit cell is four. The density calcu-
lated with this assumption is 1.074 g./cc. No ex-
perimental value is known to us, but this value
is a reasonable one. There are two ways in which
the sodium and boron atoms can be arranged in
the unit cell:
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(A) 4Naat000,0%/5'/2,/201/2,1/51/50
4Bat?/y1/y1/5,1/200,01/,0,001/,
(B) 4Naat000,01/21/5,1/501/s, 1/51/,0

4B at /s /s /4, V436 %0, 3/s 430 3)s
RV

By use of Pauling—Sherman f values? and by
neglect of the scattering power of the hydrogen
atoms, intensities were calculated for both ar-
rangements of the sodium and boron atoms. Ta-
ble I shows good agreement between intensities
calculated on the basis of arrangement A and ob-
served intensities. The net effect of absorption
and temperature corrections, omitted here, was
estimated to be small.

TABLE I

A CoMPARISON OF OBSERVED INTENSITIES AND INTENSITIES
CALCULATED WITH SODIUM AND BORON ATOMS IN AR-
RANGEMENT A

(hEl) Calcd. intensity Obs. intensity®
111 231 m-
200 562 vs
220 386 S
311 138 m
222 130 m—
400 72 f
331 51 f
420 145 m-—
422 105 f+
333-511 31 f—
440 33 f—
531 24 v
442-600 65 f
620 45 f—
533 7 vvf
622 38 f—
444 15 vvi+
711-551 14 vvf
640 47 f—
642 108 f

¢ g, Strong; m, medium; f, faint.

Intensities calculated for the second arrange-
ment were in marked disagreement with those ob-
served. For example, the calculated intensity of
the line {220} is much greater than that of
{200} and the calculated intensity of {331} is
greater than that of {420}.

With the assumptions that each boron atom is

(2) L. Pauling and J. Sherman, Z. Krist., 81, 1 (1932).

A. M. SOLDATE

Vol. 69

surrounded by a tetrahedral configuration of four
hydrogen atoms and that the structure consists
of BH,;~ and Nat ions, intensities were calculated
for two arrangements of BH,~ tetrahedra: (1)
a completely random distribution of tetrahedra
in positive and negative configurations (mirror
images) with hydrogen atoms on cube diagonals;
(2) tetrahedra all positive or all negative through-
out the structure with hydrogen atoms on cube
diagonals. In both instances the calculated in-
tensities of {111} and {400} were the only
values which differed from corresponding values
of Table I by more than 209,. Agreement be-
tween observed and calculated intensities was not
improved over that shown in Table I with either
arrangement of tetrahedra. It was decided that
it was impossible to reach any conclusion as to
the positions of the hydrogen atoms from the in-
tensity data obtained here.

With the assumption of a covalent boron-hy-
drogen bond distance of 1.16 A., a van der Waals
radius of 1.00 A. for hydrogen, and a crystal ra-
dius of 0.95 A. for sodium, it can be seen that the
boron-sodium distance of 3.07 A. and the boron—
boron distance of 4.35 A. are large enough to cause
very little steric hindrance to rotational displace-
ments of BH,~ tetrahedra. Thus, rotating or os-
cillating BH,~ tetrahedra can be reasonably pre-
sumed to exist in the structure and statistical
distributions of tetrahedra, such as the one al-
ready considered, are of relevance.

I thank Dr. Linus Pauling for the suggestion of
the problem and for helpful advice during the
preparation of this report.

. Summary

Powder photographic X-ray data have been
used to show that the structure of sodium boro-
hydride is based on a face-centered cubic lattice.
The unit cell contains four sodium and four boron
atoms arranged in the following manner:

4Naat000,0Y51/5 /3,01, 1/21/20
4B /3 1/21/5,1/200,01/:0,00 !/s.

The value 6.151 = 0.009 kX was found for a,.

It is probable that the structure consists of
tetrahedral BH,~ions and Nations. The dimen-
sions of the ions would permit oscillation or rota-
tion of the BH, ~ tetrahedra.

PasapENA, CALIFORNIA RECEIVED NOVEMBER 26, 1946
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A Redetermination of the Structural Parameters in the Cubilc

Modification of Arsenious Oxide

Introduction

The structure of the cubic modification of arsenious
oxide, which occurs naturally as the minersal arsenolite,
is based upon the packing of A8 406 molecules in the positions
of the A-4 (diamond type) arrangemant(l’. Interest in the
structure was stimulated by the discovery that In the
molecular stete the arsenic-oxygen distance, 1.80j:0.02§,
1s somewhat shorter than the corresponding distence of 2,01 £
reported in Bozorth's original crystal structure study(g).

