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ABSTRACT OF RESULTS

A new photograpnic method of measuring integrated
intensities of x-rays reflected by crystals has been developed.
The plate is calibrated with the same wavelength of rays as those
measured., The exposures are adjusted so that each measurement
produces about the same blackening of the plate. The resultant
lines are measured by means of a microphotometer.

A new type of x-ray ionization spectrometer has been
designed and was used for the present research problem. The
ionization chamber ic fixed and the ionization current is measured
by means of a Hoffman electrometer, which makes it possible to
measure x-ray intensities down to the lower limit imposed by
cosmic rays and radio-active effects. By means of a precision ad-
justment the angle of the crystal can be adjusted to ten seconds
of arc.

The lattice constant for the (111) plane of a bismuth
crystal has been measured by the uiegbahn method and was found to

° (]
be D=39453/A ¥.00003A - at
1

230 Centigrade. The previous value givsn by James wes
o
D= 3.95A % 0.08 A
The lattice constant for the (11I) plene of a bismuth
© -]
crystal was found to be D=373A ¥ 0.01A
The parameter of the bismuth lattice was measured and

° o
wasg found to be 0.351:4;.00[,4 The

(1) o 0
previous value given by James was @307 A ¥ 065 A

No difference was found between the lattices of bismuth

crystals grown in a magnetic field and nonmagnetic bismuth crystals,
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The lattice constantsof the (111) plancs are alike to within 0.0005%.
The anamolous changes of density of bismuth sing%e crystals grown

in a magnetic field reported by Goetz and Focke( ) and the anamolous
thermoelectric effects of thece crystals reported by Goetz and
Hassler(g) must be ascribed to changes in the secondary lattice
structurse.

The Debye temperature fasctor D for the reflection of
x-rays of wavelength .708 A from the bismuth (111) plane hae been
studied by meking measurements of the integrated x-ray reflection
for the third, fourth, and fifth orders in 2 temperature range from
liquid air temperature to whtain 10 degrees Centigrade of the melting
point of the crystal., A linear relation was found betwesen the log
of the integreted intensity and the square of the temperature which
agrees with the theoretical expression

D= e-Bshﬁe B - x T2
The dependence upon 6@ was also checked.

It was found that at & temperature of Ca.mﬁb. this straight
line chows & sudden change and continues in a lincar relation of
smaller slope. This weas found for each order.of reflection. No
change was found in the primaryilattioe structure throughout tais
temperature range. Taie ie interpreted as an indication of a
pseudo~-allotropic transformction occuring at this temperature. Th%

(6) (7)

checks the wiurk of Cohen , lloesveld and Cohen , and Wurschmidt

s

8)

who found anemolous density changes in biesmuth in this temperature

region which they incorrectly described as an allotropic transfor-
(4)

mation., The work of Goetz and Hascler also shows an anamolous

change in the thermoelectric power in thie temperature region.



The lattice constant of the biemuth (111) planc was
measured throughout this temperature range and it was found. that
thre crystal hes a constant expansion coefficient of l4£>xl°—

(25)
from room temperaturec to 255° ¢. J. R. Roberts , using an
intreferometer method, found a value of lGuleo.“ for this
expansion coefficisnt. He found that this was constant up to
230° C. From this point on it gradually decrcased to zero. A
poseible explanation of this discrepancy between the two ressults
is that at 230° C. the secondar;y lattice structure becomes unstable
and begins to degenerate. This would affect the measurements on

the length of the crystal but would not affect the x-rsy measure-

{ L’:&S)

ments of the primary structure. ?s ¥, Tridgmen made &

measurement of this expansion cozfficient at room temperature
-6

and found the value 3. 96 K(0which ic in agrecment with my

measuramant.



INTRODUCTION

The following paper is part of a research program éon-
cerning anemolies in the physical properties of metal single
crystals, particulerly bismuth, which are not explained by the
present theories of so0lid bodies in general or by the present
theories of the structure of crystals in particular.

In the present paper, x-ray crystal analysis measure-
ments of bismuth single crystals are described. Two types of
bismuth single crystals have been investigated. Ordinary bismuth
has been known tc exhibit certain anamolous physical properties,
which have heretofore been ascribed to allotropic transformations.
Bismuth single crystals grown in a magnetic field have been found
to exhibit certain additional ansmolous properties. The problem
is investigated as to whether these effects are due to changes in
the primary crystal lattice structure or whether they are indi-
catione of changes in the secondary lattice. The possible effect
of secondary lattice structure upon the reflection of x-rays by a
crystal is studied.

