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Part I Introduction

Ia. Covalent Bonds, :nd Covalent Tadil

The c¢leciron-pair bond was o0 iginally postulated by
te Yo lewls in 191" as an explanation of covalency. OSince
‘e advent of the cuantum mechanics, = much better under-
etonding of the n:ture of the btond has been obtained.
Teitler and Londonl -nd others have treated the hydrogen
mclecule by cuantum mechanics. In the original treatment
of Meitler and London, they considered simple reson:ance
of the electrons between the two nuclei, w#ith one electron
“lwvays on each nucleus. Thie gives rise to what might be
termed a pure covalent bond, It has heen shown by Paulingz’3
znd others how this treatment may be extended to more com-
nlicated molccul s, In general, e have bond formation
wenever we have egulvalence degeneracys this is the just-
ification of the electron-pair bond, for indistinguishsble
states are had if we consider the first electron of the
pair on the first nuclecus, and the second electroa on the
second, or vice versa. )

In this simple treatment, however, the possibility is
neglected of both electrons being on one mucleus at the
same timei thot is, the possibility of ions existing is
ipnored. 7o determine the approximate contribution of the
ionic character to the total state of the molecuie, we can
set up the wave function having the correct symmeiry proper=-

1 nole .
ties, 28 was done by Weinbaum for the hydrogen molecule:
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0([}2(1)/22(1) + f&)/ﬁ(éﬂ«c ﬁ’[}guf}g 1)+ Y40 ‘,‘&a)]
{covalent ters) iortc term)

wﬁre.’ng’YZ_ are wave ‘unctions ~boul nuclei a =n b,
respectively, and (1% (), indicate the electron co:u:i~
dered. “he parameters,d,f are varied so tha! he resul'.-
ant energy is = minimumg thie hzs been showa® to give the
bes’ wave function of the type. "hen, presumadbly, the

: 8
&
tributions of ionie and covulent charucter to the s*ate of

ratio gives, 2t least approximately, the relative con-
the molecule.

“he exact Jistinction belween ionic and covwslen! bonds
is necessarily somewhat arbitrary, in as much as .he wave
functions corresponding to the normul and all excited s'ntes
of an ion form a complete orthogonal set, so that asny wave
funciion, ~ven one that is purely cov:lent in the sense
used above, can be accurately represented as a seri s expane-
sion of the ionic functions. Paulinge, -herefore prefers
to consider in an approxisate ireatment only the wave funce
tione corresponding to ions or atoms in their lowes? states.
e then aefines a normal covalent bond =8 one in vhich ionic
terms of the wave functions for each atom occur with the
game coaffici-nt. Bonds in olecules of the type H:l, dis-
cussed nbove, are necessarily normal covalen:, from consid-
erntions of symmetry. In addition, we may h:-ve bonis in
molecules of the type A:B vhich are of this type, if{ A and
B re of the same degree of electronegativity. Then tcrus
corresponding to the sta. s A'B™, and A™B* will occur vith
‘he same coefficient. he bond in HI is very nrarly purely

@
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normal covalent. That .n ¥aCl, on ‘he other hand, is
largely ionic.

There are several considerations which enable one to
distinguish between covalent and ionic bonds in many sub-
stances. For example, certein spatial arrangements of
covalent bonds are to be exp cted®, ~nd we might expect
molecules having these configurations, s d termined by
crystal structure investigations, to be lergely covalent.

Pauling and Huggina’ have prepared a table of cova-
lent radii of ntoms. They base their radii on observed
values from erystal structure and band spectral dats,
with wave mechanical foundations .?o obtain the radii of
tetrshedral atoms, theyfirst took (C)*, (81), (Ge), =nd
(5n) as one half the observed interatomic distances in
the diswond type crystals of those clements. They next
took (S) as one half S-S* as determined from pyrite,
FeS,, and hauerite, ¥nS,. From the values reported for
S-3 in these substances, (see next section), the value
of (3) was taken as 1,06 X. Having this value, the radii
of a number of other atoms could be determincd from their
r-spective sulfides, by subtracting this value of (S)
from theipbserved interatomic distances. The best smacoth
curves were then drawn for-each row of the periodic table,
tetrahedral radius versus atomic number. It was then noticed
that the atomic radius as read from these curves for the hal-
ogens differed considerabdbly from the values given by band

¢p:c.ral data., The values read from the curves were about

* "he symbol (C) means the covalent( radius; and S-3
means sulfur - sulfur distance, etic.