Because the precision of Bezorth's determination did
not exclude the possibility that this difference is only
apparent, another investigation of the crystal structure was
undertaken, which led to a confirmation of Bozorth's result(s’.
Accordingly i1t was concluded that the arsenic-oxygen intra-
molecular distance 18 lengthened in the formation of the
molecular crystal; this lengthening was attributed to the
formation of wesk intermolecular oxygen-arsenic bonds(é).
The structure of cubic arsenious oxide was therefore con-
sidered to be well understood. Recently, however, another
redetermination of the structural paremeters of the cubice
modification has been made, and it is reported that the

intremolecular arsenic-oxygen distance is 1.80+ 0,05 &(5),
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the seme distance found in the molecular 8tate*. The results
of the reported crystal structure determinations are dis-
crepant, and it was considered that still another erystal

structure determination was worthwhile,

Exé-érimsntal Methods and Parameter Evaluations

Bozarth(“ found that the structure of the cubic mode
ification of arsenious oxide is based upon the space group
Gg - Pd3m and that the length of the unit cell edge is 11,06
kX. The density of the substence indicates that there are
32 arsenic atoms and 48 oxygen atoms in the unit cell. The

arsenic atoms are in the positions which may be conveniently

glven as
(0005 2400303 00%) +
(LI1)4(xxx,x%%4),
E§88
%%_é)-ﬂifi,xxx;)).

e

and the oxygen atoms are in the positions

(0003 320500 3)+
f1TI), (00v3);00% L),
(§§§+-( V3 2 Vi J)
(%%}_)f(ocvzi 300%; ) )

These conclusions were based upon Laue photographic data

'and‘ the plausible assumption that all the arsenic atoms and

O G D WO G G SR 0 wa

The value for the arsenic-oxygen distance in molecular ar-
senious oxide was found to be 1,781 0.02 2 in the electron
diffraction investigation of In and Donohue, J.A.C.8., 66,
818 (1944). -
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all the oxygen atoms are crystallographically equivalent.
In addition, the parameters X and v were determined with
enough precision from the Laue deta to establish beyond
doubt that the structure is based upon the packing of
As 05 molecules. |
It was not deemed necessary to make a systematic check

of the gross structural details given above;.the good egree~
ment between observed and calculated intensities to be re-
ported subsequently can be considered to confirm them. The
main purpose of the present investigation, therefore, was to
obtain values of the parametefé x and v with enough precision
to decide whether or not a significent difference in the
molecular dimensions 1s caused by crystallizetion.

| Initially the problem of the determination of the para-
meters X and v was attacked with the use of powder photography.

A heavy multiple~filim expasurew)

weas made with Cu K radlation
filtered through nickel., The specimen photographed con-
gsisted of & thiﬁ Pyrex fiber which was coated with the
powdered substance by means of a small amount of veseline.
Reagent grade arsenious oxlde was used and the powder was
prepared by sublimation. Absorption errorse were conqidered
to be negligible.

A preliminary determination of the walue of the arsenic
parametsr x was made by & consideration of the intensities

of reflections of the type h+k +2Q = 4n+2, which are in-

dependent of the positions of the oxygen atoms. Structure
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factors were calculated for these reflections in the region |
0.100<x <0,110 with the use of Pauling-Sherman atomic
scattering factore(v). The permigsible range for x was
found té be 0.102<§x;s0.105 by the observations that
FEgs<® Foap end FEgp> 2 FE,, the intensity ratlo for the

latter inequality being large enough to insure that it is
not reversed when corrections for ILorentz, polarization,
or reasonable isotropic temperature factors are made.
Structure factors were then caleculated in the reglon 0.102
< X £ 0,105, 0.160 <v<0.250., It was found that v must be
less than 0.185 because of the observation that F2207>F§53.
On the other hand, if v = 0.160 the general agreement between
calculated and observed intensitlies becomes appreciably less
satisfactory. A further limitation of the permissible values
of x and v was found to be impossible with the powder photo-
graphic data. It became necessary, therefore, to secure
single~crystal data.