PREVICUS WORK

Crystal Structure of Bismuth

The crystal structure of ordinary bisguth has been
studied by R. W. James(l)and by Hassel and Mark‘é). The crystal
lattice was found to be rhombohedral (hexagonal s&stem) and can
be described as consisting of two similar intermeshed face centerad

rhombohedral lattices which are displaced relative to each other,

along the trigonal axis. Thie displacement is referred to as the



lattice parameter. ;

A. Goetz(U)hae studied the efifect of a magnetié field
upon the crystallization of bismuth. This author found that if a
bismuth single crystal is allowed to grow in & magnetic field the
resultant crystallographic orientation is such that the direction
of smallest magnetic susceptibility is parasllel with the field.
He also found that if the crystal is started growing with a dif-
ferent orientation before the field is applied, the subsequent
application of the magnetic field produces no change in the original
crystallographic orientation. The two parts of a bismuh single
crystal grown under such conditions (half without a field and half
with & field) were found to show different phyeical properties.
The part of the bismulh crystal grown without & magnetic field is
called the ™normal"™ bismuth, and the part ol the crystal grown in
a magnetic field is called "magnetic" bismuth. The following

been studied.

@

an@mo lous properties of magnetic bismutin hav
Thermoelectric Power

(4)
A. Goetz and 1., Hassler have meacsured the differsnce

in thermoelectric power for the normsl and magnetic parts of

bismuth single crystals. They found that this difference in thermo-
electric power is greatest when the trigonel axis is parallel to the
long axis of the crystal rod and perpendiculsr to the lines of force.
They also found trat the effect becomes a maximum in crystals which
were grown in a field strength of 13,000 gauss. The effect appears
to decrease with increasing purity of the bismuth. (The greatest

amount of impurity, which conecisted of lead, eilver, and cOpper, was



probably less than 0.2% in their crystals).
Density
(5)

A. Goetz and A. B. Focke have found that the density
of magnetic bismutn is greater than that of normal bismuth when the
trigonal axis of the crystal is perpendicular to the lines of force
and perpendicular to the long axis of the crystal rod. They have
found that the density of the magnetic bismuth is smaller than that
of the normal bismuth when the trigonal axis is perpendicular to the
lines of force and parallel to the axis of the crystal rod. The
changes in density are found to become small:zr as the purity of the
bismuth increases.

Allotropy of Bismuth

xistsernce oLl an allotropic form oif bismuth with a

Mia
Lae

(€%

trensformetion point in the neighborhood of 75 degrees Centigrade
‘ (6) | (7

azs been reported by Cohen , lloesevald and Cohen , and Wur-

(8)

schmidt . These measurements were made with normal bismuth using

dilatometric methods, a sudden decrease in volume being observed

when the temperature changes from below 75 degrecs to above 75

degrees Centigrade.

In the paper by Goetz and Hassler(4) it is reported that
the difference of thermoelectric power between normal and magnetic
bismuth cshows & linear reletion to the mean temperature of the

crystal except in the region of 72 to 82 degrees Centigrede, wuere

1

the curve shows a sudden bend, giving a region of zero slope. Tails
fact suggested to the sbove authors that the allotropic transformetion

mentioned above mizht enter into tne thermoelectric power effects.



Mosaic Structure of Bismuth

(9)
It has been found by A. Goetz that the (111) cleavage

surface of a normal bismuth crystal shows a mosaic pattern of
equilsteral triangles the lengthsof whose sides are found to be
multiples of 1.4 microns. The above author interprets this as
evidence of the regular mosaic structure which had been predicted
from theoretical considerations by F. ZWicky(lQ’ll).

STATHEMENT COF PROBLEM

The papers dealing with the anamolous physical prop-
erties of biemuta single crystals grown in a magnetic field gave
rise to a number of questions which are the subject of this paper.

The change in density of thae magnetic bismuta reported
by Goetz and Eocke(5)suggested that the crystal structure of the
magnetic bismuth might be different from that of normal bismuth in
some way. This question wae studied by making precise measurements
of the Bragg angles of x-ray reflection from normal and megnetic
bismuth crystals.

The lattice paremster of normal and magnetic bismuth were
also compared by measurements of the intensity of x~-ray reflection
in various orders.

The problem of the determination of the mosaic crystal
lattice and its effect upon the intensity of x-ray reflection through
primary and secondary extinction was investigsted.

