UNCLASSIFIED

ap 403 877

Reproduced!
by the

DEFENSE DOCUMENTATICN CENTER

FOR

SCIENTIFIC AND TECHNICAL INFORMATION

CAMERON STATION. ALEXANDRIA. VIRGINIA

Af

UNCLASSIFIED




NOTICE: When govermment or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility. nor any
obligation whatsoever; and the fact that the Govern-
ment may have formulated, furnished, or in any way
supplied the said drawings, specifications, or other
data 18 not to be regarded by implication or other-
wise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permigsion to manufacture, use or sell any
patented invention that may in any way be related
thereto.



63 3 o

Teghnjical Repo N 7 ///

NR 032 - 414

E COPY

P,

Nenr 839(12)

o

ﬁw'
7

AD No,

A

PN

THE ANOMALOUS SCATTERING OF X-RAYS
BY BORON PHOSPHIDE AND ZINC SULFIDE

by

Z. Barnea and B. Post

Polytechnic Institute of Brooklyn
333 Jay Street, Brooklyn 1, N. Y.

Reproduction, in whole or in part, is permitted for any
purpose by the United States Government.

03 877March 1963 MAY 1 4363 )
0 g |

TisIA A




%

o TRA (/77\) £lce
N | v’ ——

) . o
L "1/0 S i

vy ¢

o P
Nonr 839(12) Prol: NR 032 - 414
7 ’\/i e
(/' THE ANOMALOUS SCATTERING OF X-RAYS !
BY BORON PHOSPHIDE AND ZINC SULFIDE U
. . VL
" KR |
L0 NA (Jer ey ALk
Z., Barnea and B. Post \ ', ‘
7
(7 'VB

[I il
) P
e

1o 5
\

! e

7 \

Polyteohnic Institute of Brooklyn
333 Jay Street, Brooklyn 1, N, Y.

Reproduction, in whole or in part, is permitted for any
purpose by the United States Government,

March 1963




¥

AN ABSTRACT

THE ANOMALOUS SCATTERING OF X RAYS
BY
BORON PHOSPHIDE AND ZINC SULFIDE

by
Zwil Barnea

Advisers Benjamin Post

Submitted in partial fulfillment of the requirements
for the degree of Master of Science (Physics)

The dispersion of the atomic scattering factors of Z%%
zipey—sulfur, and phesphosus in selected regions of the x-ray
spectrumﬁhaéiiion investlgated by measuring the differences
in the intensities of Bragg reflections due to the anomalous
scattering of x rays by zinc sulfide and boron phosphide.
Intensity differences among selected reflections occurring

at identical Bragg angles, divided by the corresponding av-

erage inﬁgnsities,_—AL#LEV—T-havéigzzgqplotted as functions
of siniéifthe Bragg angle) and compared with t&& sets of
theoretically predicted values ofzkﬁ¥¥¥37-. The latter were
obtained by applying the real and imaginary/corrections cal-

culated by H3nl (1) and Parratt and Hem ead (2) respectively,

to the atomic scattsrlifig factors. -

The gxperimentally determined values of +H+Q37 for
zinc sulfide using mo%yb&%ﬂum *ﬁ:ﬁadiation were fouwhd io-be
in good agreement with those from similar previous investiga-

tions_—{3,4), and appear generally to be higher than the theo-
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retically expected values, especlially in the region of large

Bragg angles. \ Agreement between calculated and experimental

when allowance was made in the calculated
for the effects of the thermal motion

values improve
values of AI/
of the atoms

av
n the crystal. However, even correction for

the thermal/effects did not altogether eliminate the disagree-
ment betwéen the theoretical and experimental values.
Similar disagreement between the calculated and
experimentally observed values of ;2%#13v was found for ZnS
with copper K;:radiation. Here an attempt to find experi-
mental values of the imaginary dispersion corrections Ag',
of the atomic scattering factors of zinc and sulfur yielded
the values Af) = 2.8 + 4.2 and Afg = 1.9 # 0.5 == both
values being considerab%ﬁ higher than those theoretically
predicted. /

Measurementy of three sets of reflections of ZnS
with chromium Ka rad ;tion indicate agreement with theory
within experimental /error.

The expgéimental values of AI/IaV for boron phos-
phide using coppgr Ka radiation were found to be in better
agreement with y%e values calculated using H8nl's corrections
for phosphorus/fhan with those calculated using the values
from the International Tables (11).

Mejﬁurements with chromium Ka radiation yielded
values of Aj/IaV which were lower than those calculated on
either theory.

The results indicate a need for revision of the

dispersion corrections of z:ts and su&éoe for mo&ybdeﬂum TR

radiation, and also for copper radiation, where on account

of the close proximity of the zinc a tion edge experi-

mental measurements are particularly importa

A
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INTRODUCTION

In recent years, as increasingly precise measure~
ments of the intensity of Bragg diffraction peaks are be-
coming possible, there has been renewed interest in checking
dispersion theory in the x-ray region. There is also con-
siderable interest in dispersion, as it affects the atomic
scattering factors. While it can be said that this interest
is at present chlefly confined to the wavelengths in common
use in x-ray diffraction investigations, where the corrections
to the atomic scattering factors are important in structure-
factor and similar c%lculations, there are indications that
in the future increasing use will be made of dispersion ef-
fects at x-ray wavelengths at which they are particularly
pronounced and where their use can contribute to the solutiqn
of the phase problem and to the determination of the absolute

configuration of molecules (25).



DISPERSION

The term "dispersion,” first introduced to describe
the behavior of light passed through a prism, was later used
in referring to the reason underlying this behavior --- the
variation of the index of refraction with the frequency of
the incident lighi, -=- and its meaning was finally extended
to include the variation of any physical quantity with fre-
quency.

For visible light the index of refraction of trans-
parent media generally increases with decreasing wavelength.
When the Index of refraction decreases with decreasing wave-
length, as is the case near absorption or emission frequencies
characteristic of the substance, this effect is referred to as
"anomalous dispersion."

The discovery of anomalous dispersion in the optical
region (Leroux, 1862) suggested that the theory of dispersion
must describe the propagation of electromagnetic radiation
through a medium consisting of oscillators possessing their

own natural frequencies.
LORENTZ'S DISPERSION THEORY

Lorentz was the first to propose a dispersion theory
which explained the variation of the index of refraction in

the region of visible light and gave the refractive indices

"The following five sections are based mainly on the discussion
in "X-Rays in Theory and Experiment" by A.H. Compton and S.K.
Allison, Van Nostrand Co., 1957.



for x rays in reglons not too close to the critical absorption
limits.

Assuming free, damped oscillations of the electrons,
it is possible to obtain the differential equation governing
these oscillationss

¥ - (2e2/3mcd)¥ + k§c2§ =0 (1)
where ¥ is the displacement of the electron per unit electric
fileld, -e its charge, m its mass, ¢ the velocity of light in
vacuum, and k, = 2nv0/c (vo is the frequency of the undamped
oscillations).

The scattered radiation is produced by the forced
oscillations of the electrons caused by the incident radiation.
The interaction of the incident radiation with the oscillators
i1s small unless the incident frequency is near a natural fre-
quency of the oscillators.