.~ Single erystals were prepared by the slow cooling of a
hydrochloric acid solution of the substence. The crystels
were octahedral in habit and, at first, it did not seem
advig_able to grind them to cylinders even though the
linear absorption coefficient for Cu K=< pradiation is rather
high, 236 em~l, Oscillation and rotation photographs were
taken with c¢rystals of small dimensions, O.1 mm to 0.3 mm

on an edge. Selected intensity ratios were corrected for
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the effect of Lorentz and polarization factors, and the
magnitudes of absorption errors vere estimated by the use of
the graphical method first suggested by Albrecht(a). The
permigsible range for x was then more precisely defined as
0.102<x €£0,104 by the observation that F§2‘0.0<25F580, and
the permissible range of v as 0,165 <v <0,178 by the ob-
servation that ngoﬁﬁFggo.

»

A precise measurement of the positions of the large
angle powder reflections, which were ciearlf reso lved into
the K<, and K<y components, led to the value of 11.04 +£0,01kX
for a,, the unit cell edge%, The values of the structural
paraneters and the length of the unit cell edge reported
eabove fix the intramolecular arsenic-oxygen distance as
1.78 t0.04 4, & value which is in essential agreement with
that of Almin and Westgren 1.80%0.05 A.

As & final step in the investigation, the intensities of
the powder reflections were estimated visually, the best value
for the isotropic temperature factor estimeted by graphical
means, end a list of calculated and observed intensities
prepared.

During a verbal report of the investlgation made in a

seminar on structural chemistry at the Celifornia Institute

W S G N D W e D

*Phe value of a_ was found to be 11.0457 +0.0002 kXby F,Lihl,
%, Kryst., 81, 142 (1931) and 11.05208 + 0.00010 kXby M.
Streumenis &t al, Z. Phys. Chem., B 42, 143 (1937).
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of Technology, it was pointed out that the agreement be-
tween the calculated and observed intenslties of the powder
reflections was not wholly satisfactory; and it was suge-
gesteﬁvthat the existence of an anisotrople temperature
effect. of the type found for crystalline hexamethylene-
tetramine(?) might explain the diserepancies™. Since
such a correction is not a smooth function of the angle of
reflection, the parametér determination reported above
conceivably could be incorrect. Ac® rdingly it became
necessary to estimate the magnitude of the anisotropie
temperature effect.

A consideration of the data led to the conclusion that
the anisotropic température effect was not large; however,
the method used in the determination of the parameters 1is
in prineciple extramely sensitive to even small effects of
this type. Purthermore, it seemed that the intensities
of the powder refléctions could not be estimated with enough
precision to decide whether or not the effect really exists.

- S A B N SO . e

kg ) .

I am indebted to Professor V, F, H. Schomaker for this suge-
gestion. It is made plausible by the fact that the crystal
structure of hexamethylenetetramine is based upon the pack=-
ing of (Gﬁg)s Ny, molecules, the configuration of the carbon.
and nitrogén atoms of each molecule being identical to that
of the arsenic and oxygen atoms of the 48405 molecule.
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Before the single-crystal data at hand could be used it was
necessary to apply the absorption correction calculated for
an octahedral shape. ODince the calculation of these corrections,
even by graphical means was found to be laborious, 1t was
decided to obtain single-crystal data with the use of a c¢ylin-—
drically shaped specimen.
A rather large octahedron was ground to a c¢ylindesr
0.5 mm, in length and 0.2 mm. in diameter. The axis of the
eylinder was parallel to one of the four-fold axes. A
heavily exposed multiple-film fotation photograph was pre=
pared with the use of copper K radiation filtered through
nickel. The cylinder exis was aligned with the axis of
rotation.
The intensities of the observed reflections were
estimated visually with the use of the film factor 3.7,
wvhich is appropriate for nomal incidence upon Eastman No-

¢ 200,

Screen Xeray fi The intensities were corrected for

the effect of Lorentz, polarization, fregency, and ab=-

sorption factora. Absorption corrections were obtained in

the following manner. The corrections of Glaassentll)

(Mr = 2.4) were used for the equatorial reflections. The

correction curves for the second and fourth layer lines

. O W B S S W oAy SN AN O G

"
Because of an oblique angle of incidence, the film factor

for each layer line above the equator is somewhat greater

than 3.7. The film factors used for the first, second, third,

end fourth laver lines were 3.7, 3.8, 4.2, and 4.9 respectively.
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were estimated from & comparison of the intensitlies of a
given reflection which appeared on the equatorial layer line
end one or the other of the higher layer lines. The curves
for the first and thied layer lines were esiimated by inter-
polation and a similar intercomparison of intensities. The
visually estimated Intensities corrected in the manner oute-
1lined above are listed in Teble 1,

The magnitude of the anlsotropic temperature effect was
estimated from a consideration of the intensities of type
n+tk+2 = 4n+2, First, the value of the arsenic parameter
% was estimated from the observed structure factor ratios
of reflections which occurred on the same layer line and
which were close Lo one another. In this way, an isotropic
temperature correction effect could be omitted in the first
gpproximation and possible errors in absorption corrections
tgnored. Cealeculated curves of four intensity ratios were
found ‘t.»o have large slopes in the range 0.005 <x <0,115.