A study was made of the crystsl structure of bismuth at
various temperztures from liquid air to within 10 degrees Centigrade

of the melting point. In this way the Debye factor was determined,



which made it possible to compare the measured velucs of reflected
intensities with the theoretical values., By this means also it was
possible to decide whether the ch nges in the physical properties
of bismuth in the neighborhood of 75 degrees Centigrade were due to
changes in cryst:1l structure or whether they were pseudo-allotropic
effects. The existence of an ignition tempercture for & pseudo-
allotropic change was also invecstigated.
X-RAY C©TUDIES OF
BISMUTH SINGLE CRYSTALS
THBEORETICAL CUNSIDERATICHS

Interplanar Distances

The bagis of all x-ray crystal structure work is the fact
that the atoms of the crystal are arranged in a definite space lat-
tice which is so0 perfect over an appreciable region that it acts as
& three dimensional diffraction grating for x-rays which have a
smaller wave length than the distence between the lattice planes.
The space lattice of atoms can be described as sets of parallel equi-
distant planes of atoms. Constructive interference of the incident
i-ray beam can only be produced when the angle of incidence “ of the
x-rey beam to one of these sets of atomic planes fulfills the Bragg
Loaw na=20sin @

m=order of reflection

A=wavelengtn of incident x-ray beam

@ =angle of incidence

D=distance between successive atomic planes

When this condition is fulfilled for & particular set of
atomic planes they act as a mirror to reflect a psrt of the x~ray

energy. By using a known wavelbngth.'z.the spacing of a given set



(2]

of atomic planes in the crystal ¢ n be measured by determining the
Braggz angle of reflection.

Energy Intencity of the Bragg Reflection

The scattering of x-rays by the electrons in an atom
can be dealt with successfully on the bagis of classical electro-
dynamics as long as the electrons retain their positions in the
atom during the process. In other words, such phenomena as Compton
effect, photo-electric effect, etc., are ruled out. The phenomenon
of the Bragg reflection of x~rays by a crystal lattice fulfills
this condition approximately and can be handled accordingly. It
should be emphasized that this method of treating the problem is
only en approximation. Although the method has met with success
in interpreting the measurements on the intensity of x-ray reflection
from NaCl, its extension to atoms of very hign atomic weights (with
correspondingly high x-ray absorption) must be made with caution.
It is, however, the only method of handling this problem at the
present time.

X-ray Scattering by a Bound HZlectron

The intensity of the x-ray wave scattered by a single
electron in the direction RO to a point at ¢ distance r 1is given for

(12)

an unpolarized incident beam of intensity I by the equ-tion
el

L1 37 (l*'°¢7‘260 [}r/]

2 m ¢

€= charge of electron
M= mass of electron
€ = velocity of light

26 =angle between incident and seattered ray.



X-ray Scattering by an Atom

If we consider the diffraction of x~-rays (which is a
special cace of scattering), by & layer of atoms in a crystal,
the electrons in each atom will act as scatterers. If all the
electrons of the atoms lay in the atomic planes, the energy
intensity diffracted by one atomeof atomic number Z would be
z1 . Since the electrons in an atom are spread over a range of
distances comparable with the spacing between the lattice planes,
the waves sent out by electrons in different parts of an atom
will be out of phase and produce interference which will diminish
the resultant wave intencsity.

The intensity of an unpolarized monochrematic x-ray

3
beam diffracted at an angle R© by an actual atom is( D
/ R
.2; = F [s
" TF I+ 9?20
L IF i ( [7/]

F = atomic structure factor.
(%)

A °1mple geometrlc 1 conqideratlon will show that
e[ po)es(GEoie)dz)  [72]

Fé):probablllty of an electron beinz at a height between
between Z end Ze¥dz above the plane through
the atom centers.

Q= angle of incidence of x-rays to the atomic plene.

.Z'nwavelengtn of the radiation.

Th?lg?lue of ® for the biesmuth atom has been calculated

by L. Pauling on thes basis of wave mechanics. He has been able

to evaluate the prob bility PGQ in equation [TZbe using hydrogen=«



like eigenfunctions for each of the component electrons of the
atom. Table #1 shows Pauling's velues of P ac a function of
sin % for hismuth. Table 32 shows the values of F interpolated
from this curve for the firet seven orders of feflection from the

-4
bismuth (111) plane)of wavelength .7084and the corresponding
2
values for /-'?(._’_"'L’?__.Z_Q.

A2 O _
Table #1.

