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Abstract

Crystals of the intermetallic compound, Manz,
were prepared and the crystal structure was determined
from x-ray data furnished by Laue and rotation photo-
graphs., The crystal was found to have hexagonal axes
with a,= 5.,15A and ¢, = 8.484., The unit cell contains
four molecules. The effect of absorption in the crystal
in determining the wave-length giving a maXximum inten-
sity of reflection in Iaue photographs was used to
confirm the dimensions of the unit cell, The atoms

have the positions:
Zn:  u,u,%; 2u,u,%; w,2u,%; 4,m,E 2w,u,4u

Mg

.

1/3,2/3,v; 1/3,2/3,%k-v; 2/3,1/3,5+v; 2/3,1/3,%

where u = ,830 and v = ,062. The least distance
between two magnesium atoms is 3,164, between two

zine atoms, 2.524, and between a magnesium and a

zine atom, 3.024,



The conatitution diagram for the binary system,
magnesiumpzinc%.z has a pronounced maximum eorresponding
1) Grube, 2, anorg. Chem,, 49, 80 (1906).

2) Bruni and Sandonnini, %. anorg. Chem.,, 78, 276 (1912),

to the formation of an imtermetallic eompound, MgZng,
whieh forms eutecties with both constituents., Since
both magnesium and zine erystallize in the hexagonal
elose packed arrangement, a defermination of the ecrys-~
tal structure of their compound was thoﬁght to be of
interest,

Crystals of the compound were formed by melting
together the caleulated amounts of magnesium and zine
under a molten mixture of sodium énd potassium ehlo-
rides to prevent axidatioﬁ. The melt was then allowed
to eool slowly in the eleetric furnace, about four héurs
beimg taken to cool from ten degrees above to ten de-
grees belew the melting point of the compound, 595’6.
In this way a mass of erystals was obtained from which
in@ividual erystals were separated for the production
of Laue and speetral photographs,

Pfwo rotation photographs taken with the x-rays from

2 molybdenum water cooled tube on an x-ray spectrograph



of the kind deseribed by Wyekoff§ furnished data for

the determination of the s8ize and shape of the unit
eell, As no information om the crystal class or axial
ratio of crystals of this compound was found in the
literature, a consideration of the secondary spectra
a8 well as of the principal spectrum was necessary in
order to obtain the quadratic form which gives the
spacings of the planes, These spaeings can be
scomputed from the positions of the reflections on the
plate and furnish information of the same nature as
that available from & powder photograph, the difference
being that in a rotation photograph taken with the
erystal turning about a definite axis, the reflections
oceur in spots inatead of in complete c¢ircles as they
would in a powder photograph taken on a plate,
Purthermore, due to the limited rotation of the erystal
(30° in this case) certain planes will never reach a
position to reflect, while in a powder photograph
reflections are to be expeeted from all planes having
a suitable spacing.

Table I gives the data from a rotation photograph.
The observed spaecings are the means of those ealculated
from the reflections produced by the K, doublet and the
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K, line of molybdenum for all the planes of the same
form showing on the plate. These spacings Were

4
compared with the charts given by Hull and Davey, and
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were found to agree with the spacings for a hexagonal
unit cell having a_ = 5,15A and e,z 8,484, Since the
erystal was rotated about one of the a, axes for this
photograph, the asgignment of indices obtained from
the chart was cheecked by comparing the computed and
observed values for the x and y co~ordinates of the
spots. The fact that ecertain reflections could not
oceur due to the limited rotation of the crystal could
also be used in some cases to distinguish between
rlanes having nearly the same spacings. On another
photograph taken with the erystal rotating about the
G, axis, only the principal spectrum was measured.
This gave a,% 5.154 which is in agreement with the
value just givern. The third eolumn of the table
gives the values for the spaeings computed from the
dimensions of the unit cell.

This unit celi agrees with the data from Laue
photographs taken with the white radiatiom from a
tungsten target. ihen the wave-lengths of the x-rays

4



produeing the spots on symmetriscal and unsymmetrical
Iaue photographs were ealeulated on the basis of this
unit eell, no values were found less than the short
wave-length limit, about .244, of the x-rays used,
The eurves showing the intensity of refleetion from
different planes of the same form reflecting at dif-
ferent wave-;eagths in unsymmetrieal Laue photoegraphs,
start from the short wave-length limit, rise to a
maximum between .36A and .404, and then decrease for
longer wave~lengths, The presence of a maximum inten-
sity so far below the wave-length of the silver absorp-
tion edge is due to absorption in the erystal., The
photographic intensity, I, of the white radiation from
a tungsten target operated at 50 kv ean be approximately
representea5 between the short wave-length 1imit,\° .
5) Wyekoff, The Structure of Crystals (New York, 1924),

P. 142, |
and the wave-length of the silver absorption edge, .4856A,
by the equation

I =B (r-))

where B is a constant., This must be modified, however,
if the erystal is strongly absorbing as is the ease with