0.02 ® too small for (I), while (Cl) and (F) were each
about 0,01 K too large. As it seemed doubtful that the
directions of the discrepancies should be different in

Cl snd I, the value of {S) was assuacd to be 1.04 %, and
2ll the calculations repeated, This gave perfect agree-
ment for (Cl) and (®), while some discrepancy in (1) aud
(3r) was atiribui-d to the difference in the orbitals in-
volved in the bonds. Pauling and Huggine considered the
difference between the observed value for (3) and that
recuired by their table to indicate that the sulfur radius
mizht be dependand on the nature of the crystal.

The divalent manganese radius was cstimated by tihe
extrapolations Nf‘fl.ss ) cd‘(l.azﬂ); Fet(1.23 %), to
ve 1.15 K. Also, by extrapolation of the isoelectronic
secucnce,

¥ (1.21 R)5 cF (1.22 R)5 »¥ (2,23 %)
an upper limit of 1.24 R is placed on (Mn™). However.
the obseved value of ¥nS in hauerite, as calculated from
fwald and Friedrich's value of the parameter (which is
discussed later) is 2.58 f, giving (" ) as 1.55 %, ana
from Hh?ez, it is found to be 1.59 %, Paulin and Huggins
could offer no explanation of this snomalously lerge rad-
ifus,

It scems worth while to investigzate whether the dis-
crepancy, 1l.06 vs. 1,04 R for (38) is real, as suggested by
Pa2uling and Huggins, who made the suggestion that it results
from o change in the orbitals), or is due to error in the
reported velue of the parameter, In view of this, and of

the =nomolouslpanganese radius, I have peinvestigated
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erryotal hauerite., In the following sections there is
given a discussion of previos wOrky with an estimation ¢
of arrors, and a descri tion of thgm@ﬁhod used in my
work, and in FPurt Il, an asccourt of wy paramctcr deter-
mination. The result odtained is that I find for hau-
erite the parameier value u = 0.,401% & 0.0004, the 0«3
distance, 2,086 # 0.01 %, and the S radius, 1.043 & 0 05

i. Tie mangancse radius is unchenged.,

Ib. Early ¥Work

The crystal siruecture of pyrite was first worked
out by 7o It Br fgzﬂ by the use oi his specirometer, as
one of hies early struecture datanmihationa. and the first
involving & par-meter, He attribut=d to the crysial a
symmetry which would place it in the space group Ty .
"he Fe atoms lie on a face-centered cuble lattice. If
we pass planes, parallel to the cube faces, thru each
¥e atom, we obitain eight smsll cubes from the unit cube,
Ve now draw diagonals of these eight cubes in such a way
that none intersect. Xach diasgonal will have an Fe ntom
at one end, und an empty corner at ‘he other, A T atom
is rlaced om each diagonal st a distance uayW3 from the
Fe atom at the end of the diagonal. agp is the length of
the edge of the unit cubep a,N3 is thus the length of the
diagonal of the unit cube, and u is a parameter to be

i+ §llustrate

determined experimentally. The structure is >+ - e

in 7ig. 1. For clearness, the cube has been repros-n.cd

as divided into halves. The lettering indicates how the
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halves are to be joined., Bragg believed from his spee~
tral intemsity intensity messurments that u was tween
0.395 and 0.405,

Shortly afier the work of Bragg, Ewald and Friedricbg
reéxanined pyrite by means of Laue photographs, -hich
had been first taken about a year previously by Friedrich
apnd Fnipping, at the suggestion of lLaue, In thir me’ hod,
continuous, or "white® X radiation is ==.. thru ‘he cryst=
al, in contrast to the method of Zragg, in which mocnochro-
matic radiastion is reflecied from a crystal face,

As a result of their work, which I shall discuss
more fully in the nex*t section, “wald and Friedrich cume
to the conclusi n that Bragg's value for the parsmeter in
pyrite is slightly too high, They sssigned to u » wvalue
be.ween 0.,3675 and 0.3865., In addition, they examined
hauerite, which is isomcrphous with pyrite, and zssigned
to it a parameter value of 00,4000 & 0.0006. As mentioned
before, my investigation indicates this to be in slight
errors.