. ©

sin & B

0.0 83.00

0.1 75.53

0.2 85.85

0.3 56,92

0.4 50,59

0.5 46,11

0.6 41,55

0.7 37.15

0.8 33,03

0.9 29.24

1.0 26.18

.0 TERLS. e /+¢c0s'20 2[1+co520) -3
n 6 _ sin3 F E® Sin2o Ffsinzo)"
1 5.105° 0.1226 73.20 54350 11.11 59.50
2 10.335° 0.2535 50.80 3,700 5.52 19.67
3 15.612° 0.3800 51.60 2,660 5.54 8.880
4 21.026° 0.5070 45,80 2,090 £.318 4,850
5 26.647° 0.6330 40.00 1,600 1.605 2.710
6 32.560° 0.7500 34,60 1,197 1.300 1.557
7 38.900° 0.8862 29.170 880 1.058 0.932



Fig. 2 is a graphical representation of Table #1 and
shows the interpolation of F used in Table #2.

X-ray Diffraction by a Small Ideal Crystal.

If we calculate the amount of energy diffracted by a
small ideal crystal at absolute zero temperature, which is: termed
through the Bragg angle at a uniform rate ub and waich is so
csmall that the incident monochromatic unpolarized x-ray beam is
not appreciably absorbed on passing through it, we arrive at the

(v6)
relation

2 e! (/+ coS"Zf_
Y

? Sik 29 v [?"]

‘W= total energy diffracted or "integrated reflection
W= angular rate of turning of crystel.
Nn:= number of atoms per cubic centimeter.
A= wavelength of incident beam.
F= atomic structure factor.
T = incident x~-ray intensity.
§V:volume of small crystal.
©:Bragg angle.
X-ray‘Diffraction By A Thick Ideal Crystal.
If the same calculation is made for a thick ideal cerystal,
Darwin(lV) and Ewald(lS) have shown that the effect of the internal
reflections is so great that the whole incident monochromatic x-ray
beam is diffracted at the Bragg angle in a range of abount five
seconds of arc.

It is a significant fact that no crystal has ever been

found to show such an effect. The crystals which approach this
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condition closest are calcite and diesmond. TFor the former, energy
reflections of 40% of the incident monochromatic x~-ray beam have
been observed at the Bragg angle over a range of twelve seconds of
are,

Practically all crystals occuring in nature depart very
widely from the ideal, having rocking angles (tae angle through
whica the crystal shows eny Bragg reflection) of from several
minutes tc several degrees.

Mosaic Crystals.

In order to obtain x~ray diffraction effects at all
from a crystal it is necessary to have at least a small part of
the crystal sensibly ideal. To fit this in with the theoretical
considerations already discuscsed and the experimental fact of the
existence of relatively large rocking angles in real crystals,
Smekal, weld, and others have postulated the existence of the
mosaic crystal, The structure of this mosaic crystal is througnt
by these authors to be the following. The crystal is built up of
smeall blocks of arbitrary size. @ach block is sensibly a small
ideal crystal but adjacent blocks are slightly displaced relative
to each other and this displacement destroys any phase relation between
adjacent blocks and therefore causes each block to act independ-
ently of the others as far as diffraction is concerned. The angular
displacement of the blocks is asssumed to be statistical, and the
deviation in angle from the mean therefore follows a Maxwell
distribution curve. The rocking angle is a measure of tne width
(modulug) of this curve.

(11,12)
The Zwicky theory of secondary lettice structure

postulates that the primary crystal lattice has superposed on it
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a larger sscondary lattice of T planes., In this way the primary
lattice is divided into blocks which are in perfect alignment.

A mosaic crystal exhibits two new effects in x~-ray dif-
fraction.

Primary Extinction.

If the size of the momaic blocks 1is small enough, each
block will act like the small ideal crystal which has been discussed.
If, on the other hand, the mosaic block is large enough so that
an appreciable amount of internal reflection occurs, it has been
shown by Darwin(lg)that & phenomenon c¢’lled "primary extinction™
occurs, which introduces & multiplying factor 'EiE%iTgﬁﬂ- into
the previous equation where 3

2

q=nFDA :C, csc © [:H-l]

D= lattice constant.
= number of atoms per cc.
F= atomic structure factor.
'z number of atomic leyers per block.
@ = Bragg angle.

The difficulty arises that no satisfactory method exists
for the determination of M' +the number of atomic layers per
mosaic block, and no experiment has yet been devised for measuring
the primary extinction directly.

There are three ways for determining whether a crystal
exhibits primary extinction to an appreciable degree.

First: If two samples of the crystal differ widely in

structure (degree of perfection of the crystal's surface) but still
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give the same value of integrated intensity W , the primary
extinction is emall. This can be tested by measuring the inte-
grated intensity for a good crystal surface and then disturbing the
surface by grinding)and measuring again.,

Second: The integrated intensity for a good crystal can
be compared with the integrated intensity of the same crystal when
it is finely powdered.