MgZaz. Por a first approximation it ean be assumed that
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all the rays producing spots on & laue photograph are
absorbed for a distance equal to the thickness of the
erystal. The absorption coefficient of the erystal
can be computed from data given by Richtmeyer and

Warburtoaﬁ for the atomiec scattering and fluorescent

abgorption coefficients. Since the absorption due to
scattering is small and nearly independent of the wave-
lengthf it will have no other effect than to decrease
the value of the eonstant, B, but the fluorescent
absorption, which is proportional to the cube of the
wave-length, will cause greater weakening of the longer
wave-lengths and the maximum intensity is accordingly
ghifted to the short wave-length side of the silver
absorption edge., The density of the erystal, 5.16, its
thickness, about .3mm, and the eomputed absorption
coefficient give 3
I' = B' (A-)) e-u\
where I' is the photographie intensity of the white
radiation after passing through the crystal, and B' is
the constant, B, multiplied by the faector which

represents the common deecrease in intensity of all

wave-lengths due to scattering. The eurve given by
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this equatieﬁ haes a maximum at .36A and agrees in form
with the curves showing the intensity of reflection as

‘& funetion of the wave-length, thus furaishiﬁg additional
evidence for the correctness of the unit cell chosen,

The density of Mging was determined by weighing in
a specifie gravity bottle after breaking the sample into
small pieces in order to avoid, as far as possible, the
inelusion of blowholes., Two determinations gave 5,164
and 5.155. Using the value 5,16 for the density, the
computed number of molecules in the unit cell was found
to be 3.93, the deficiency from the integral number, 4,
doubtless being due to the fact that the density deter-
mined by the use of a specific gravity bottle is likely
40 be less than the density determined by x-ray measure-
ments unless porosity of the sample can be completely
eliminated,

Smaller unit eells, containing 1, 2, or 3 moclecules
were found to be inconsistent with the data available.

A laue photograph taken with the ineident beam of
x-rays parallel to the prineipal axis of ‘the crystal had
a six-fold symmetry axis intersected by six planes of
symmetry. The space-group giving the arrangement of
atoms in the erysial must consequently be isomorphous
with one of the point-groups B%, cZ, Dg, or ﬁg. Refer-
ence to & tabulation of the results of the theory of
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sPaee-group37 shows the possible ways of arranging four

‘%) Wyckoff, The Analytical Expression of the Results of
the Theory of Space Groups (Washington, 1922),

magnesium and eight zine atoms in the unit cell, If it
is assumed thet the magnesium atoms are equivalent and
that the zinc atoms are likewise equivalent, the poss-
ible arrangements are those which can be obtained from
the space-groups Bﬁh and D%i since these are the only
space-groups comsidered having a group of eight equiv-
alent positions. All these arrangements give zero for
the amplitude factor of the first order reflection from
04.l. The data given in Table T for an unsymmetrical
Iaue photograph show, however, that 04,1 gives a strong
first order refleetion. These arrangements are conse-
quently inadmissible and the assumption of equivalence
of chemieally like atoms must be relimguished, With
the freedom of choiece thus allowed there are numerous
ways of arranging the atoms, The zinc atoms may be in
two groups of four equivalent positions, two groups of
gix and two equivalent positions, or in some other cem;
bimation giving the required number of atoms., The num-
ber of possible combinations for the magnesium atoﬁs is

somewhat less. The choice of the correct atomiec
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arrangement is simplified by the observation that many
of the groups of six equivalent positions lie in a plane
‘parallel to the base of the unit cell. If, however, six
zinc atoms which eonstitute more than half the reflecting
- power of all the atoms contained in the unit eell, are
arranged in such a plane, the absence of odd eorder re-
flections from: 00.l and the observation that the fourth
order reflection from 00,1 is stronger than the second
order cannot be satisfactorily explained. Groups of

8ix equivalent positions having such an arrangement are
consequently exeluded from further consideration,

No ways of arranging four magnesium and eight zine
atoms in the unit eell can be obtained from the space-
groups I@, Bg, B%, or Dg since none of these space-groups
contains the requisite number of equivalent positions.
All the arrangements that can be derived from the space-
groups B@h, cg*, cgv, Bih, and Dgh can be readily elim-
inated since for each of these space-groups, each group
of eight or less equivalent positions (amd hence any com-
bination of them) gives. zero for the amplitude faetor of
the first order reflection from 04.,l. Such arrangements
are consequently inconsistent with the data, With the
restriction that has been made as to the character of
- the groups of six equivalent positions to be considered,

all the arrangements that ean be derived from the
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space~-groups le, B%, and D%h give the same amplitude
faeters for 34.3 and 16,3, énd since the data show that
the more complieated plane, 16.3, gives a stronger re=-
fleotion, such arrangements are inadmissible. A number
of three or four parameter structures whieh cannot be

80 readily eliminated may be obtained from the space-
groups I%h and Igﬁf but none eof these seems to offer
the alightest possibility of accounting for the observed
intensity relations,