An expression describing forced oscillations due to
an incident plane wave E = exp[ik(ct - x)] must include the
force -eE exerted by the field on the electrons. Equation (1)

thus becomes
P - (202/3mc)E + k§c2{= -(e/m)explik(ct -x)] (2)

where the subscript q may refer to the K, L, M, etc absorption
limits of the atom. (It should be noted that this treatment
neglects the influence of adjacent electrons in the mediumg
in the x-ray region thi:¢ influence can be shown to be compara-

tively small.)



The solution of Eq. (2) is of the form ~
£ =a exp [ik(ct~x)]
and when a is determined we obtain

- explik{ct - x)]
mc2(k§ -k2) +2¢2%1k3/3

. (3)

-

The polarization of the medium due to type-q electrons can
thus be expressed as Pq:-nqe{ s Where nq is the number of
type-q electrons per unit volume.

Using the relation between the dielectric constant

x and the polarization of the medium, and Eq. (3), we obtain

L*‘n:l’!qe2
=1+ . (u)

mc2(k§ ~k2) + 2¢21k3/3

Equation (4) indicates that che dielectric constant
1s‘ complex and can be expressed as
x=1-23~2ip
where b and f can be found from a comparison with Eq. (4).
From Maxwell's relation v = cAx , we see that a
complex dielectric constant gives rise to a complex phase ve-
locity. The significance of the complex nature of the phase

velocity is most easily seen by discussing its reciprocal S.3

sc=1/c(1-2a-21§)%z 1/c(l -8 - us):s-isiL . (5)
The equation of a plane wave moving through a medium is
E=A exp[iw(t-x/v)]=A exp[iw(t -5¢cx)]
= A exp[iw(t -Sx+ iSix)'_]:A expliw(t ~5Sx)] (6)

X exp( -uSix) .

It is thus seen that the imaginary part of the phase velocity



introduces an absorption coefficient characteristic of the
medium and leads to an attenuation of the amplitude of the
wave.

In dispersion theory the index of refraction which
is the ratio of the phase velocities in vacuum and in the
medium is, of course, also a complex quantity given by

nc=n+ini=1-bnip.
A comparison of the experimentally measured index of refrac-
tion and its theoretically predicted value 1s thus a test of
the correctness of the theory.

Experimental measurements of the index of refraction
performed by a number of workers in the Twenties confirmed
within the limits of experimental error the correctness of
Lorentz's dispersion theory in regions in which the natural
electronic frequencies of the medium can be neglected.

Agreement with the theory was found to be poor for
the case of calcite when molybdenum Kqg and copper Ka radia-
tions were used.

However, the most definite need for a reconsider-
ation of the Lorentz dispersion theory arose from its predic-
tions regarding the linear absorption coefficient for x rays.

Squaring Eq. (6) and comparing it with the expres-
sion for the attenuation of a wave by a medium with a linear
absorption coefficient p,, we obtain
Bﬂnqeukl+

]
3[n2c“(k§ -x2) 2+ ue*k8/9)

SRR AN (7)

where pq can be obtained from Eq. (4%). The resultant expression



predicts a peak of By about the natural frequency, whereas
such a peak is not observed experimentally and the disconti-
nuity actually occurs at a slightly higher frequency.

REVISED LORENTZ THEORY

In the revised Lorentz theory the absorption of x
rays with a frequency higher than the critical absorption
frequency, uq/2n, is attributed to a set of "virtual" oscil-
lators associated with the atom. These virtual oscillators
have characteristic frequencies between uq and o and those
whose characteristic frequencies lie near that of the inci-
dent wave will contribute to its absorption. The number or
"strength" of the virtual oscillators assigned to a given
frequency is determined by a distribution function which

must satisfy the equation

[e0]
zq: Lf(uj)duj (8)

q
where zq is the number of electrons per atom associated with

the q critical absorption frequency. By substituting expres-
sion (8) for nq in (7), we obtain a contribution to the atomic

absorption coefficient due to the gq electrons

(00}

ug=(8n/3)(e2/m)2(w/t:)“[ 5
W (”j

fw,)du, . (9)
3

_u2)2-+ueuw6/9m20
q
2c6

In view of the smallness of the term 4e“u6/9m s Only small

values of (u?-—uz), i.e., values Wy close to w, will contri-
bute effectively to the value of the integral. We can thus

set wJ==u in all cases where we are not dealing with a differ-



ence between the two, and we can approximate f(uj)by f(uw)
neglecting the small variation of this value. We therefore,

rewrite (9) as

a>
q 220 /o) 2 du,
By = (82/3) (e/mTw/c) £( v) (1/%u°) 2 v e ¢ (10)
(W, ~w)+ e w/9m
w J
q
The integral can be evaluated as
3® 3
3(wy ~w)me 3,22 -1 -1 3w ~wme
-1 - -
(3mc%2w2) tan 32 ; (3mc/ew ) tan ~ o -tan g22
2e"w Y ew

where e2u2/3mc3 is a small quantity and (wq-w) 3mc%@2u215,
therefore, a large (negative) quantity, unless w 1s very
close to Wy Excluding the latter region, we can set
tan'l(wq- w) 3mc%@2u2= -n/2, so that the value of the integral

is 3nmc3/é2w2 . Equation (10) thus becomes
pz = (2n2e2/mc)f(w) . (11)

Combining (11) with (8), we have

@ 2.2
pddw = (2n%e /mC)gq- (12)
a
Wq

By introducing in Eq. (12) the experimentally observed frequency

variation of the absorption coefficient pg =kq/u3 (kqis a con-

stant), one obtains
pd = (‘+1r2e2/mC)(w§/w3)zq, (13)

an expression which can be summed over the various atomic
levels. Combining Eq. (13) and Eq. (11), we obtain

_ .2, 4.3
f(wj) = 2uqzq/wj . (1)



ence between the two, and we can approximate f(wj)by flw)
neglecting the small variation of this value. We therefore,

rewrite (9) as

©
q 2 0/ert 2 duy
by = (81/3) (e7/m)Tw/c) £ w) (1/%) > g, e  (10)
(uj-u) + e w/9m%e
“q
The integral can be evaluated as
Yme? © 3
-1 3w ~w)me - 3,22 -1 -1 3(w_ - wmc
(3mc9’e2u2) tan 1 32 - = (3mc/ew° ) tan™ o - tan 922
2e"w Wq ew

where e2u2/3mc3 is a small quantity and (uq-u:)3mc%Q2u218,
therefore, a large (negative) quantity, unless w 1is very
close to w_. Excluding the latter region, we can set
tan-l(wq- w) 3mc%@2u2= -n/2, so that the value of the integral

is 3nmc3/52w2 . Equation (10) thus becomes
wl = (2n2e2/mc) £(w) - (11)

Combining (11) with (8), we have

@ 22
pddu = (2n%e /mc)zq. (12)
3
w

q
By introducing in Eq. (12) the experimentally observed frequency

variation of the absorption coefficient pg =kﬁ/b3 (kqis a con-

stant), one obtains
pi = (unzez/mc)(m2/u3)z s (13)
q q
an expression which can be summed over the various atomic

levels. Combining Eq. (13) and Eq. (11), we obtain

- 2 3
f(uj) = 2uqzq/uJ . (1w)



THE KRAMERS-KALLMAN-MARK THEORY OF THE REFRACTIVE INDEX

Using the expression for the refractive index
nc=].-b - 1B
and 3 and B found according to the Lorentz theory, we find
that the contribution to the complex refractive index due to

the q electrons {is
ng=].+(2ue2nq/m)(w§-u24-2ie2w3/3mc3)-l . (15)

In the revised theory each electron is replaced by a distri-
bution of virtual oscillators given by Eq. (14). The dis-
tribution per electron is f(“j)/zq , and
©
duj

q 2 2
p =1+ (4re’n u /m) . (16)
¢ aq w?(w?-—w2'*2192w2/3m03)

“q
Integration ylelds new expressions for bq and pq which were
tabulated by Glocker and Schi@fer (6). The validity of these
equations at the absorption edge appears, however, unjusti-
fied, since Eq. (11) which, together with the experimental
variation of pg , leads to Eq. (1%), has been obtained under
the assumption thatw is not very close to wq.