Parker ani rhitehouséle redetermined the parameter
for pyrite, obtaining a value of 0,386, but their value
is probably no’ as accurate as that of Swald and Fried-
rich, for it was obtained by Yourier analysis of the

crys tale



Ie The Laue Method

“"he et up used in preparing Laue photographs is
shown dlagramatically in Fig. £. HRadiation from the tare
get T of the X-ray tube is collimated by two pin holes,
PyPe It is then passes thru a thin section of the crystal,
X, and the sca‘t ‘ed and undeflected rays strike the photo-
graphie plaute, F. A small snield, 3, is usually placed
before the plate to intercept the undeflected ray, to pre=-
vent the formation of an overly intense central image,

It is easily shown t‘hat if we have a series of ident-
ical parallel planes thru poin s of the crystal l-ttice,
separnted by a distance d from one anot..er, then a ray
incident to the planes at an angle & will be reflected
by the series of plunes if the wave length of the ray and
the angle of incidence satisfy the relation

nA = 2d sin® (1)
where n is =«ny integer. ~ he angle df reflection is, as
usual, ecual to the ;ngle of ineidence., In a cubic eryst:l,
the distance beiween such reflecting vlanez of indices
(nxl); that is, intersecting the crystinllographic axes at
distances proportional to 1/h, 1/k, 1/1, is easily shown
to be

= &g
dhkl N, = T+ (2)
The condition for reflection from such a plane is thus that
2 agsme
nx= -
B+ Xe 1 (3)

But the radiation used in preparing Laue photographs is



*white*, and contains radiation of all wave lengths rea‘er
than the cut-off provided by the cuan’'mm condition,
eV % hv

or o %ﬁ

where @ is the charge on 'he elceciron, and V the poien-

tial applied to the X-ray tube. 7Thus, provided

w‘-g' s3in® a he ( 4)
iEe ko + T Y
the set v’ planas {(hkl) will always give = reflection.

I” we take so e -~oiut of the sp.ce lattice a8 origin,
tnen the directliocs 1ln apace of s line nasing thru the
origin may be re resented by the coordinates X,¥,z, of
some other peint thru vhich the line passas. If X,¥»2,
bear a rationel relationsldp to one wnother, the line
passes thau a point u,v,w, where u,v,w, are all integers.
‘hen, in gencral, (:ere ure a large number of planes pass-
ing thru this line and intercepting other lattice pointse.
All these planes forn a zone, and the line is ' :rmed a
zone axis, and designated by the indices [uwvw].

17 (hkl) and (h'k'1') are two of “‘he pluue: in ‘he
zone, the inMices of the zone axis may be shown to be
given by

u = kl' - 1k'

v = 1h' -« hl*

w = nk' « kKh',
In a similar manner, ass two siraight lines de‘eruine a
plane, the indices of a Pleme passing thru the zone axes

[uvw] and [u'v'w'] may be shown to be



hes vyw'* - wy'
k= wu' « uw'
1= uv' - vu'

Now, for cwery plane in & zone, tlier - 's a lurge
number ( infinite, for ar infinite laivtice ) of identical
parallel planes o' listance: given by (2). “hen, .. ray
paasing into tie la’ fce vill be reflected by cach of *he
plance of the zone, and this multiplicity of r flections
will form a eircular cone of raya, with the zone axis as
the axis of the come, «i1d the undeflected ray will lie on
the cone. Flgure 3 represents such & zone axis, L. "“he
plate, P, ill cul the geaer:ted cone, and as is well
known, the intercept of the cone on the plates will be an
ellipsep thus, 211 the reflections of a given zoune lie
on an ellipse passing thru the centrsl image, 1. |