The only structures remaining to be considered are
those arising from the space~groups th, va, Dg, and
ﬂgh. 0f the struetures whiech ean be obtained from the
gpace-groups ﬁg and Béh, the only one not econflieting
with the data is that in which the atoms have the
folleowing positions:

Zn: u,%,%; 2%,8,%; uw,2u,%; u,u,d; 2u,u,d; §,20,%;

0,0,0; 0,0,%

Mg: 1/3,2/3,v; 1/3,2/3.%-v; 2/3,1/3,%5+v; 2/3,1/3,%.
This arrangement is obtained by placing the magnesium
atoms in one group of four equivalent positions and
the zine atoms in two groups of six and two equivalent
positions, A consideration of the type of strusture
involved shows that it is sufficient to consider only

values of the parsmeters satisfying the conditions

05 uS b and -~e255vs .25, If it is assumed that there
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is 8 reasonable distanece between the two magnesium atoms
in the same vertical line, v will be restricted to the
middle half of this range, L

The amplitude factor, S, is computed from

8 :‘ﬁ?+—33

where A and B have their usual significance of sine and

eosine snmmatieas? and is zero for first order reflections

8) Wyokoff, The Structure of Crystals (New York, 1924),
Pe 107,
from planes of the forms hh.2p+l irrespeetive of the
values of u and v No first order refleections from any
guch planes were found om any of the Lane photographs
although planes of the forms 22,1, 33,1, 44,3, 55.3, and
44,5 were in a position to give first order reflections
at a favorable wave~length, Another eharacteristie
feature of this strueture is that the magnesiﬁm atoms
eontribute nothing to the amplitude factors fer.first
order reflections from planes of the forms 03he2ptle
The intensities of such reflections are comnsequently
useful in determining the positions of the zine atoms,
Of the observed planes of this kind, 03,1 was found to
give a weak first order reflection while no reflections

were found from 06,5 and 09,5 although planes of both
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ﬁhése forms were in a position to refleet at faverable
'wave-lengths and reflections were observed from more
-complicated planes. The value of the parameter, u,

must consequently be sueh as to give only a small value
to the amplitude factors for these planes. By plotting
these amplitude factors as a function of the parameter
it is readily seen that the only values of u which will
reduce them all to zero are O, 1/6, 1/3, and 1/2. While
u cannot be equal to one of these values because of the
weak refleetion from 03,1, it ean hardly be much differ-
ent from them because of the rapidity with which the
amplitude factors change., Consideration of the amplitude
faetors for other planes shows that the only values of u
giving general agreement with the requirements of the
Iaue data are those in the neighborhood of u = 1/6.

With this restriction on tha value of u, some
informetion concerning v can be obtained from a consid-
eration of the intensity relations for the planes 26,3,
26.5, and 26.,7. The amplitude factors for the first
order refleetions from these planes are:

26.3 §= 22n(sin26Tu-s8inBTu-sin20Tu)4+4Mgsin60’ sinéTv

26.5 8 = 22n(sin28Tu-sin8ru-sin20Tu)-4Mgsin60 sinl0Ty
26.7 S = 22Zn(sin26Tu~-sinsTu-sin20%u)+4kgsin60 sinldWv.
The first part, due to the zinc atoms, is the same for

all three planes, positive for values of u near 1/6,
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and changes only slightly for small changes in the value
" of u. AS the data show that 26.5 is stronger than 26.3
it must have a larger amplitude factor since it is a more
complicated plane. Also, since 26.7 is a more complicated
'plane than 26.3 and gives an equally strong refleection,
it must have a greater amplitude factor than 26.3. These
conditions are satisfied by giving v a small negative
value. A consideration of the intensity relations for
the planes 08.3, 08.5, and 08,7 leads to the same
conclusion,

With the values of u and v restricted in this way
it was found by trial that satisfaectory agreement with
the data was obtained for w = ,170 and v = -,062, The
extent of the agreement is shown in Table IL which gives
the data from an unsymmetrical lLaue photograph., The
table shows the spaeing of the plane produecing the re=-
flection in 4. U., the intensity as estimated visually
by eomparison with a plate which had been given a Series
of graduated exposures, the product of fhe order of
reflection by the wave-length produeing the reflectiom,
and the amplitude faetor computed for the values of the
parameters given on the assumption that the reflecting
powerg of the zinc and magnesium atoms are proporticnal
ﬁo their atomie numbers., In comparing the intensities

of two planes, if the plane with the smaller spacing
13



gives the greater intensity under comparable eonditions
of wave-length, it must have a greater amplitude faetorw.
Ag previously stated, the maximum intensity falls be-
tween .36A and .,40A and the intensities in the table
have been given in this region when possible.

| This two parameter structure is the simplest which
will give agreement with the data available. The only
other possible structures are a three parameter struc-
ture derived from D%h and a five parametér structure
derived from C%v. Neither of these can be eliminated
since suitable values for the parameters reduces each
to the two parameter structure which has been found to
give agreement with the data. A consideration of these
two more general structures indicates, however, that
neither will give satisfactory agreememt with the data
except for values of the parameters which reduce them
to forms closely approaching that of the two paraneter
structure, and it is consequently concluded that this
strusture or a more general structure so similar as to
be indistinguishable from it, fepresents the crystal
structure of Manz when u and v have the values given.