Tne vealues of x derived from the observed ratios 442, 842,
622

10.2.2, and 10.2.2 are 0,1025, 0.1026, 0.1029, and 0.1035,
BEE Sy 8§2 ' ' !

respectivély; These values are, of course, derived with

the negleét of an anisotropic tempereture factor as well as
an isotropic temperature factor. S8ince the variations in the
observed structure factor ratlios due to an anisotropic tem-

perature effect would be expected to be more or less random,
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the average value of x should not be greatly in error.
Structure factors were then calculated for all observed

reflections of the type ntk+l=4an+2 for x = 0,103 end

v 1= A 4 3m*6
the function ln cale plotted against =
,Flobs. A

T™is plot is ahewn'in‘Figﬁré 1. With the exception of the
point for 222, thelﬁoints lie very close to & straight line
of slope 2.8 ﬁg. Thus, & reasonable value of the isotropie
temperature factor is obtained and the magnitude of the
anisotropic temperature effect is indicated to be small.
With the use of the isotropic temperature coefficient 2.2,
the values of. x and v were found from a2 comparison of ob-
served and caleulated structure factor ratios. In Figure
2 curves are given vhich represent the loci of points for
which calculated strubture factor ratios are equal Lo observed
structure féétof ratios. The various points of intersection
are centered sbout the point x = 0,1029, v = 0,1749 with an
average deviation of 0.0003 end 0,0030 respectively. The
paraneter values‘derived here are in essential agreement
with those derived previously and with those found by Almin
and Westgren!®) x = ‘oj..'ﬂm:éie-.aoa., v = 0,175+0,010. Teble 1
shows good general agreaﬁent between corrected observed ine
tensitlies and intensitles calceulated with the structural
and isotropic temperature parameters given above.

The value of the parameter X Beems particularly well

fixed and can be used Lo gain a quantitative estimate of the
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I I T I
6 5
N J0.105
4 0—s 4
| «——9 . 0.103 X
7—> |
<«—8
3
- do.ol
2
| | | |
0.160 0.70 0.180 0.90
curve no. ratio
1 933:953
2 513:533
3 620:800
4 884:106.4
5 11.5.3:993
6 822:662
T 442:622
8 662:842
9 842:10.2.2
10 10.2.2:882
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magnitude of the anlsotropic temperature factor. The
enisotropic temperature factor to be considered here arises
from the possibility that the As, 0, molecules can under go
small torsional vibrations about the wvarious molecular centers
of gravity. These small vibrations should be very nearly
symmetric with respect to directiqn and would cause a smear=
ing of the charge distribution éf each atom in a plane
normal to a line drawh through thé atom and the molecular
center of gravity. The caleculation of the effective satomic
scattering factor for a smearing of this type has been dis=-
cugsed previously{®) and no report will be made here con-
cerning its detalls. The specific form of the correction
used here will be given for convenience in the subseguent
»discugsion.‘ If following Shaffer, EAS and F, are defined by
the expression

F = exp{- Bsmze} [F°+FAS])

we find that
Fo =16f,cos 28“(h+h+2)[co52n'1nr eyp{—_b_ (h"-\-h‘)}
+Cos 2TWRY eYP{ (h1+11)} +c052whv eyp{ b (\a +1‘)n
Fa af“exp{ b (h"+h‘ﬁﬂ‘)}[c032ﬂ{.ﬂ:_+
(h+h*£)x}€¥p{~_b.. -hR-h2-RO} +
cos 2T { "*“*M(m\au)x}eyp{ s (hRshR-RA)}+
Cos 27T { h+8k+X +Cha ke )x} eyp{—g%:(-hm.\-\h» RO} 4+