Investigations by Larsson, quoted in (%), on cal-
cite near the K absorption edge of calcium showed that while
the unmodified Lorentz formula did not agree with the experi-
mental results, the modified theory accounted for them adequate-
ly. Some disagreement, particularly on the long-wavelength

side of the absorption edge, was nevertheless noted and the

discrepancy decreased somewhat when a value zy smaller than



2 was used.
THE RELATION BETWEEN THE COMPLEX REFRACTIVE INDEX AND THE
ATOMIC SCATTERING FACTOR, fo
The equation of motion of a free, undamped elec-
tron is
a = 2 = -eE/m.
Hence the rate of loss of energy, w, by the electron is

dw/dt = -2¢ E%/3mec> . (17)

The acceleration of an electron executing forced, damped
oscillations, obtained from the solution of Eq. (2) by differ-

entiation, is
a == -k2c%g = -t .
The energy loss due to electromagnetic damping is, therefore,
dw/dt = -(2u4/3c3) lEel2 = —2u4/303 Ipl2 ,
where p is the dipole moment resulting from the displacement

of a single electron.

The energy W radiated by the entire atom is

dw/dt =‘-(2u4/303) lﬁquqlz . (18)

The polarization of the medium is given by
P = nz
aq”qPq ?
where n, is the number of atoms per unit volume.
The dielectric constant is thus

=1 + (““/E)nagquq s
and

b+ 1p = nazqzq(bq + 1pq) = '(2“/5)"a§quq .



10

Equation (17) can now be written as
dW/dt = -(u“E2/6n2c3)l§zq(bq+ 1pq)|2.

Dividing this by Eq. (16), we obtain what is by definition

£ 6 =0
0 at sin =

fg = (m2ul+/‘+1r2e‘+) Igzq( dq+ ipq)l 2, (19)

this is the relation between the atomic scattering factor
and the complex index of refraction. An investigation of
the change of the atomic scattering factor with wavelength

can therefore serve as a test of any dispersion theory.
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FURTHER DEVELOPMENTS OF DISPERSION THEORY

H8nl (1) avoids the introduction in Eq. (15) of the
virtual oscillator distribution obtained from the empirical
k;absorption law. In place of this he employs Sugiura' s (7)
quantum mechanical calculations of the oscillator strength of
hydrogen, adapting these to the heavier atoms by suitable
approximate correctims for screening and relativity effects.
Hénl was thus able to calculate a distribution function per
electron for the K electrons. By introducing this distribu-

tion in Eq. (15), he obtained expressions for 3,6 and Bk o and

K
hence for the variation of the atomic scattering factors
with wavelength. In his more complete theory HSnl estimates
the change of the correction to the atomic scattering factor
as a function of the scattering angle in regions where the
anomalous dispersion is due mainly to the K electrons. Honlts
results have been tabulated by James (8).

Honl's theory has been extended by Elsenlohr and
Miller (9) to include effects due to the L electrons. The
calculations are unfortunately carried out only for tellurium
and tungsten, and will have to be extended to other elements
before further comparison with experimental results is possi-
ble.

Parratt and Heﬁpstead (2), on the other hand, have
approached the problem from a phenomenological point of view.

From a survey of the literature they concluded that while the

assumption of a ka distribution of virtual oscillators makes
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W

for casy integration of the expression for & , X\ is probably
more correct, They then proceeded to an integration of the
dispersion expression for a general 3WPa term where Pq is the
fractional exponent corresponding to the q absorption edge.
In this way it also became possible to include effects due
to other electron shells. In order to evaluate the error due
to the customary neglect of the damping factor, Parratt and
Hempstead retained the damping factor in their calculations
and subsequently concluded that its neglect is well justified
except in cases where the incident wavelength is very close
to an absorption discontinuity.

Dauben and Templeton (10) have used the methods of
Parratt and Hempstead to calculate real and imaginary correc-

tions to the atomic scattering factors of most elements for

incident molybdenum, copper, and chromium Ka radiation (for

® = 0). Their calculations include effects due to the K, L,
and M shells, and damping has been neglected. Templeton (11)
has extended these calculations to the lighter elements, in-
cluded effects due to the N shell, and calculated the varia-
tion of the corrections with sin 6/\ by multiplying the con-
tribution of each electron group by its individual form fac-

tor.
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THE ANOMALOUS SCATTERING OF X RAYS

Experimental confirmation of the variation of the atomic
scattering factors in the region of anomalous dispersion was
first obtained by Mark and Szilard (12) who studied the inten-
sity variation of the (111) reflection of RbBr with changing
wavelength of the incident radiation. The structure factor
of the (111) reflection of RbBr is a term involving the differ-
ence of the atomic scattering factors of the two elements, and
the (111) reflection thus appears only when these are unequal,
Mark and Szilard demonstrated that this occurs in the region
of anomalous dispersion when SrKa radiation, with a wave-
length close to and between the absorption edges of Rb and Br,
is employed.

The sbove qualitative demonstratin was soon followed by
a series of measurements of atomic scattering factors using
various incident wavelengths. The first of these by Armstrong
(13) for copper using CuKa and MoKa radiation indicated approx-
imate agreement with values calculated from Hénlt's theory.
These measurements were extended by Wyckoff (14) who measured
the atomlic scattering factors of nickel and oxygen in NiO,
and later used powders to measure those of nickel, copper,
and iron., These results are in generel agreement with Honl's
theory. Bradley and Hope (15) used powdered FeAl to find the
scatte-ing factors of iron and aluminum. Glocker and Schafer
(6) élso investigated powderediron with an admixture of alumi-

nume This method of admixing a standard powder was employed
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by Rusterholz (16) for measurements of the scattering factor
of copper on the long-wavelength side of the K edge. Brindley
and Spiers (17) used this method to measure the scattering
factors of copper and nickel. The values obtesined by them
were somewhat lower than those predicted by Hdnl. Brentano
and Baxter (18) emplbyed the method of mixed powders to deter-
mine the scattering factors of tungsten in the neighborhood

of the L absorption edges. Eisenlohr and Miller (9) compared
the results of these measurements with their theoretical work
on the dispersion due t; the L electrons. The experimental
values fall in general below the theoretical curve on the short-
wavelength side, while the agreement on the long-wavelength
side is quite good.

Roof (26) has recently investigated the dispersion of the
atomic scattering factors of Th, U, and Pu with MoKe, CuKa,
FeKa, and CrKa radiations which are close to the L and M absorp-
tion edges of these elements. He reported qualitative agree-
ment with Templetont's calculated dispersion corrections.