This strueture can be described in an alternative

way without the use of a negative parameter by setting
0 = 830 and v = .062. Figure 1 shows the arrangement

of atoms in the unit cell. The least distance between
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two magnesium atoms is 3,164, between two zine atoms,
- 2,524, and between & magnesium and & zinc atom, 3.024,
The values computed from the atomic radii determined
fronm the erystal structures of magnesium and zinec are
‘respectively 3.224, 2,674, and 2.954.

In conclusion, the writer wishes to express his
thanks to Dr. R. G. Dickinson for reading the manuscript
and suggesting some modifications,

The Bureau of Metallurgical Research,
Carnegie Institute of Technology,

Pittsburgh, Pennsylvania,
April 19, 1926,
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Table I

Plane Observed Spaecing Calculated Spacing
’ in é. UQ
00.1(2) 4,241 4,240
10,3 243717 2.388
11,2 2,204 2.201
00.1(4) 2,122 2,120
10,1(2) 1,966 1,974
10,4 1.916 1.915
20.3 1,746 1,751
12.1 . 1.658 1.653
12.3 1.449 1.448
00.1(6) l.411 1.413
20.5 ) 1,351 1,350
12.4 1,321 1,320
11.6 l.244 1,239
2046 1,198 1,194
20,7 1,071 1.065
00.1(8) 1,062 1,060

Hexagonal axes, a,= 5,154, o, = 8,484, ¢,/a,= 1.646



Table 1L

FPlane Spacing Intensity n\ Amplitude
Factor
12.1 1.65 32 o 37 31
03,1 1,46 4 +46 15
13,1 1.22 20 .36 38
04,1 1,10 90 43 171
02.1(2) 1,08 70 .76 132
23.1 1,01 12 41 46
2342 .99 6 37 30
14,2 .95 60 «36 153
05.3 .85 11 .38 77
33,2 .84 36 .38 152
24,1 .84 28 .31 170
24,3 .81 23 .40 116
12.2(2) .78 3 .91 29
15,53 7 11 43 83
15,4 .75 12 41 98
03,1(2) 73 8 .75 83
34,3 71 : 4,2 39 VA
25,2 .70 10 «36 155
03.2(2) .70 50 77 237
34 .4 .69 8 37 111
16.3 «66 5 +39 98
16.4 «65 3 «36 72
07.3 .62 5 37 108
3543 .62 4,8 «38 89
35.4 o61 3 43 84
263 «60 5 «36 114
22.3(2) 58 6 .80 149
2645 .58 10 +35 191
07.6 .58 2.5 W41 71
13.3(2) 57 9 74 164
3547 «56 l.4 v 68
2647 o55 5 42 136
08,3 +55 25 «30 113
17.6 54 2.5 «36 83
08.5 53 5 ¢35 192
04,3(2) 51 5 73 164
18,4 50 1 .32 108
08,7 «50 2.5 <36 134
46,5 049 3 «36 190
27.8 48 1 .38 149
46,7 W47 1 34 134
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{Reprinted from the Journal of the American Chemical Society,
Vol. XLVI, No. 11. November, 1924,]

[CoNTRIBUTION FROM THE GATES CHEMICAL LABORATORY, CALIFORNIA INSTITUTE OF
TecENOLOGY, NoO. 45]

THE CRYSTAL STRUCTURE OF TETRAGONAL LEAD MONOXIDE

By Roscog G. DICKINSON AND JAMES B. FrIAUF
RECEIVED JuLy 28, 1924 PusLisHED NOVEMBER 5, 1924

ILead monoxide, PbO, may be prepared in two modifications, a yellow,
rhombic form and a red, tetragonal form. Of these the former is the
more stable'? at higher, and the latter more stable at ordinary tempera-
tures. It has been suggested? that the differences between these forms
are due simply to a difference in state of subdivision; but this hypothesis

! Geuther, Ann. Chem., 219, 56 (1883).

2 Ruer, Z. anorg. Chem., 50, 265 (1906).
3 Glasstone, J. Chem. Soc., 119, 1689, 1914 (1921).
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is not regarded? as tenable in the face of a difference in solubility deter-
mined both gravimetrically and electrometrically and in the face of crystal-
lographic evidence. Moreover, the two forms have been found® to give
quite different X-ray powder diagrams.

Apparently no goniometrical measurements of the red modification have
been published, but the fact that it gives optically uni-axial, rectangular
plates places it in the tetragonal® system. The present paper describes
an X-ray investigation of the structure of the tetragonal modification.