cos21r{ hekel + (R R+ZDnferp{ 2 (hh-hA+ ]|,




135 |
The value of the parameter b determines the magnitude of the
anisotropic temperature effect. It is quite plausible that
in most cases the changes in the terme of each expression due
to the exponential factors tend to cancel when the value of
b is small. In a few instances, however, the wvarious changes
might reinforee each other. Even so, the effect of an
anisotropic temperature factor for small velues of b would
be slight unless the various terms of each expression,
especially that for FAs tend to cancel when no exponential
factors are applied. The agreement between calculated and
observed structure factors is quite appreciably improved in
the case of the weak reflections 10.6.2, and 10.4.4 when b
is 0,5 and B 1s 1l.9. The positions of the curves of Pigure
2 are not appreciably shifted by an anisotropic temperature
factor of 0.5, however. It is clear that, although the final
agreemsnﬁ between calculated and observed structure factors
may be somewnat improved by the anisotropic temperature
factor, the structural parameters will be left essentially

unchanged,

Discussion of Structure

The parameters x = 0.10290 £ 0.0003 and v =2 0.1749+ 0.0030
determine the intramolecular arsenic-oxygen distance as
1.80 £0.,02 A, The intramolecular ergsenic-arsenic distance 1is

3.22 A, The most probable 0 - A8 - 0 engle is 99°12'; the
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most probable As - O - As angle is 127°24', The dimensions
of the 35436 molecule in the cubic modification of arsenious
axi&e are thus nearly 1dantica1 to those found for the free
As,0g moleculs, As ~ O = 1.78 £0.02 A, A8 - A8 = 3,20+0.02 A
L0 -fs -0=09%°, LAs - 0 - As =z 1zgo (18),

The arsenic-oxygen distance of 1.80 A is eppreciably
smaller then the sum of the single bond radii, 0.66 4 +1.21

= 1.87 8320,

If the squation relating distance to bond
order |
R(1) - B(n) = 0,300 log n(lﬁ)

is‘used, it is found that the bond order, n, for the arsenic=-
oxygen distance of 1.80 A is 1,31, The increase in bend
number over the value 1,00 is presuﬁably due to‘the use of
the ﬁnshared elecirdn peirs of the oxygen atoms(é)., It is
of intersst to calculate the bond number for the smallest
intennalecuiar arsenic;oxygen distence., This distence is
8;05“@ and the corresponding bond number is 0.012 which is
80 small as to have no signifieance(lﬁ).

Tﬁe structure of the cubic modification of arsenious
oxide, thérefora, can be described in termms of the packing
of undistorted As 0g molecules which are attracted to one

another by secondary valence or Van der Weals forces.

Summery
The structural parameters of the cubic modification of

arsenieus oxide have been redetermined by means of X-ray

powder and single-crystal photography and found to agree
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(8) -

L]

closely with those reported by Almin and Westgren
The structure is based upon the packing of A8, Of
molecules which have the same dimensions as those found for

the molecules of the gas(e)’. (12). |
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Table 1

LFIObﬂi

. 2,00
2.08
18,7
15,0
D47
5.62
645
6.64
15.0
3.81
5,69
1.30
2.37
il.4
13.5
13.0
3.87
7 086
5.20%
8.85
11,0
3416
2,02
10.9
3449
5.86
5,70
7441
1.94
6.22
4,69
5,81
2.88
2443
4,61
’5&63
1.30
6.16
6,45
2,07
2.22
3460

%

13.0
14 q?

303
706
3.65
894
11.5
2.84
2.25
11.9
328
6.24
5440
6.98
1.54
600
4.18
5.70
2444
2.17
4.15
Sedd
1.45
5,69
6.61
1.90
1,97
3+30
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Table 1 (cont.)

hki lF' ob8 . ‘F I cale.
10.4.2 5.24 5,02
11,1.1 6.29 5.86
880 >1,103 <1,52 1.45
11.3,1 386, 3,84
971 0.55% 0.73
10.4.4 >0.843 <1.00 0,44
882 7.19 7.10
1046.0 | 6.07 5.23
oy 6.75 7.11
10.6,2 04743 <0.87 1.06
12.,0.0 2.75 2.56
884 2,37 2.68
11.5.1 2. 64 2,42
12.2,2 < 0,67 0.17
10.6.4 5.02 5,30
11.5.3 1.94 1,97
12,4.0 <0.89 0.30
991 2.66 2.25
12.4,2 5471 3,72
10.8.2 <0.60 0.09
1371} 6.0 526
993 1,73 1,56
12.4.4 <0.47 0.53
13.3.1 2,84, 2.74

11.7,3 2.78" 3,00

These intensities determined by difference, thet is, whsn
rystal in reflecting position, enother reflection alsc
posaibla.
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Propositions

A relationship between the band structure of
nearly free electrons and diffraction patterns of
liquids exists which is closely analogous to that
between the band structure of nearly free electrons
and crystalline diffraction patterns. The demon-
stration of this relationship can be easily general-
ized to include the case of disorder in erystalline
solids. Some systems in which the proposed relation=-
ship might fruitfully be applied are the alkall
metal-ammonia systems, metallic liquid systems, and
metal-molten salt systems .