In general, measurements of the atomic scattering fac-
tors are subject to considerable uncertainties owing to possl-
ble errors in allowing for absorption in the powders and for
the effect of the temperature motion of the atoms iIn the cry-
stal. Errors may also be introduced by an incorrect deter-
mination of absolute intensities. When single crystals are
used, extinction can affect the results appreciably.

A method which avoids almost all of these sources of

error is based on the anomalous scattering of x rays by non-
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centrosymmetric crystals,
The amplitude F_of x rays diffracted by a crystal con-
taining atoms that show appreciable dispasive effects and

others that do not, can be written as

Fo = Ap + 1By + (Cg + 16Dy) (fq + Af1 + 1af1r),

where the plus and minus subscripts of F refer to the (hk!) and
(KEE) reflections respectively, A, and Bn are the structure-
factor components due to the nondispersive element, ¢ = +1 and
-1 for (hk%) and (hkY) respectively, Cqfq = Ay and Dyfq =By

are the structure-factor components of the dispersive atom,
where fd is the atomic scattering factor of the atom at rest

to which the dispersion corrections Af* and i1iAf!' have to be
added, and where C4y and Dy contain tﬁe temperature factors of

the dispersive element. The amplitude can be written as

F, = (Ap + Ag + CyqAf! ~ oDgafrY)
+10(Bp + By + Dyaf! 4 oCqaf')

= (A - oD 0f") + 10(B +0Cyafn),

where Ap + Ay + CgAf' = A and By + By + ByAf' = B,

The intensities I and I_ of the (hkt) and (EEE) reflections

are therefore

L]
i
m
n
"

[(a - Dyafrt) + 1(B + Cyafr)]

X

(A - Dgaf1) - 1(B + Cgaf") ]

[}

(A - Dgaf") & (Cqafrr +B)

I =FF = (A+ Dgafn) + (B - Cgatn)? ,

and are thus found not to obey Friedel's 1law.
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Forming the ratio

{  Is+-1. _  BBC4Af'-8AD4AL

— =

v (14+1_)/2 A2+B2+D§Af"2 +C§Af"2

we find that it is a function of the atomic scattering fac-
tors and of the dispersion corrections. It will be noted
that the experimentally obs2rved ratio AI/Iav can be directly
compared with the theoretically predicted values, requiring no
correction for absorption [if it can be assumed that the ab-
sorption is identical for (hk:) and (hkZ) reflections], no
6-dependent corrections, and no conversion to absolute inten-
sities., The assumption that the temperature factors in the
numerator and in the denominator of the ratio cancel out in-
troduces an error, particularly at large values of sin 8/\,
since it is equivalent to assigning to each atom in the lat-
tice the same "average" temperature factor (cf. Table 3).

Nishikawa and Matukawa {(19) and Coster, Knol, and
Prins (20) were the first to investigate the inequality of
the intensities of the (111) and the (IIT) reflections of
cubic zinc sulfide.

Harrison, Jeffrey, and Townsend (21) used the anom-
alous scattering of MoKa radiation to investigate the agree-
ment of Honl's theory with the experimentally observed inten-
sities of the (hkt) and (hkl) reflections of Zn0 crystals.
Their results indicated considerable disagreement with the
theory.

In a continuation of this study Townsend, Jeffrey,

and Panagis (3) investigated single crystals of cublc zinc sul-
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fide. Cubic zinc sulfide (sphalerite) has a face-centered
lattice with four molecules per unit cell. The special posi-
tions of the atoms are determined by the space group Fi¥3m to
be at (000) and (1/% 1/4% 1/4) and at other lattice-related

positions. The structure factor is found to be
! 1 ' 1n
F= 4§ + 186, + (fg +18f) exp(nif/2)]

+ Af and H=h + k + L.

’
where f = f Zn,s

Zn,S Zn,S

This reduces to

L]

1 " ' 1
F = l!'(fzn'l- 1Aon+ fs + iAfs) when H 4n

F= WE + iAf. - f. - 1A£') when H = 2
= g, btyn = fg - g/ when n

1 11" [ 1]
F= (f, + 1AL, + oif’s-mfs) where ¢ = +1 if H= 4n + 1
and 0 = -1 1f H= 4n - 1
(n = 0, ‘_.'_1’ ."_'2, 13, ooo)c

The intensities are
! 1.2 n n.2 -
1= 16[(on+ fs) + (Aon+ Afs) ] when H = u4n

' 1.2 " ".2
I =1d4(f, - §° + (af, - 4£)°] when H = 2n
' "2 " L)
I = 16(f, - A8)24 (af) + of ) Iwhere ¢ = 41 1f H = 4n + 1
¢ =-1 if H=Y4Yn - 1.
The (hkt) and (hkZ) reflections with h, k, and L odd are thus
seen to differ in their intensities, and the ratio of this

difference to their average intensity is found to be

1"t \i] 1
AL _ H(Afsj@- Aonfs) . (20)
Iov £2 4624 aF"2 4 af'2
zn * fs zn s
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Unlike in the case of ZnO, Townsend, Jeffrey, and
Panagis (3) found that the experimental values obtained for
ZnS with MoKa and CuKa radiation are in essential agreement
with theoretical calculations using angle-independent anoma-
lous~dispersion corrections for the atomic scattering factors,
They also found thaf a clear choice between the values based
on the work of Hdnl and those based on the work of Parratt
and Hempstead was impossible because of the scatter of experi=-
mental values.

This work on ZnS was extended by Friedman (4) to
include a larger number of reflections. Friedman's data are
in agreement with those of Townsend, Jeffrey, and Panagis and
the scatter of the experimental results is smaller. Neverthe-
less, no clear cholice between the two sets of theoretical cor-
rections could be made.

The first portion of this thesis is a repetition of
the work on cubic ZnS extended to include more reflections and
measurements with CrKa radiation. Similar measurements using
CuKa and CrKa radiation were then performed on the isostruc-~
tural boron phosphide and attempts were made to obtain experi-
mental values of the dispersion corrections to the atomic

scattering factors.



EXPERIMENTAL WORK
THE ANOMALOUS SCATTERING OF MOLYBDENUM Ka RADIATION BY CUBIC

ZINC SULFIDE

The natural crystals of the investigated cubic zinc
sulfide (sphalerite) originated in Santander, Spain. The gol-
den-colored transparent samples were obtained from the Museum
of Natural History in New York City (file no. 7090). Their
color and transparency are evidence of their comparatively
high puritysy sphalerite from Santander is reported in Dana's
System of Mineralogy (22) to contain 0.45 percent tin and
0.40 percent iron impurity. An x-ray fluorescence analysis
of a powder specimen of the material indicated the presence
of less than one percent of iron. No other impurities with
atomic number greater than 19 were detected (4).

Several crystals were ground to spherical shape
using a diamond-lined sphere grinder (4). The diameter of
the sphere selected for this work (referred to below as 2ZnS #1)
was 0.384+ 0.00% mme Thissphere was mounted with shellac on
a fine glass fiber drawn from the soft glass of the caplllary
tubes commonly used in the preparation of Debye~-Scherrer sam-
ples. Rotation photographs confirmed that the sphere consist-
ed of a single crystalj no strain was apparent.