Method of Experimentation

One part! of lead hydroxide was melted with five parts of potassium
hydroxide and the melt allowed to cool slowly in a covered iron crucible.
After treatment with water, some very thin red crystals remained. Ex-
amination between crossed Nicols showed these to be basal plates.

The angles of reflection of the molybdenum K radiation from the base
(001) and from the planes (100) and (110) were measured photographically;?

TaABLE I
SpECTRAL DATA FROM TETRAGONAL LEAD OXIDE
Observed angle ﬂ Relative
hEl Line of reflection n intensities®
(001) Mo K a 4° 2 G X 5.050) mw
¥ 7 6 3 X 5.014 w
B 7 14 3 X 5.013 m
@ 8 7 3 X 5.013 s
o {8 11 3 X 5.004 s
o 12 14 3 X 5.011 vw
o 12 19 $ X 5.008 vw
v 14 20 1 X 5.006 vWw
8 14 36 I X 5.007 mw
@ 16 25 1 X 5.009 ms
a 16 31 i X 5.010 m
(100) ¥ 8° 57/ 3 X 3.983 w
B 9 8 3 X 3.976 ms
a 10 15 3 X 3.990 s
(110) g 6° 26 1 X 2.816 ms
@ 7 13 1 X 2.82 s
v 12 43 3 X 2.815
B 12 56 2 X 2.820 m
a 14 34 3 X 2.823 ms

% The abbreviations are: s, strong; ms, medium strong; m, medium; mw, medium
weak; w, weak; vw, very weak.
b The line v slightly overlapped 8.

1 Applebey and Reid, J. Chem. Soc., 121, 2129 (1922).

8 Kohlschiitter and Scherrer, Helvetica Chim. Acta, T, 337 (1924).

¢ Groth, “Chemische Krystallographie,” Engelmann, Leipzig, 1906, vol. 1, p. 77.

7The X-ray methods used have already been described; Dickinson, THIS JOURNAL,
44, 276 (1922).
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the reflections from the last two planes were obtained by transmission of
the beam through a basal plate. The data from these photographs are
given in Table I. A number of symmetrical and unsymmetrical Laue
photographs were taken through (001). To secure proper codrdination
of all these photographs in the absence of good face-development, a sym-
metrical Laue photograph and reflections from (110) and (100) were made
with the same crystal.

The Unit of Structure

Application of the equation nA= 2d sin 8 to the data of Table I shows
that don = 5.01 A. or a multiple of this value. Prior to a structure de-
termination the indices of (100) and (110) may be interchanged. If this
is done, then dipy = 2.82 A. or a multiple of this value. The smallest
possible unit of structure thus has the dimensions 2.82 X 2.82 X 5.01;
taking the density® as 9.27, the number of PbO in this unit is found to
be 1.003. But if Laue photographic spots are assigned indices referred
to the axes of this unit, the values of #\ calculated for them using the

2do01 sin Oy 4
lower than the shortest wave length, 0.23 A., which could have been pres-
ent in the spectrum (the peak voltage was about 53 kv.). This unit is
therefore impossible. Any larger unit differing from this one only by
having doo; a multiple of 5.01 A. is impossible for the same reason. When,
however, the directions of the axes are taken in accord with the indices
of Table I, digo becomes 3.99 A. or a multiple of this value. T'he number
of PbO in a unit 3.99 X 3.99 X 5.01 is two, and the Laue photographic
data do not conflict with this unit. There is thus no evidence necessi-
tating the assumption of a larger unit,

equation #\ = where ¢ = dyo1/d100, are often found much

The Arrangement of the Atoms

On all the Laue photographs examined no plane having 2 + k£ + [ odd
was found to give more than a weak reflection in the first order. Since
the reflecting power of the lead atoms must be far greater than that of
the oxygen atoms, the weakness of this type of reflection must arise from
interference between the lead atoms themselves, rather than from inter-
ference between the lead and oxygen atoms. It can readily be shown
that the only arrangement of two lead atoms in a unit such that the con-
tribution of the lead atoms to first order reflections from planes having
h + k + 1 odd is zero is the body-centered arrangement; consequently,
the lead atoms must have at least approximately this arrangement.

If the lead atoms have precisely the body-centered arrangement, the

8 Ref. 4, p. 2132.
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reflections of odd order from (001) must be due to the oxygen atoms alone.
But reference to a tabulation® of the cobrdinates of possible positions!®
in the unit of structure shows that, if the lead atoms are given the non-
variant body-centered arrangement, there is no way of placing the oxygen
atoms with any tetragonal space-group symmetry in such a way as to
give the odd orders from (001). Consequently the lead atoms must
have an arrangement which involves one or more parameters and which
is capable of approximating the body-centered arrangement when suit-
able values are given the parameters. There is only one such arrangement:
(0 % u) G0 ), where'' u is near 0.25. The oxygen atoms may then
have any of the arrangements: (a), (00 u) (00 @); (b), (000) (3 30);
(©, (05v) GOW).