Third: If the primary extinction is an important factor,
W should be proportional to P whereas if the primary extinection
is negligible, W should be proportional to ZFz .

Secondary Extinction.

The second type of phenomenon which the mosaic crystal
exhibits ie produced by the shielding effect upon the incident x-ray
beam which the mosaic blocks in the upper layers produce upon the
lower layers of the crystal. This ie called "secondary extinction.™
This effect gives the crystal an increased absorption coefficient
when it is turned to the region where the Bragg reflection occurs.

The theory of the secondary extinction has not been
successfully treated, but it can be easily determined experimentally
by measuring the integrated intensity for a serics of different
thicnesses of the same kind of crystal. Bragg, James, and Bosen-
quet(EO)have measured the secondary extinction coeifficient for
rock salt and nave found that the coefficient decreases very

rapidly with increasing order of reflection as is shown in Table #3.
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Table #3.

Normal sbsorption coefficient of Nacl for .6124 is 10.70

Order Secondary ext. coeff. Per cent of normal coeff.
1 5.6 52
2 1,96 18
3 0.02 0.18

Debye Factor

Taat the heat motion of the atoms in a crystal would
impaie the x-ray interference effects and decrease the intensity of
x-ray reflection has been pointed dut by Debye(zl)and others.

The "Debye factor™ D 1is the correction factor by which

the reflection formuls must be multiplied to represent the effect

2
of temperature. ~-Bsin ©
D= e [‘3"]

@ =Bragg angle.
(22)
The experimental measurements of B made by James
and otaers do not agree quantatively with the theoretical value but
do agree qualitatively. HExperimentally B is found to be inde-
pendent of @ and proportional to '% in agreement with ﬁheory.
Also, at low temperatures B is found to be proportional to T2
in agreement with theory. However, at high temperatures the theor-
etical and measured depen?eg?e of B upon T 1is in genecral found
2

to disagree. (c.f. Jemes ).

mffect of Parameter.

If the crystal has a parameter (as is the cace in
bismuth) an additional effect will become apparent.
Tae x-ray interference cifects produced by an inter-

penstration of two identical lattices will be the came, as far ac
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the Bragg anglss is concerned, as that from either of the lattices
alone. Since the lattices have a definite geometrical space re-
lationenip, the phase of the diffracted rays from the two lattices
will have a definite phase relation, and their amplitudess will add
vectorially. Tais phase relation will very with tae order of
diffraction in the following way.

In the diagram, Fig. 1, let the solid lines 1 and 1°
represent the plane perpendicular to the trigonal axis (Miller
index (111), in the rhombohecrsl eystem) of one of the lattices of
bismuth and the broken lines 2 and 2' represent the corresponding

b

plane for the other lattice. Then = will be the lattice parameter.

d
Let the x-ray beam be incident to these planss at the Bragg angle en
Since the phase diffsrence of the waves from 1 and 1' is R7THM
b
the phase difference between phase 1 end 2 will be ¢=£7/I‘Z;,‘. The

interference between 1 cnd 2 will give

Af- RAf(_H cos ?.Wn:l;') [14-1]

A°= emplitude of wave reflected by either 1 or

2 if thers were no interference hstween them.
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Pig. 2.

?ig. 3.




1l6.

Fig. 3 shows the relative intencity for the first seven orders of
Bragg reflection of wavelengta 7085 (lio K¢, line), from the (111)
plane of the bismuth lattice, as & function oi the parameters
calculated by using equﬁtionsprq and [w-dl and the corresponding
values of the structure factor interpolated from Pauling's data
(Table #2 or Fig. 2). These values are caleulated for the crystal
at zero degrees absolute, and can be used for the interpretation
of the measured integrated intensities by correcting these for
temperature effect (Debye fector) and extinction.
EXPERIMAEZNTAL PROCEDURE

Preparation of Crystal Surfaces.

The normal-magnetic bismuth single crystals which were
studied were prepared after the method described by Goetz(s). The
type P which shows the maximum difference in thermoelectric
power bztween the two halves was used. In the P orientation,
the trigonal axis of the crystal is parasllel to tie long direction
of the rod and the megnetic field is applied normal to this axis.
The crystals used had a dimmeter of 3 to 4 mm. nd & length of
10 to 12 cm.

The problem of preparing bismuth crystal surfaces which
are suitable for use in the study of the Bragg x-ray reflection
presented several difficulties. Because of the extreme softness and
ease of distortion of these crystuls, such procedures as cutting
and grinding were not found to he feasible. The cleavage along the
(111) pline, however, was found to be comperatively good, and that

along the (11T) plane was found possible elthough it produced a

rough~appcaring step-like surface. The measurements of x-ray
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reflection intensities were made primarily on the (111) plane
prepared by cleaving the bismuth crystal. Tesfs were made of
the cleavages ot liquid air temperatures but this was not found
to produce a better cleavage surface than when the cleaving was
done at rocom temperature.