The intensities of 36 sets of reflections with all
indices odd and of 12 sets with all indices even were meas-
urea on the General Electric¢ XRD-5 Single Crystal Orienter with

a stationary scintillation counter and stationary crystal.
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A zirconium filter, augmented by electronic pulse-height
selection, was used to discriminate against unwanted wave-
lengths,

Of each investigated set with hk!{ odd the intensi-
ties of at least four reflections were measured by noting the
time required for the scaler to accumulate a given number of
countsy of sets with hk! even two equivalent reflections were
similarly measured. With increasing 6, the number of counts
required to accumulate was gradually reduced from 100 000 to
10 000. The background on both sides of each peak was meas-
ured similarly, except that the number of background counts
required to accumulate was varied from 1000 to 400. Measure-
ments of the intensity at the peak maximum (the Ka, peak in

the region where it was resolved from the Ka, peak) as well as

2
of the background on each side were repeated at least three
times.

Tables 1 and 2 1ist the averages of the repeated
measurements of the peak intensity (converted to counts per
second) after subtraction of the background which was taken
to be the average of the measurements on both sides of the
peak. The corresponding average deviations from the mean
are indicated in Table 1. The deviations of the absolute
values of AI/Iav from zero for reflections with hki{ even
(Table 2) serve as an additional measure of the magnitude of
the experimental errors.

In the system of indexing employed all reflections

with h + k + L = 4n + 1 were consistently found to be more
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intense than those with h + k + ¢ = 4n -1,

Table 3 lists the experimental and theoretical values
of AI/Iav. The theoretical values were calculated from Eq. (20{
using the atomic scattering factor for zinc calculated on the
Thomas-Fermi~-Dirac statistical model (11) and the atomic scat-
tering factor for sdlfur calculated from self-consistent and
variational wave functions (11). The dispersion corrections
used were those listed in the International Tables for X-Ray
Crystallography (11) based on the calculations of Dauben and
Templeton (10), and those based on the calculations of Honl
and tabulated by James (8).

The values of (AI/I listed in Tables 2 and 3

av)obs
are plotted in Fig. 1 as a function of sin 6., 1In Fig. 2 these
values (averaged whenever two or more reflections occurred at
the same value of sin 8) are plotted together with the theo-
retical curves calculated with the two sets of corrections. A
third curve was calculated by applying Templeton's (11) dis-
pergkn corrections and Miller's (23) temperature factors

(B, = 0.9082, B = 0.6022) to the atomic scattering factors.,
Zn 4

S
The third curve shows clearly the error introduced by assuming
AI/Iav to be independent of temperature effects, and improves
the agreement between theory and experiment at large Bragg

angles.
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Table 1. Peak intensities of reflections with hkt odd (ZnS

#1 with MoKa radiation).

hkt Counts/sec a.d. hkt Counts/sec  a.d.
111 ' 11687 36 335 954 8
11T 11616 36 533 969 8
1Tt 13039 93 335 1140 8
T 12854 93 533 1124 8
113 5328 o4 551 717 8
311 5375 24 155 732 8
113 4990 28 55T 868 2.5
11 493y 28 Is5% 863 2.5
331 3049 31 117 830 1
133 3104 31 711 828 1
33l 3360 8 T17 69k 3
Ta3 3344 8 711 700 3
333 2235 8 355 631 0.5
333 2219 8 5395 630 0.5
333 2056 13 355 504

333 2031 13 538 524

115 1958 7 317 509

511 1971 7 173 509

115 2241 28 317 628 2
511 2296 28 173 632

531 1597 5 337 483 1.5
153 1606 5 a73 486 1.5
53] 1404 12 337 397

als 1380 12 733 393
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Table 1 (continued)

hke Counts/sec  a.d. hke Counts/sec  a.d.
555 283 3 575 186 1
555 289 3 755 18% 1
555 371 1 557 147.5% 0.4
555 369 1 755% 146.8 0.4
751 366 0.5 933 140.5 0.1
517 365 0.5 393 140,7 0.1
751 293 339 180.2 0.8
517 293 933 181.8 0.8
119 219 0.5 773 144, 1 0.3
191 220 0.5 737 143.6 0.3
119 280 0.5 773 115.3 0.2
911 281 0.5 377 116.6 0.2
753 213 951 111. 42 0.38
375 213 195 112.08 0.38
753 284 1 951 145,16 0.66
375 286 1 195 146, 49 0.66
319 212 1 539 113,79 0.05
931 214 1 953 113.88 0.05
319 172 0.5% 539 90. 24 0.48
931 173 0.5 953 91.19 0.48
771 142 0.5 775 80. 46 0.16
177 141 0.5 577 80.78 0.16
771 130 0.5 775 108.69 0.18
177 181 0.5 577 108, 34 0.18



hk!

111
111
11 1
111
559
955

559
95%
971
197

97
fo97

Table 1 {concluded)

Counts/sec

111.22

110.57
97,02
95.98

70.12
70.58
93.61
93.78

94,06
9. 14
72,72
72.00

65.56
65,22
86.90
87.05

81.78
82,57
66,43
65.84

80.45
80.09
58,94
59.00

a.d.

0.33
0.33
0.02
0.02

0.23
0.23
0.09
0.09

0.04
0.0
0.36
0.36

0.17
0.17
0.08
0.08

0.40
0. 40
0.20
0.20

0.18
0.18
0.03
0.03

hkt
3511
11 3 5
35 1IT
IT 35
991
199
99T
fo9
939
993
993
399
1113
1311
113
13171
995
599
995
959
3313
13 3 3
3313
13 3 3

Counts/sec

54, 80
5%, 55
73,42
73.81

52.17
52.16
65,63
65,27

70.73
70.97
54, 84
55.60

52.8%
52.23
66.38
66,25

47.5%
47. 34
65.09
66.09

47.91
47.78
62.55
62.87

24

a.d.

0.13
0.13
0.20
0.20

0.01
0.01
0.18
0.18

0.12
0.12
0.38
0.38

0.3l
0.31
0.06
0.06

0.10
0.10
0.50
0.50

0.07
0.07
0.16
0.16
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Table 2. Intensities of reflections with hkt even (ZnS #1
with MoKa radiation) and the observed absolute values of

AI/Iav

hke sin 6 Counts/sec IOO(AI/IaV)obs

200 0.13110 3323 1.7
020 0.13110 3380

—220 0.18550 10083 0.9
230 0.18550 9990
400 0.26253 5538 0.8
ou0 0.26253 5682
4140 0.3710% 284Y 0.6
0o 0.37104 2826
620 0.41485 1984 "
206 0.41485% 2012
800 0.52480 822.6 0.5
080 0.52480 818.2
660 0.55663 645,.8 1.3
660 0.55663 637.5
8lY 0.64275% 273.9 2.1
B8y 0.64275 268,2
880 0.74218 156, 4 0.6
880 0.74218 155, 4
1200 0.78720 123.6 0.5
0120 0.78720 123,0
12 40 0.82978 106.1 1.0
4012 0.82978 105.0
10 10 0 0.92772 104.1 0.7

I6 16 o 0.92772 103, 4



Table 3,

zinc sulfide (MoKa radiation).

hki

111
113
133
333
115
135
335
155
117
355
137
337
555
157
119
357
139
177
557
339
377
159

sin ©

0.11362
0.21757
0.28594
0. 34087
0.34087
0.38810
0, 43017
0. 46848
0. 46848
0.50388
0.50388
0.53696
0.56811
0.56811
0.5976M
0.5976Y4%
0.62578
0.65271
0.65271
0.65271
0.6785%7
0.67857

»*
Corrected for thermal

1oo(A1/1w)ole
10.6 + 0.8
7.56% 0.7
8.65+ 1.0
8.57+ 0.7
1%, % 4 1,1
1%.0 + O,
16,2 + 1.1
17.7 + 1.1
17.3 + 0.4
18.5 * 0.1
21.2 + 0.4
20.5 * 0.6
25.6 + 1.0
22.1 + 0.2
24,3 + 0.3
28.9 * 0.4
20,7 * 0.6
24,1 # O. 4
22.8 + 0.6
25.1 + 0.5
21.5 + 0.2
26.5 + 0.6

effects.