Arrangement (a) is rendered improbable by the absence of the first-
order reflection from (100) on the spectral photographs.
_ The values of the structure factor, S, for first-order reflections from
arrangements (b) and (c) are given by

Arrangement (b) h+keven. S =2(—1)"Pbcos2rlu+20.
h+kodd. S =2Pbsin2«u

Arrangement (c) h+keven. S =2Pbcos2xlu+20cos2xlv.
h 4+ kodd. S =2Pbsin27xlu+20sin2xlv.

Planes of the forms {241}, d = 0.878, and {041}, d = 0.980, were
found to reflect more strongly than those of the forms {331}, d = 0.924,
and {131}, d = 1.223. As all of these are planes having & + % even and
the same value of /, arrangement (c) gives them all the same structure-
factor and is hence ruled out. The structure-factor for these planes for
arrangement (a) is shown in Fig. 1 for values of u near 0.25." ‘The above
intensity relations evidently necessitate taking u slightly below 0.25.
However, the value of 1 cannot be as low as 0.23 for {075}, d = 0.496,
reflected considerably more strongly than {546}, d = 0.500. The value
of u must, therefore, be close to 0.24. It will be noted that this con-
clusion is not dependent on any quantitative assumption as to the relative
reflecting powers of atoms of lead and of oxygen.

In Table IT are given representative data from one Laue photograph;
in the last column of this table are given values of the structure-factor
calculated for arrangement (a) placing u equal to 0.24 and placing the
reflecting powers proportional to the atomic numbers. We have found
no data in conflict with this arrangement.

? Wyckoff, “The Analytical Expression of the Results of the Theory of Space-
Groups,”” Washington, Carnegie Inst. Pub., 318, pp. 73-102.

10 The assumption is made here that all of the lead atoms are in equivalent positions
and likewise all of the oxygen atoms.

1 The value u = 0.75 also satisfies the conditions but leads to the same possible
stmgtures.
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Fig. 1.—Values of the structure factor .S plotted against u; the oxygen

Inter-
planar

distance

1.222
1.128
0.968
925
.878
.838
.788
787
782
782
782
742
720
709
.684
678
.678
674
.674
.664

Wave

length

0.34
.33
.40
.41
.37
.36
.38
.30
.34
.36
.45
.39
.34
.39
.39
.34
.30
.32
.38
.33

tensity u=0.24

faint

O -
oORROONR®

= OO NNONWOS OO

atoms have arrangement (a).

-

(LI S

TasLE II

S for

6
179
0

6
26
161
164
15
148
148
148
0
161

47 -

148
6
161
41
41
143

Plane

154
352
352
161
621
525
631
445
071
355
711
605
165
172
536
273
635
546
075

Inter-
planar

distance

0.664
.660
.660
.651
.625
.596
.501
BT
.567
.565
.561
.555
.550
.550
.530
.522
.512
.500
.497

Wave mated in-
length

0.40
.29
.36
.33
.38
37
.30
.33
.32
.33
.37
34
.36
.38
.37
41
.36
.31
.30

Esti-

LAUE PHOTOGRAPHIC DATA ; INCIDENT BEAM 18° ¥rROM PERPENDICULAR TO (001)

Esti-
mated in-

S for

tensity u=0.24

0.7

O QO ot
[

143
179
179
164
26
156
164
67 .
164
35
6
67
156
179
169
161
156
60
156



2462 ROSCOE G. DICKINSON AND JAMES B. FRIAUF Vol. 46

Discussion of the Structure

The structure obtained for lead oxide is shown in Fig. 2. This structure
is derivable from any of the space-groups: V3§, Ch, D}, DJf. In it the

f‘lb\\: —1 i
e T
O : O = b
| © 2 e-o
| S
| |
| |
Q| Q| |
jjy Se— L 1
=TT
| ey
22°

pr — — 399 &-‘— — —'!‘/
Fig. 2.—Arrangement of the atoms in tetragonal PbO.

shortest distance between lead and oxygen atoms is 2.33 A. The arrange-
ment of layers of atoms parallel to (001) is shown in Fig. 3. The distance

|‘__;‘d00|_—_’{
| A B. |
| |
I
|
|
| |
! |

Pb 20 Pb Pb 20 Pb

Fig. 3.—Arrangement of atom-planes parallel to {(001) in
tetragonal PbO.

between the nearest lead atoms in layers A and B is 3.84 A., while the
distance between the nearest lead atoms of layers A and C is 3.71 A.; the
lead atoms are thus closer together when there is a layer of oxygen atoms
between them than when there is not.