The method of cleaving was the following: The crystal
was laid on a flat hardwood surface with a thin laysr of soft wax
under the region where the cleavage was to be made., A very thin,
sharp razor blade wis held parallel to the (11l) plene (perpen-
dicular to the long direction of the crystal for the P type)
and the blade was given a sharp blow with 2 light hammir. The
character of the cleavage surface was then examined under a low
power microscope to determine its degree of perfection. It was found
that in general the surface showed & curved portion for a distance
of one-fourth or one-fifth of its diameter and that the rest of
the surf ce was reasonably flat. A similar condition was found
for large (5 mm., in dismeter) and small (1.5 mm., diameter) crystals.
It appeared as though the blade entered the crystel for about a
fifth of its diameter and then the crystal suddenly broke over the
rest of the surface and the two p-rts separated, moving & small
distance apart and allowing the blade to go the rest of the way
without touching either surface. The curved portion sometimes
showed scratches from the blade, while the rest of the surface was
generally free from scratches. Fig. 4 is a photograph of one of
these cleaved surfaces. The purpose of tae soft wax under the

crystel was to prevent the two parts flying apart during cleaving.



Fig. 4.  (x20)

Z

The crystal was cleaved in this manner into pieces 2 to 3 mm.

long, giving total dfi about forty cleaveges for a crystal.

These cleavage surfaces were carefully examined under the miero-
scope and the best surfaces selected from the normal and the
magnetic half of the crystals. These selected surfaces were
further compared by exemining the image of & light source produced
by a lens and reflected by the crystal surface upcn a screen.

The curved portion produced & broadened diffused spot on the screen
whereas the rest of the surface produced a series of sharply
defined spots. This indicoted th t the surfrces were generally
composed of small reasonably flat facets which had slightly dif-
ferent orientations. The same test applied to naturally grown
bismuth crystal faces showed an almost perfect image, showing that

the natural crystal face is almost mirror-like. It was assumed

that these distortions were produced by the shock the crystal
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received during cleaving, and the existence of the facets would
produce a wider rocking angle but would not effect the integrated
intensity measurements, because of the large size of these facets
(thet is, their effect upon extinction would be nil). The best
cleavage surface selected in this way from the magnetic and the
best cleavage surface selected from the normal part of the crystal
were subsequently studied by means of the Bragg x-ray reflection
method.

Measurement of Interplanar Spacing.

For the first measuremsnts, a Bragg type of x-ray
spectrometer was used., The magnetic and normal bismuth crystals
were mounted, one above the other, with the center line of their
faces in the axis of rotation of the crystal holder. A lead
Seemann type slit was adjusted to a distance of 0.3 mm. from the
crystal surfaces. A molybdenum target x-ray tube, run at & voltage
of 50 kv. in a current of 5 ma., was used as a source of radiation.
Tae crystal holder was rocked back and forth at a uniform eangle
velocity through a large enough range to record the first five
- orders of Bragg reflection of the Mo K 1lines on a photographic
plate wnich was placed at a distance of 8 cm. from the axis of
rotation and perpendicular to the primsry x-ray beam. Ixposures were
made over periods of from 5 to 30 hours. -After the exposure was
completed, the plate was cslibrated by exposing it to the direct
primary rays for various periods of time. Pig., 5 shows & typical

exposure tsken with thie suvparatus.
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R};ﬂJ L—T_—J \'—”;J 2 '
Fig. 5.

The lattice constant for the bismuth (111l) plane and
also of the (117) plene deduced from the measurements of the Bragg
angles from these plates agrees within experimental error (.5%)
with the value given by James(‘) (5.952), for both the magnetic

and the normal bismuth.

measurements were made with a S3iegbahn type of vacuum x-ray spec-
(23)

trometer . The desirable feature of this type of spectrometer

[ In order to get a grester accuracy, some further

was the precision method of lining up the erystal, and the pre-
r. cision angle scale for measuring the position of the plate. This
scale was calibrated in intervals of five minutes of are, which
i were readable to a tenth part by mecans of two microscopes with
vernier scales which were pl:ceced at diametrically opposite positions
on the scale to eliminate the eccentricity error. A water cooled
molybdenum target x-ray tube (MMller) was used as source of x-rays.