Hénl

6.98

8.33

9.88
11.31
11,31
12.58
13.72
14,69
14%.69
15.55
15.55
16.20
16.68
16.68
17.06
17.06
17.56
18,02
18.02
18.02
18.40
18.40

Dauben
and
Templeton

749
8,72
10.18
11.58
11.58
12,78
13,88
14,81
14,81
15. 49
15.49
15,98
16.19
16,19
16,46
15,46
16,69
16.91
16.91
16.91
17.63
17.63

26

Experimental and theoretical values of AI/Iav for

Theoretical walues

Dauben
and
Templeton

7.52

12.05

14,77

16.81

18.04

19,63



hke

359
577
11
559
179
379
177
15
35
199
399
11
599
33

11

11

11

13

13

sin ©

0.70348
0.72754%
0.72754%
0.75082
0.75082
0.77341
0.79536
0.79536
0.81671
0.83752
0.85783
0.85783
0.89707
0.89707

*
Corrected for thermal effects,

27

Table 3 (continued)

100(a1/1

22.6
29.5
14, 4
28.5
26.1
28.3
21.6
30.6
29,5
22,6
24,8
23,2
32.1
26.9

av

M+ 14+ 1+ 14 1+ 1+ 1+ 1+ |+ 1+ 14 1+ 1+ 1+

)

obs

0.2
0.3
1.1
0,3
0.4
0.3
0.6
0.3
0.4
0.3
0.6
0.5
0.9
0.3

Theoretical values
Dauben Dauben
and and
H&nl Templeton Templeton

18.71 18,12
18.85 18.65
18.85 18,65
19.05 19.00
19,05 19.00
19.31 19,53
19.52 19.70 24,66
19.52 19.70
19,74 20.17
20.02 21.00
20.23 21.53
20.23 21.53
20.61 22.34 30.15
20.61 22,3%
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THE ANOMALOUS SCATTERING OF COPPER Ka RADIATION BY CUBIC
ZINC SULFIDE

The first set of measurements with Culla radiation
(Table 4) was obtained with the crystal described in the pre-
vious section (ZnS #1). In view of the fact that the results
of these measurements were in disagreement with previous re-
sults (3,4), an additional crystal (2ZnS #2) with a diameter
of O.491 +0.002 mm was selected from those previously ground,
and the integrated intensities of four sets of reflections
with all indices odd were measured {Table 5). The experimental
and theoretical values of AI/Iav are summarized in Table 6 and
plotted as a function of sin @ in Figs. 3 and 4.

In terms of the hkt indices used in this investiga-
tion, it was found that with copper radiation all reflections
with h+k+2 = 4Y4n+1 were less intense than those with h+k+ ¢
= 4n - 1. It will be recalled that the opposite was true for
mol ybdenum radiation. This reversal of the relative intensi-
ties of the two sets of reflections 1s due to the change in the
relative values of Afén and Agé for the two radiations.

In order to minimize possible errors in the subtrac-
tion of background counts, Ross filters (cf. Appendix) were
employed. The integrated intensities were obtained by subtrac-
ting the number of counts recorded by the scaler in the course
of a 6-26 scan with the cobalt-oxide filter from the number of
counts recorded in the course of an identical scan with the
nickel ~and-aluminum filter. The scanning rate was 2926 and

1° 28 per minute for ZnS #1 and ZnS H2 respectively, and the
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angular range scanned in each case was 3 and 1/3 degrees 26.
Each measurement was repeated at least three times.

After being filtered, the radiation entered the pro-
portional counter. The resultant pulses were preamplified and
then additionally amplified by a linear amplifier. In the
case of 2nS K1 use was also made of pulse-height selection to
discriminate against unwanted wavelengths.

Although only intensities of reflections with hkt
odd are presented in the Tables, a number of equivalent reflec-
tions with hke even was checked. 1In general these were found

to be equal within experimental error.

ATTEMPT TO OBTAIN EXPERIMENTAL VALUES OF THE IMAGINARY

DISPERSION CORRECTIONS Af"Zn AND Af';

The fact that anomalous scattering is due to the
imaginary part of the dispersion correction suggested that the
experimental data might yield experimental values of the cor-

11 1
rectlions Aon and Afs .
Substituting in Eq. (20) the experimental values of

AI/Iav, we obtain a set of equations

1
Af

[ I ] 1" \
sfzn ~0f 7 fg =1/%(81/1 ) |\
(21)

2

"o
X [on

1 LA
+ fsz* of “52] .

!
Substituting in these equations the values of 0= f2n4‘Aon

and gs found in the International Tables (11) and using as a
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first apprqximation in the right-hand side the values for

Afén and Agé found in the Tables, we obtained a set of
linear simultaneous equations. A least-square treatment of
this set yielded preliminary values of Afén and Agé.

These were then substituted in the right-hand side of Eq. (21)
and the least-square procedure was repeated, yielding the fol-

lowing valuess

1"
8f, = 2.8 % 1.2

Afs = 109_‘._'_005

The errors in these values were estimated from the largest
error limits in the averaged values of AI/Iav.
Some justification for using the theoretical real

dispersion corrections, which may themselves be in error, in

Eqs. (21) can be found when the variation of AI/Iav with

! (A
on,s and Aon’s is investigated. Rewriting Eq. (20) in
the form

1 11"
R = AI/Iav = LP(onAfS - fSAon)/D

12 12
D=f,,*fg Zn s

' ' ' "
we consider R a function of f, = £, + 4f, , fg, Af, , and

Afy, and calculate the differential

dr = 28~ a(e )+ Broa(sy) « =B a(af) ) « B aary).
" af. O aaf 20" aaf s
0on s Zn S

The symmetric form of Eq. (20) enables us to restrict our-

selves to a consideration of only two terms of the above
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expression.
Thus,
- 1) 2 t ! 1 1t 2 ]
dR = [14(DAfg - 2i'2nAf's + 26t Af, )/D?1d(F, )
' o ? "non ' ) 1
+ [(2fgaf, - 2f, afcaf, -Dfg)/p ]d(Af'Zn)

+ two similar terms.

Comparing the numerators of the two terms, and remembering
that Ag' 1s, expeclially at small values of sin 6, much
smaller than Df', it is seen that R changes much more rapidly

'
with a change in Ag' than with a comparable change in £ .,
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Table 4. Integrated intensities of reflections with hk! odd
(znS #1 with CuKa radiation).

hkt Counts a.d. hkt Counts a.d.
T 85862 172 333 35213 276
1Nl 85670 333 34745

117 85378 333 34440

In 90566 334 333 36604 205
11T 90163 333 37013

Nt 89613

3n 54317 775 sIT 35235 149
13 53170 Isf 35532

113 55043 511 33797 9y
3IT 51018 655 151 33610

T3l 52360

ITa 52624

311 50414 1599 531 40910 88
131 54307 I53 41119

113 51003 315 40930

)8} 57560 3yy 531 43421 31l
Ia) 56 580 153 42800

113 56977

k) 40987 680 335 72737 667
133 39773 533 73543

3I3 41617 353 72435

33 37997 259 335 71966 822
133 38607 533 70357

313 38053 353 69875
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Table 5. Integrated intensities of reflections with hki odd
(ZnS #2 with CuKa radiation).

hkt Counts a.d. hk? Counts a.d.
1 180820 884 33l 102243 256
1Tt 179053 T33 102691
In 193946 193 3l3 101986
nr 194332 .