Summary

The crystal structure of red lead monoxide, PbO, has been determined,
using X-ray spectral photographs and Laue photographs. It is found
that there are 2 PbO in a tetragonal unit of structure having die = 3.99
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and dooy = 5.01 A. The oxygen atoms are at (000) G 1 0), and the lead
atoms at (03 u) (3 0 @) withu = 0.24.
PasapENA, CALIFORNIA
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THE DESIGN OF A CAM FOR AN X-RAY
SPECTROGRAPH

JaMEs B. FRIAUF

In photographing x-ray spectra by the rotating crystal method
it is frequently desirable that the crystal be given such an oscillatory
motion that it rotates through a given angle with constant angular
velocity, then reverses its direction of rotation and returns with the
same constant speed. The same type of motion may be useful in other
cases and can be obtained from a suitably designed cam rotating with
constant angular velocity. This article contains an account of an
analytical method which enables the computation of the proper profile
for the cam. This could also be done by graphical construction which
was the method used for the spectrograph designed by Dickinson and
described by Wyckoff.! In these spectrographs the distances designated
by R; and R; in this article have been made equal.

In Fig. 1, O represents the axis, perpendicular to the plane of the
paper, about which the cam rotates with constant angular velocity in
the direction indicated by the arrow. A represents the axis of rotation
of the crystal holder, likewise perpendicular to the plane of the paper,
and ACB the curved lever which rests upon the cam at B and serves
to rotate the crystal holder. R, is the distance A0 and R, the distance
AB. ry and r, are the least and greatest radii respectively of the cam,
and r is the radjus of the cam at an angle a with the least radius 7,.
The angle from O4 to 7, is wf where w is the angular velocity of the cam
and ¢ the time measured from the coincidence ofgrl with Q4. The
meaning of the angles 8 and ¢ is clear from the figure.

It is evident from the figure that

1’2=R12+ R22_2R1R2COS ] (1)
from which
R 2+R 2__1,2
cos 0=—1~—~——2~——— (2)
2R\R;

The smallest angle 8, occurs when the cosine is greatest, that is, when
r is least, and the largest angle 6, when the cosine is the smallest, that
is, when 7 is largest (as long as 8 is less than 180°).

! R. W. G. Wyckoff, The Structure of Crystals, p. 163.
289
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Ry’ Ry'—r?

cosf;=— — (3)
' 2R\R:
R 2+R 2__’, 2
cosfy= LT 4)
2R R

The angle 8 through which the crystal holder rotates is then given

by the relation
B=0;—6, (5)

When convenient values of R;, R, and #; have been chosen, 6, can be
determined from equation (3) and 7. can then be calculated from equa-
tion (4) by putting 6, =0,+83 where 3 is the angle through which it is
desired to rotate the crystal holder. ‘

Fic 1.

Differentiating equation (2) gives

dr

27—

. de dt
—sinf — = — (6)

dt 2R:R,

which can be written

. ds r dr da :
sin f— = —— — — @)
dt  RyR: da dt

But it is clear from the figure that a =wi—¢ which gives when differ-
entiated
da (i(p

= — 8
a T a ®)
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so that equation (7) becomes

de r dr d(p)

sin f— = —fw—
dt R1R2 da dt

%)

dg .
The quantity (% can be expressed in terms of 5 o the following

manner. It is evident that
Ro?=R>+#2—2rRicos ¢
giving
€os p=————— (10)

Differentiating this gives

. dgp R12—R22 1 (l?’
sing— = { ——— — — ) — (11)
dt 272R, 2R,/ dt
But
. Ry |
sin ¢ = — sin @
r
while equation (6) gives
dr  RR»  df
— = sin § —
dt 7
Substitution of these values in equation (11) then gives
de R2—R? 1\ dé
o _ (__ _ Ly (12)
dt 2r? 2] dt
. de . . .
When this value of 2 18 put into equation (9) the result is
o de v dr R2—R:: 1\ do
ol L SRR
dt  RiRy da 2y 2)dt

It is desired to have the angular velocity of the crystal holder con-
stant and of the same magnitude in both directions. Consequently,
the crystal holder must rotate through the angle 8 (measured in degrees)
while the cam rotates through 180°. Since the two angular velocities
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are constant they maust be in the same ratio as the angles through
which the crystal holder and the cam rotate in the same time. Hence,

do
dt 8
w 180
and
dé
@ _Po (14)
dt 180

Substituting this value for d6 in equation (13) and making a few simpli-
fications we have

. r dr 180 1 Ri*—R,?

sinf=—— —f —+ — — ) (15)
R1R2 da 2 27’2

When the value of sin 6 in terms of 7 is introduced by using sin 8=

V1 ——c052—0 there results

180 1 Ry — Ry?
rdr( — = — ——
B8 2 27
R1R2 da = (16)

2R R,

as the differential equation giving the relation between » and a for the
part EBD of the cam. The introduction of the substitution

R4 Ry2—12
"~ 2RR.

i

reduces the integrals to forms which can be found in the tables. The
result of the integration is

180 1 Ri24 Ro2—y?
a+C = (——— + -—) cos™ ! —— -
B 2 2R1R,
1 R Z_R 22 R 2_|_,R 23,2
4L e (BT R (R Ry (am
2 2R1R27’2

The constant of integration C can be determined from the condition
that # =7,, when a =0 and is found to be

180 1 1 Rz_Rzz_R2+R21’2
C= —+—)01+—sin—‘( ! 2~ (Ry 2)71
B 2 2 2R, Rors?