(2)

Mott and Jones have given a discussion of
the Brillouln zones of graphite and find that the
valence electrons just £ill the zone bounded by the
planes {11'0} and {00-2) . This zone has the form
of a flattened hexagonal prism with the ratio of the
perpendicular distance of the {00-2} planes to that
of the {11:0}plenes equal to 0.362. Because of the
marked flattening it might be expected that the {OO°2}
zone boundaries are overlapped by the Fermi-surface,
with resultant vacancies at the zone vertices. This

expectation is supported by the abnormally low value
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5

of the specific resistivity, 2:10° ohm om.

at 0° C, and ?h? high diamagnetic susceptibility,
3
~3,5 » 10% emu .

(4)

Ao F, Wells has stated that there are no
hydrogen bonds in the dlaspore structure, and that
one~half of the oxygen atoms exist as hydroxyl
groups and the other half as oxygen atoms; accordingly,
the most representative chemical formula for diaspore
would be Al0(0H), As evidence for this conclusion
Wells cites the existence of an absorption band at

() indeed

M . Cle. Duval and J. Leconte " , find

an OH absorption band at 1521 ocm™t B=5#—}. The
result of Duval and Lecomté??gyia.accordance with the
conclusion reached by Pauling(s) that there are no
hydroxyl groups in the structure and that all
hydrogen bonds exist in such a way as to give the
structure a residual entropy of R log 2.

It is probable that Wells’' conclusion is incorrect.

Phase transformations whiech are extremely
sluggish at low temperatures might be carried out
by the presence of suitably unstable isotopes which
by their disintegration would furnish the required

energy of activation.

In section 3 of this thesis, it was found that
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the interatomic distances in the structure of sodium
borohydride permit the existence of freely rotating
or oscillating BH; tetrahedrons, It would be of
interest to carry out a determination of the Gp and
Cy curves from about 500 K to room temperature in
order to investigate this possibility fufther,

The famous relationship of Gibbs
_r: A _de (1)

RT dtna :
has general validity for plangr surfaces
of two component Systems, in the absence of external
fields, A previous suggestion that it be modif;ed
in viéw of properties peculiar to one or both of
the components, such as a tendency for\long chain
hydrophobic molecules to orient themselves at the
surface(S) is unwarranted,

Slow exchange reactions might be studied in an
electrical migration apparatus with a scanning counte
ing device. In such a manner, complications intro-
duced by precipitation separations could be avoided
as could the necessity for the separation of enriched

(9)

solutions o

(10)
Zachariasen has developed a general theory

for the caleculation of structure factors of disordered

struetures. The initial model for his calculations
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is an assemblage of crystallites of uniform dimensions.
This model seems reasonable; it is, however, immediately
modified to consist of but one average crystallite,
Although éueh a modification seems‘plausible and

does enable the development of a rather elegant
treatment, it might be thought to lead to some degree
of error, possibly of serious proportions. In order
to check the validity of Zééhariasen's treatment
séveral of his examples were recalculated by a more
direct; less elegant procedure in which ﬁhe averaging
process was carried out directly over the crystallites
of the assemblage; this procedure led to identical
results in every instance and lends confirmation to

Zachariasen'’s treatment.

The presence of a protain‘has been noted to
markedly affect the reduction of such substances as
organic dyes at the dropping mercury electrode(ll).
With reference to this phenomenon the following
ealeculation may be of interest. The flux-time
relationship is c¢caleulated for the linear flow of a
solute at initlal conecentration e, to a moving,
initially clean, plain surface upon which the solute
is adsorbed instantaneously according to a linear

isotherm, x=Ke¢ (limiting form of Langmuir isotherm

at low concentrations). If the flux, taken in the
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direction toward the surface is ¢ , t the time,
¢, the initial concentration, and k the diffusion

constant, "
i
= ¢ RK € we [ I-erfliz VRt
10, It would be of great assistance and convenience

to have a continuing index of all propositions
submitted by'candidates for the deéree of Doector of
Philosophy in Chemistry at the California Institute
of Technology. In this manner unintentional duplica-
tions of propositions and the embarrassment of an

innocent plagiarism could be avoided.
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