This w ¢ run at 10 m.a. 57 k.v. with half-wave rectified a.c.

voltage.
The lattice constant of magnetic and normal bismuth
were measured, using the precision method developed by Siegbahn which

is illustrated in Fig. 6.
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X RAY

Fig. o.
The crystal is turned to a position (1) to reflect a high order of

the incident wavelength, and the pl te holder is moved to such a
position that the reflected ray will strike near the center of the
plate. The angular position of the holder is c¢:refully measured by
reading the position of the precision scale with the two micro-
scopes. The crystal is slowly turned through ¢ small renge of
angle while the x-ray tube is operating to m ke certain of getting
the reflection. The crystal is then moved to the position (2) and
the plate is turned through zn angle é which is so chosen that

the reflected ray will strike near the center of the plate close

to the first imasge. The angle ie determined precisely by
anotiaer measurement ol the position of the scals with ths two
microscopzs (A4 and B). The distance R of the plute from the

axis of rotation is carsfully measursd with a scaele. The separation

of the lines obtained on the plate is then measured on a comparator.

/ !
This distance gives the quentity &= Rd® srom which 4@
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(in radians) is determined. The equation
46): éﬁkC‘é
% § 360
4o = é* R ar
gives the value of @ in degrees for &@ in degrees. PFig. 7

shows a print of the fifth order lMlo K& doublet reflected from a

magnetic and & normal bismuth (111) plane.

N gk, K&;
PoR. 85

M

K&, K&,
Pos. 1.

Fig. 1.

Comparator measuréments of the plates give, as an average value
of several measuremente, the separation of Mo K« lines)of 0.779 mm.
for the normal bismuth and 0.777 mm. for the megnetic bismuth.
Theese agree within the uncertainty of measuring the center of the
line. If we tcke as an average value §= 0.778 mm. we get

éd= 0,778 ¥ .001 mm.

R= 172.6 ¥ 0.2 mm.

§= 106.3292° ¥ .0035°

46 = @+-;g- 242 - 106.5877° F  .0035°

R

6=26.6469" F .0009°

Substituting this value for € in the Bragg HBquation

AA=z22Dsin®

h=3$§
(-]
A= .1077684

Sing = ,448487
we get

]
D= 3.04531 A 7 1QP003 A at 23° Centigrade.
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The valuss given by James are for Bi (111) with Rh KRI( 7\’.612°A )
are

Table #4.
; SinOn sin 6n
Order 9"" sin On h Average n
1 4°29 .07811 .07811
2 8°54' .15471 07735
3 13° 26/ 25250 07743 07763 % .00080

© o
D= 3,954 + 0,084
which agreeswith our value .

It is thus proven that the magnetic and normal bismuth
have identical lattice constents within .0005%. (It was not found
feasable to prepars a good enough (111) bismuth facet for making a
similar precieion measurement., Since a previous measurement had
shown agreement within 0.5% it was deemed aighly improbable that a
precision measurement would show any difference between magnetic
and normal bismuth.)

DETEZRMINATION CF PARAMATHE

Photographic Measurement of X-rey Intensities.

~

On the firet cet of measuremsnts made with the photo-
grapnhic type of Bragg spectromster it was observed that the
relative intensities of the lines in different orders did not
seem tc agree for magnetic and normel bismuth. Accordingly, the
intensity of the lines was measured by means of a recording
microphotometer. By running the calibration region of the plate
through the same photometer a calibration of the characteristic of
the plats was obtasined. T'rom this calibration curve the intensity
of the lines wis interpoleted. For x-rays in this wavelength
renge the blickening of ths plate is proportional to tae x-ray

enersy it receives., Table #5 gives the intensity valuss for tae



(1)
various orders of reflection found by James and the values

determined from the measurements of taree separate photographic

plates.
Table #5.
Order James's(l) Plate A Plate B Plate C Average A,B,C
A=.6128 | X u N 1 N u N u

1 29 47  17.6| 32.7  26.7 39.8  22.2
2 100 100 100 [100 100 |100 100 100 100
3 24 20.5 37.6|25.8 B7.7| 27.3 26.6 | 24.5 38,2
4 Not given | 0.0 2.1| 1.3 1.5 0.0 3.0 | 1.3 2.2
5 Yot given | 0.0 6.5| 0.0 5.1| 0.0 4.5 0.0  5.36

The first orders may be expected to show large variations
because of the mechasnicel imperfection of the surfaces which intro-
duces an error when the angle c¢f incidence becomes small. The
intensity for the second and third order for normal bismuth sceems
to agree with the values of J mes &nd the values for the magnetic
bismuthnseems to chow a consistently different seriss of values.
However, the varictions between measurements are so greset that
these values are not to be trusted too much.