If we cons=truct the perpendicular P to all the planes
of the zone, “hey will evidently all lie in a plane, and
thie plane will, of course, inéersect the plate in a
straight liase, "“hus, if we make @ plot from the Laue
photograph to convert “rom the coserved positions of re-
flections from o plane to that of iLl.e i.tercept with the
perpendicular to a plane, the ellipsecs are converied {o
gstraight liues - a gr2at aid in acrsigning indices to
t . reflections, and interpreting the photogrnaph. "his is
*ermed 2 “gnomonic projection®*. 7To make this nlot we

notice that, if IX is the crystnl to plate distunce, Is

+he distance from reflection to centrrl inmage, z2n’ Ip

the distonce from “he »roclection to cenirzl inage, then



Tea s _{ tan 29

Iv = X cot®.
IX is ususlly fixed at 5 ecm. In plotting the guomonic
sodietion, 1* 1s convenien® ‘o use & momonic oo,
vhieh convert: th: disi-nce Is dlree.ly to Ip, rn iives
the value of “1a® lor th- -efleaticn.

~ussioned to

&)

shen the i Ccices and esiy v lues ag
211 *he refl~c i .ns, it if usanlly oscible to gul un

e roximste volue lor agy lor we cun take the smaliost

vaine of sin19_ found, snd sudbstitute it ia relae
v It e T
tion (4), and thcn the suallest vulue of a, for 'hich

the relation hclic rovides & lo.er 1i.41 for fg® If a
large umbcr of .cflcctions rgs ,resent, it is often pos-
=i{ble to oblsin ~» falrly sccurwte valuep uf least accurate
enough that tie nunber of molecules In the unl:. ceil ecan
ve piven. “hen, fror a knowledge of the deasity, the chem-
ical composition, the atowic weights of tae constituents,
nd Avagadro's nwder, it s pos:ivle to assign a umore
agcurate value L0 my,. For greatest accuracy, however,

the zize of the unit is obtained Irom oseillation photo-
grapvhs or spectirouetric measurwenis. When the size of

the unit has becn determined, it is possible to assign

n A values to every rafler'ion by substitution in (3).

If the value of nA for a reflecticn lies between the

short wave cut~off “or (e radia‘tion, and twice 'his wvalue,

it is evilent that n must be unitys that is, the reilection
is first order. ior reflections of grester nA, 1t is im-

por.ible to assign the order of the reflection.

D (el



Altho some informmtion coumcerning the structure of
a erystel is to be had frowm t . symmeiry of I-ue photo-
graphs, to get complete informstiou, 1° is neecessary to
mike intensi*y co ari.ons. 'he coutlon «f 1 slene

{Bk1) thrw t e polat X 055 » 3 ia

r 2 & ¢ + By o+ 2 Y
L+ Ky v B - «g‘l’:*ﬁ.&*»»}.‘»& ]ao By
~ 4+ +

‘ha disczaecc o e olme from the osigin 1o
3, i e ¢
ixs ¥ F'A + 1%:. 4 O%
S+ X+ T
For reflection, "he phase diifercce for ideniicsl planes

{hkl) must be 2wn. The distance be ween ideuilzal planes

wvas piven (eq. (2)) as
a0

“ B e T

dyxy

"han the phase i{iffcrence ¥ of u wave reflicted from the
pianes (ankl) iientical with that thru x;, Y4035, v0d &
wave reflacied Uy plunes 1deatical wi'h that thru the

origin is glven by

: i e 7*;:&’ a9
% *Kgm-m = e o

‘f}- m(hx,-+_l:~r;+ llj)

It is shown in the theory of wave motion tihat the

= hx; + ky, + 1s,

and

emplitude F of 'he resul¥ant of a number of waves of ihe

same frequency, and of aaplitudes frs Lq9 .o 0y and phases

Yo Was o - o 4 is given by ‘
P=f, exp iY,+ B exp 1 ¥+ + * -

Thus, putting in the expression for the phase found above,

the amplitude of the resultant wave reflected by all planes
parallel to (hkl; is found to “e proporiienal %o

el1le



P =2 L expizmm(hxge k¢ 1z)

erey, X;y ¥;» &5 nre the coordinates of the Jth atom
in the uni: e¢ell, and fa; the scattering power of the
3" atom, called the "atomic seattering factor® of Lhe
atom. Assuming the atoms to be spherically symmetrical,
the atomie scatl.ering factors are functions of the nature
of the stom, und of sinwv/ « They have been tzbulated
for a1l atoms for v.rious valuce of sin¥P/A + F is terms
el the "structure {actor®, The intensiiy of the reflecs
tion is proportional to 7%, In calculating intensities,
it is usually more convenien: to convert the exponential
to the triginemectric form:
expiZwn{hx; + ky + 1z,;) = cos2vnfhx; + kg + 1z )

+ i sin 2wn(hx;+ ky;+ 1z;)
“he actual amplitude of the reflected beam depends in a
complicated wny on a number of other factors, such as ©
snd’A, but if comparisons are only made beiween reflece
tions for which nll these other faciors are constant,

it is sufficient to use only the F values in comparison.