(18)
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The constant of integration having been determined, equation (17) can
be used to calculate values of the angle a corresponding to different
values of 7 and the profile of the cam for the part EBD can be drawn.
The angle a» corresponding to the greatest radius 7, is found to be

1(R12—R22)2—(R12+R22)722

180+ 2 4 Ly
= — + —sin~
o 2 2

2R1R27’22 &
1 Ri2— Ry?)?— (Ri2+4 RaD)ry?
——sirrl( - *) - n (19)
2 2R Rory?

Fi1G. 2

The profile of the remainder of the cam can be determined in a sim lar
way. In Fig. 2 7’ represents the radius of the cam at an angle a’ with
the greatest radius 7,. The only difference with the preceding case is

de . .
that 7; Is now negative
de Bw
at 180

When this is substituted in equation (13) the resulting differential
equation’is
180 1 R2— Ry?
r'dr’ (-— - —+ ————~)

. 8 2 2r'2
RiRsda (20)

‘/1 (R12+R22“‘7"2)2
2R:R,

Integration gives

180 1 R®4 Rp2— 2
C'—a' ={— — —)cos 1 —
B 2 2R\R-
_ LS.n_l (RLZ_R22)2—'(R12+R22)}'/2
2R Ror'?

(21)



204 JaMes B. Friaur [J.LO.S.A. & R.SI., 11

where the constant of integration C’ determined from the condition
that 7’ =7, when a’ =0 is found to be
c’ (180 1 1 (Ri?— Ry?)?— (R2+ Ry%)rs?

Y8, — —sin (22)
8 2 2 2R 1 Rgrs?

The values of a’ for different values of -#’ can now be calculated and
the complete profile of the cam drawn. - It is evident that o’ must be
equal to 360 —a, when r'=r; and this is found to be the case by equa-
tion (21).

Ra
LU
R,

Fic. 3

The equations show clearly that the cam is unsymmetrical and that
in general the angle between the least and greatest radii is not equal
to 180°. The reason for this is due to the fact that as 6 changes the
angle ¢ also changes and the line OB accordingly moves forward or
backward. It is desired that the change from the least angle 6, to the
greatest take place while the cam rotates through 180°. Consequently,

F1c. 4

the point B of the lever must make contact with the greatest radius 7.
when the cam has turned 180° from the initial position in which B
makes contact with the least radius .. If ¢ has decreased by the
amount ¢, in this half revolution of the cam, the angle a» from the
least to the greatest radius must be 180°+¢, measured in the direction
EBD, while if ¢ has increased by the amount ¢, the angle a, must be
180°—¢,’. As shown in Figs. 3, 4 and 5 the locus of B is on a circle
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having a radius R, and a center at 4. When Ry >R, as in Fig. 5, or
when R, =R, as in Fig. 4 it is evident from the figures that ¢ decreases
as 0 increases. The angle as is therefore greater than 180° for these
cases. But when R; <R, as in Fig. 3 it is clear that starting from the
initial position shown in the figure, ¢ at first increases to a maximum
and then decreases as 6 increases. In this case a; may be either greater
or less than 180° depending upon the values chosen for Ry, R,, 7, and
8, the angle through which the crystal holder is to be rotated. The cam
drawn in Figs. 1 and 2 is calculated to rotate the crystal holder through
30°. Ry, R; and r, were chosen to be 12, 10 and 3 c¢m respectively. In
this case a; is less than 180° being equal to 166.9°. 7,=8.05 cm.

F1a. S

The equations given make it possible to determine the proper profile
to be given to the cam for general values of R, and R,, When the
apparatus can be so constructed that R, and R, can be made equal, the
equations become much simpler and the computation of the profile
is much facilitated. When Ri=Ry=R equation (17) reduces to

oo (10, 1) RIS 1( 2R? -
={—+4+ —)cos — 4 —sin ! { —
¢ g 2R 2 2R2)

The second term on the right hand side is a constant and can be com-
bined with C so that if

Ci=C—1%sin~(—1)

we have
+C (180 + 1) 2R (24)
a+C;={-—+L)cos!————
' g 2R?
This gives
r2 CL+C1
— —— = CO0S —
2R? 180
R
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or

r=2R sin ——————— (25)

C, is determined from the condition that r =7, when e =0 and is found
to be

180
Ci=—+ %)91 (26)
) 4]
The angle a, from the least to the greatest radius is found to be
as = 180‘{‘%

from equation (19). The expression (21) for the profile of the remainder
of the cam simplifies to

¢ =2R sin——m—— (27)

C/ = (@ l)e (28)
1 6 2 2 &~
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