353 102138 76
I3 118707 357 533 102394
Taf 119420 335 91177 9u6
191 127710 74 533 98689"
113 129197 353 959u2"
313 107935 1378
133 110477
331 106819

*The 335 reflections were measured, unlike the other reflec-

tions, with pulse-height discrimination.
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THE ANOMALOUS SCATTERING OF CHROMIUM Ka RADIATION BY CUBIC
ZINC SULFIDE

The intensities of three sets of reflections (six re-
flections in each set) with hkl odd were measured with chromium
Ka radiation. The diffracted radiation was filtered with a
vanadium filter which transmitted 55 percent of the incident
Ka radiation. Pulse-height discrimination was employed to
decrease the contdbution to the intensity due to the white ra-
diation, and the pulses from the proportional counter were
amplified by a linear amplifier. The integrated intensities
were obtained by scanning through an angular range of 3 1/3o 20
at a rate of 1° 280 per minute, and subtracting the background
from the number of counts recorded by the scaler. The back-
ground was measured on both side of the peaks by noting the
number of counts accumulated in the course of 200 seconds.

All measurements wexe repeated at least three times.

Table 8 1ists the experimental and theoreticel va-
lues of AI/Iav'

The agreement between equivalent reflections meas-
ured with CrKa radiation was poorer than with other radiations.
This was ascribed to the high absorption coefficient of zinc
sul fide for the soft chromium radiation, which tended to ac-
centuate slight changes in the diameter of the spherical crys-
tal. Results which have been discarded in thevcalculation of
the experimental values of AI/Iav have been marked in Table 7

by an asterisk.



Table 7. Intensities of reflections with hk! odd for ZnS #1
(CrKe radiation).

hke Counts a.d. hkt Counts a.d.
111 4] 425 744 Iis 48820 235

1t 39450 3fT w4180"

381 40053 Tar 49290

IT1 42253 710 133 138750 1761
nr 43672 313 142271

11 36857 3% 132730"

1 su322" 133 154608 785
1351 52761 15 af3 149630"

113 52792 331 153035

Table 8. Experimental and theoretical values of AI/Iav for
zinc sulfide (CrKa radiation).

100(a1/1 Theoretical values
hk sin 0 (a1/ EV)ObS Dauben and Templeton
111 0.36658 6.4%2,5 5.17

113 0.70103 7.3+0.5 T.71

133 0.92321 9.04¢1.3 9.45%

“Results which have been discarded in the calculation of AI/I .
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THE ANOMALOUS SCATTERING OF COPPER AND CHROMIUM Ka RADIATION
BY BORON PHOSPHIDE

The boron phosphide crystals were obtained from the
Research and Engineering Division of Monsanto Chemical Com=-
pany.* The translucent reddish crystals were reported to con-
tain about 10.8 impurities per cubic centimeter (24).

Considerable difficulties were encountered in grind-
ing the crystals to spherical shape. A conventional emery-
paper lined grinder produced no results. The diamond-dust
lined grinder ylelded imperfect spheres which exhibited deep
pits. On further grinding these spheres turned into dust
which escaped from the grinder. Investigation of the pitted
spheres showed that they were mostly not single. By careful
adjustment of the rate of flow of air through the grinder and
by shortening the period between inspections of the grinder to
%0 seconds, it became possible to observe (with the aid of a
binocular microscope) the debris of a pitted sphere. These
were found to contain several spheres about 0.1 mm in diame-
ter. One of these, 0.105+0.002 mm in diameter, was mounted
with shellac on the sharp tip of a soft-glass fiber, similar
to that used for zinc sulfide.

The difficulties encountered in grinding the spheres
must be attributed to the smallness of the single crystals

which constituted the initial crystal before grinding began,

*I would like to take this opportunity to thank Dr. Forrest
V. Williams and Dr. B.D. Stone for providing the boron
phosphide crystals prepared in their laboratory.
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Possibly the crystal was further shattered in the process of
grinding.

Rotation photographs showed the boron phosphide
sphere to be singlej no strain was apparent.

The measurements of the intensities of all reflec-
tions accessible to copper Ka radiation were conducted fol-
lowing the same procedure as for zinc sulfide (ZnS #2).

The intensities of two sets of reflections were
also measured with vanadium-filtered chromium radiation.

The measurement procedure followed was the same as in the
case of ZnS #1 and chromium radiation.

The theoretical values of AI/Iav in Tables 10 and
12 were calculated using the atomic scattering factors found
in the International Tables (11). The real and imaginary
dispersion corrections of boron were assumed to be zero. The
dispersion corrections for phosphorus used in the two sets of
values were found in the International Tables (11) and inter-

polated from James! tables (8), respectively.
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ATTEMPT TO EVALUATE THE REAL AND IMAGINARY CORRECTIONS TO THE
ATOMIC SCATTERING FACTORS OF PHOSPHORUS FROM THE EXPERIMENTAL
RESULTS

The absence of real and imaginary corrections to
the atomic scattering factors of boron leads to the following

simplifications in the structure factors of boron phosphides

2 _ 2 y 12 112

¢l % = 16[#; + 2f,f, + £,° 4 Af, “] when h#k+t = Un (22)
2 2 1] 12 12

|F| € = 16[#y - 2f ¢, + ,° + 8f, °] when h+k+t = 2n (23)
2 2 1" 19 12

|F| ¢ = 160f, - 20,88, + £, + 82, ] when h+k+1 = ¥n+1 (24

|F|2 = 160¢2 + 20,86 + £,2 + 88, 2] when h4k+t = ¥n-1, (25)

where ip 1s the real part of the atomic scattering factor of
phosphorus corrected for dispersion, Ag; is its imaginary cor-
rection, and fB is the atomic scattering factor of boron.

Subtracting (23) from (22) and (23) from (24), we
obtain

1
D, = 64f f, (26)

e
D2 =—6‘+fBAfp (27)

where D1 and D2 are intensity differences obtained by inter-
polating the experimental results.

Division of (27) by (26) yields
D./D, = -Af (£, + af.) (28)
2771 T P P p’*

Expression (28) 1is seen to give a set of linear simultaneous

equations which can be solved by the least-square method,
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Unlike AI/Iav’ (28) is independent of temperature effects at
all Bragg angles.

Unfortunately, the attempt to utilize this method
with the data obtained for boron phosphide faileds This must
be ascribed malnly to the paucity of the data accessible to
CuKa radiation, and partly to the insufficient precision of

the obtained data.



Table 9.

hkl

111
11T
T
11T
i1
in

Integrated intensities of boron phosphide (CuKa
radiation).

Counts

324577
321953
320657

*
326090

300363
307740

173853
170237
187907

192773
191526

118457
118356
116733
113967
111819
115500

74311
72283
72498
72880
74027
71747

a.d.