.Id A Discussion of the Parameter Determinastion '
of Eweld and TFriedrich

on hauerite
Ewald and Friedrich in thelir work referred to above,

carried thru the method essentially as described above,
tho they didn't attempt to fix the size of the unit cells:
In their deternination, they found that the reflection

(521) does not appear. As the structure factor for this
reflection disappears for u = 0.4, they took this as the

-12~-



value of u. They considered their results to bde accure
ate within 0.0005, However , as the structure factor
for (521) increases but slowly on eitlier side of its
roint of disappearance, and especially as the intensity
of reflection is progortiomnal to ‘he square of the siruc-
“ure factor, thi: is noet a very sensi'ive melhod for de-
termining the value of u. “he reflec.ion probudbly would
not e observid even if wu differed zs much as 0,00156
from the value C.1000, for the intensity of {52I) would
8til1ll be only veilwcen ome two-hundredth and one ‘hree=-
handredth that of (251), e reflecticn of medium inten=

8itye
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Part 11 A Yew Parameter Determination for
Hauerite

In this part is described n new determination of
the parameter for hauerite which I have carricd out by
the use of the Laue method.

The size of the unit of structure of hauerite has
been measured a number of times, rouling =nd Huﬁﬂina7
give a_ = 6.097 t L.005 X, as determined from oscillae
tion photosraphs. I have used this value of ag in the
present determin-tion.

A laue photograph was ~re . ed with the incident
beam nearly norm:l to (11l1). Tie shotogr-ph so obtain-
ed ganve a large number of well shaped spoits. Figure 4
is 2 print masde from the photograph. Upon making & gno-
monic projection, assigning indices, =nd calculating n
for the reflections, no spots with nA less than 0.24 X,
the short wave cut-off of the radiation used, were found.
There is, therefore, no indication that the unit is large-
er than previously reported.

If heouerite hns the pyrite structure, its cpace group
is T:. This recuires first order reflections with indi-
ces (0kl), with k odd, to be absent*. Jeveral such re-
flections were found, but all but one of these were very
faint, and all werec shaped differently from the other
snota on the photographe. The one fairly strong spot was
(074), which was =t nA= 0.38 £, (20%), which is of the
game form as (034), and would fall at nA = 0,39 X, was
absent. Therefore, if the reflection (034} is real, the

w3 B



erystal could not be ecubic. This is highly improbable.

In general, only intensitics of reflections of near-
ly the same nA, and the same interplanar distance were
compared., In this way, the calculetions were -uch sim-
plified, for the ratio of the intensitjes of two =uch
reflections is just the scuare of the ratio of their
st:ucture factors.

The atomic positions in MnS,, assuming the sprce
group T: s Aare:

Mn: 0,0,03 1/2,1/2,03 1/2,0,1/23 0,1/2,1/2.

S: wuyu,uy 1/2 +u,1/2 -u,uj a,1/2 +u,1/2 =u3 1/2 -u,i,
1/2 +u.

Upli,fis 1/2 =u, 1/2 +u, us u,1/2-u,1/2+u; 1/21: te,u
=-U.

“he structure foctor for the reflection (hk1l) with h,Xk,
andll all odd is then, for first order reflections,

F=4 ‘Mn + 8 ‘S cos 2vhu cos 2vku cos 27lu,
and for h,k even, 1 odd; or h,k odd, 1 even,

F=a§ Ly cos 2vhu sén 2vku sin 2vlu.

The f, values used are those given by Pauling and Sheruanll.
It is to be noticed that in comparing the intensitics of
two reflections of the same interplanar distance, and where
F for both reflections is given by the second equation
above, the scattering factors do not enter into the expres-
sion for the relative intensitics of the two reflections.
The use 6f such comparisons nakes possible a more accure

ate parameter determination, for uncertainties in f, val-

ues will then not effect the results.

¥ Because of the symmetry of the group, planes invol-
ving cyclic interchange of the same indices are of the
same form.
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The parameter was cuickly nurrowed down to the re-
gion near 0.4 by the compurisons (42p) - (24P), “bere P
is any odd integer, and (13B)-- (31%), where & is any
even integer. " ne racvios F2(4zf)/y3(24:). and
¥ (133)/?2(315) are plotted in Figure 5 against the par-
ameter, u. All intensities are symmetrical about u = G.5,
s0o the curves huve only been plotted from O.to 0.5. The
approximate observed values were,

1(421)/1(241) = 12 1(427)/1(247) = 8

1(423)/A(243) = 15

1(134)/1(314) = 18 1(136)/1(316) = 9
It will be observed thet the only places where both
curves agree with the observed values are in the regions
u = 0,095 to 0.105, and u = 0,395 to 0.405. The ratio
of 1(535) to I(614), which is observed to be about 10,
definitely shows that u must lie in the neighborhood of
0.4, for the calculated ratio, F~(535)/F°(614) 1is 1.45
for u = 0.1, and 11.6 for u = 0.4.

A fairly lerge numder of comparisons were used in
determining u more closely. Those used in the final

determination are listed below:

Index na Iobs. R*
832 0.372 0.30 1.6
823 Q. 362 Ce.l8

962 0.376 0.156 1.4
676 C.365 0.10

481 0.308 0.35 1.3
732 J.341 C.40 1.0
651 0.354 0.48 ¢

¥Hatios corrected for difference in na

““he approximate correciion for difference in n )\ wus

made by plotiing a curve of 1., vs. nA for ihe var-

“]f-
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ious reflections of the same form falling at different
values of nA. The squ.res of the structure factors zre
plotted from u = 0,398 to u = C.104 in Figures 6, 7, =nd
6. Eech of the comparisons (832) - (823) and (962) -
(676) rigorously limits u to values above 0.4C00. Also,
altho (481) is et greater interplansr distance than (732),
it is of grecter intensity (when corrected for ¢ifference
in nA), and therefore its F° value must be greater ‘han
that of (732). As seen from Fig. 8, this establishes a
definite upper limit for u at 0.4026. From the compuri-
sons (832) - (823}. it is seen that u probably lies be-
tween 0.,4008 and 0.4016., The comparison (962) - (676)
indicates a value of u between 0.4008 and 0.4020. The
last comparison, (651) - (732) gives a value of u from '
0.4006 to 0.4016. This is prodably the most useful com-
parison'for the exact determination of the paraneter.
From a consideration of all these comparisons, the value
of the parameter has been taken as
u = 0.4012 ¥ 0.6004

The limits givemn are the probable error. Using this vale
ue for u, and the value for a, given bvefore, the 5 - 8
distance is found zo ve 2,086 & 0.B1 R. giving a bond
radius for 3 of 1.043 2 0.005 X. in good agreement with
the value taken by Pauling and Huggins. 7This small change
in the parameter, however, leaves the !iIn - S distance
practieally unchanred =t about 2,59 R, thus leaving !n
with the anomalous radiue of about 1.55 K.

This problem was suggsescted by, and carried out under
the direction cf, Yrof. Linus Pauling, to whom I anm in-
debted for much invaluable aid.
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Summary

In Part I, after a discussion of covalency and co-~
valent radii, a brief review of the wourk of bragg on
pyrite, and Ewald nd Friedrich on pyriie =znd hauerite,
with an evaluaction of .ccuracy, is given. The Laue
method for erysta:l anclysis is desciibed, and the tucory
outlined,

fart I1 is devoiod to the description of a new par-
ameter de‘erminstion for hauerite carried out by the
writer., As a result of this determination, the param=-
eter has been fixed at

u = 0,4012 # 00,0004,
giving a covalent sulfur radius of 1.043 R.

o lf=



Addenda

8ince the previous wus writtgz another Laue
photograph has been prepared from a new crystal of
hauerite. On this photograph, no reflections of
the type (0kl), with k odd, were present. It is thus
cuite certain that the presence of such reflections on
the vrevious photpgraph was due either to imperfections

in the crystal, or to twinning.
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