1454

3689

910

1295

hkt

o%ko
ook
Boo

133

Counts

107930
106953
114277

87467
86777
86100
83563
82810
82696

55553
55390

127900
128410

120632
121230
122186
115693
113524
112226

123630
124180
124650

a.d.

457

360

558

1252

349
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Table 9 (continued)

hkt Counts a.d. hkt Counts a.d.
sfT 116503 932 oGy 276336

s 116127 oulf 275588

iTs 118413

Table 10. Experimental and theoretical values of AI/Ia
for boron phosphide (CuKa radiation).
Theoretical values

v

Dauben
hkt gin 6 1°°(AI/1av)obs and Hénl
Templeton
111 0.29387 5.7 # 1.3 (3.9) . 56 3,43
113 0.56309 3.5 ¢ 1.2 5¢17 3.87
133 0.73975 4,4 + 0,7 6.00 4, 49
333 0.88188 6ot + 1.2 7.07 5.26
115 0.88188 5.9 + 0.8 7.07 5.26

*Uaing the data from all six 111 reflections,
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Table 11. Integrated intensities of boron phosphide (CrKa
radiation).

hke Counts a.d, hke Counts a.d.
1y 91902 257 113 78935 209
111 96232" 151 78913
fia 92928 3 79395
i1 87210 300 Ial 85327 368
ini 87157 iis 84662

1 IT 87859 aff 84338

Table 12. Experimental and theoretical values of AI/Ia
boron phosphide (CrKa radiation).

vfor

Theoretical values

Dauben
and
hke sin @ 100(A1/1‘v)°b3 Templeton Hénl
111 0. 43680 5.6 + 0.4 8.38 7.63
113 0.83686 7.0 * 0.5 9.01 8.5%

*
Discarded in calculating (AI/Iav)obs°
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DISCUSSION OF EXPERIMENTAL RESULTS

The results obtained for ZnS with MoKa radiation
are in general but not complete agreement with the theoretical
values, being slightly lower than the theoretical values of
AI/Iav in the range of low Bragg angles and higher at high
Bragg angles (Fig. 2). A change in the temperature factors
which would improve agreement at higher Bragg angles would in-
crease the discrepancy at lower 6 by a negligible amount. This
indicates a need for revision of the imaginary corrections of
zinc and sulfur for MoKa radiation. A calculation of thece
corrections from low-0 reflections (along the same lines as was
done for the case of CuKa radiation) may yield experimental
values of Af" which may in turn be applied to the reflections
occurring at intermediate 6 to obtain temperature factors. It
has been noted that the spread of the experimental values from
a smooth curve of AI/Iav ve sin O exceeds the estimated experi-
mental errors; this may in part be due to the effectively aniso-
tropic nature of the temperature factors, such as would result
from anharmonic contributions to the temperature motion. The
fact that the dispersion corrections due to Honl and those due
to Templeton for zinc and sul fur are almost equal at the MoKa
wavelength makes 1t difficult in this case to decide about the
relative merits of the two approaches.

The large discrepancy between the experimentally ob-
tained values of Af" for zinc and sul fur with CuKa radiation

and the theoretical values is probably caused by the extreme
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proximity of the K absorption edge of zinc (\ =1.283 g). In
cases such as this experimental data are essential,

The data obtained for zinc sulfide with CrKa radia-
tion agree within experimental error with the values of AI/Iav
calculated with Templeton's dispersion corrections, and this is
not surprising considering the fact that this wavelength is
quite far from any absorption edge.

The agreement between the experimental results ob-
tained for boron phosphide with CuKa radiation and those cal-
culated using HOnl's corrections is good except in the case of
the (111) reflections where errors due to absorption affect
the results considerably. The values obtained for the (333)
and (115) reflections are somewhat too high and would agree
better with Honl's corrections if temperature effects were
allowed for. The case of boron phosphide with CuKa radiation
1s of particular interest, since it appears to indicate that
Honl's, rather than Templeton's, correctlions should be prefer-
red, at least in this case. It must, of course be kept in mind
that Hdnl's corrections are approximate, taking account only of
dispersion effects due to the K electrons. However, in the
case of phosphorus H8nl's corrections will most probably remain
unaffected by the other electrons (the L absorption edge is be=-
tween 76 and 127 X).

In conclusion it should be noted that a choice be-
tween the approaches of Dauben and Templeton and H6nl can best

be made at wavelengths where their results differ considerably,

and possibly with relatively light elements where effects due
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to other electron shells are negligible, To facilitate the
comparison between the results of Dauben and Templeton and Honl,
a table of Hinl's corrections for commonly ﬁsed wavelengths 1is
indispensable. Values for such a table are being calculated
with the aid of an electronic computer.

An extension of the calculations of Eisenlohr and
Muller to include effects due to the L electrons to a number
of elements (Zn, S, P, etc) would also be of considerable in-

terest.
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APPENDIX
THE BALANCING OF FILTERS FOR COPPER Ka RADIATION

The well-known method of balanced filters, devised by
Ross (28) and developed by Kirkpatrick (29) and others, was em-
ployed to exclude wavelengths emitted by the copper target which
fall outside the passband between 1.4880 and 1.6081 Y (the K ab-
sorption edges of nickel and cobalt),

In spite of the additional time required to collect the
data and the comparatively wide passband, the use of balanced
filters offers some advantages over crystal monochromators which
yield relatively weak, partly polarized beams, deteriorate upon
prolonged exposure to x rays in a humid atmosphere, and whose
use makes 1t difficult to exclude unwanted wavelengths due to
higher-order reflections,

The following procedure was employed to obtain the re-
quired balance of the filters. A strong reflection was brought
into diffracting position and the output of the copper tube from
the short-wavelength cutoff to the long-wavelength side of the
Ka peak was recordeds The same range was then scanned with a
filter made of finely powdered cobalt oxide suspended in a plas-
tic binding material. The height of the maximum of the Kp peak
was carefully noted and the cobalt~oxide filter was replaced by
a 0,00053-cm nickel foll. The nickel foil was tilted until the
KB peak became equal to that previously observed with the cobalt
oxide. A repetition of the scan over the same range as with the

cobalt-oxide filter indicated that the filters were now almost



54

balanced at all wavelengths, except at the long-wavelength side
of the Ka peak where the nickel filter transmitted slightly
more radiation. After trying several substances, it was found
that when 0.001 cm aluminum foil is added to the nickel foil
and both are tilted at about 65° to the diffracted beam the
balance obtained at all wavelengths is very good. Figure 7 in
which the two scans with the balanced filters are superimposed
illustrates the final results. The nickel-and-aluminum filter
transmitted 60.% percent of the incident Ka radiation.

The nickel and aluminum foils were mounted in a spe-
clally designed holder* which allowed the foils to be tilted
relative to the diffracted beam. The design of the holder al-
lowed firm locking of the fllters in their tilted position. The
insertion and removal of the holder were easy and reproducible.

It should be noted that while pulse-height discrimi-
nation will not destroy tho balance, it will also not improve
it. The sole advantage of pulse-heibht discrimination used in
conjunction with balanced filters 1is to diminish the relative

weight of balancing errors (cf. reference 30).

*It is my pleasant duty to thank Mr. K, Hale and Mr. J. Shapiro
for constructing the holder in the instrument shop of the Phy-
sics Department of the Polytechnic Institute of Brooklyn,
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