Precision Photograpnic Method of leasuring x-ray

Intensitiecs.

This apparent change in intensity of the integrated
reflection scemed to indicate & possible chance in parameter and
for this reason it wae decided to repeat the intesncity measurements
using a more accurate method.

A new method of making accuratzs x-ray intensity measure-

ments with & photographic plate was devicsed. The 3Siegbahn
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spectrometer was used for this purpose because the photographic
plate could be moved to any predetermined position and the
eangulsr position of the crystal could be accurately adjusted. Tae
new method makes use of the following principles.

l. To recuord & given order of Bragg reflection, the

crmined position and the crystal is

B
(§Y
O
6]
ct
(.z

plate 1s fixed at a

ct
&
3
L\.’
ct
s

wm

definits angulsr spped

n -y ¢

iti
greater than ths experimentally determined rocking angle.

t the Bragg angle from &

%)

c

(e)

e+ , tae range 2‘” being chosen somewhst

2. To record successive orders of reflection, the
pl: te is set at a seriecs of successive positions which are chosen
g0 that the respective reflected images are adjacent on the photo-
grapnic plate.

3. For different orders, the x~ray tube voltage and
current are mainteined the sime, but the angular speed of turning
of the crystal igfgor each case so that the blackness of the re-
corded lines of the uifferent orders are nearly the came on the
photographic plate. (It is assumed that the reletive intensities
are known roughly from a previocus mcasuremsnt.) These angular
speeds are so adjusted that the blackness of the line corresponds
to the linear part of the plate characteristic.

4, The plate ie calibrated by turning the crystal to
the order of reflection which is most intense and adjusting the
crystael to a fixed position, where it gives a strong reflection.
A number of exposures of this line are made for e series of dif-
ferent tims intervals at successive positions of the plate.

The advantages of the method are the following:



l. The total angular turning distance of the crystal
is very esmall compared with the total Bragg angle (usual method)
thus giving & great economy of time of exposure.

2. The lines of successive orders are close together,
which insures uniform charscteristics of the plate and uniform
trestment in development snd fixing of the photogrephic plate.
Having the lines close together also allows quicker and more
accurate microphotomster measurements.

3. The adjustment of the angular speed of turning of
the crystal can be done accurately by adjusting the speed of the
driving motor. The relative opacitiss of the lines on the photo-
graphic pl:ites can be determined with gre ter accuracy if the
opacities are nearly alike and in the linear part of the plate
characteristic than if they are widely different.

4, The calibration of the plate is made with the same
wavelength as the lines to be measured. The width and intensity
distribution of the calibration lines is the s me as th't of the
lines to be measured, wiaich mekes the measurement independent of
response characteristics of the microphotometer.

Meacsurements Made with Precision Method.

A number of normal magnetic bismuth ceysteole were
studied by means of this method. Cleavige surfsces of the (111)
plane were prepared =nd the normel and magnetic scmples were
mounted one above the other in the crystal holder so that both
were measured simultanesously and the valuss of reflected x-ray

intensity could be compared directly.
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For a source of x~rays, a water cooled molybdenum
terget Muller x-riy tube was used. This was run at 10 m.a2. and
57 k.v. The rotation of the crystal wes &ccomplished by slow
movement of an srm that was attacaed to the crystal holder. A
d.c. shunt woudd motor driving a 2,500 to 1 reduction gear whose
end shaft unscrewed a nut which pushed a single ball bearing
againet a flat surface on the crystsl arm holder was used. The
speed of the motor could be varied by changing the armature voltage,
which was constantly indic: ted by a voltmeter. The speed of the
motor was accurately calibrated in terms of the armature voltage
by means of a stroboscope which consisted of a white disk having
a heavy radial black line, attachsd to the motor sheft, and a
neon illuminator lamp operating on the 50 cycle a.c. lighting
voltage.

lMeasurements of each of the first five orders of Bragg
reflection were made. The ratios 1, 2, 4, 8, 16, 32, were used
for ths exposure times in these ralibrestions.

Four separate cets of normal magnetic samples were
measured. For each plate, a calibration curve was plotted from
the microphotometer readings t-ken on the calibration part of the
plate. On this curve, the values of the measurements of the
lines various orders of reflection wrs interpolated. The intensity
of the backgzround immediately ¢djacent tc each line was also
interpolated (this amounted to a quite small correction) and the
true intensity was t ken ¢g the difference between line intensity

and background intensity. Table #6 shows the measurements made on
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4 plates. Fig. 8 shows a print from one of these pletes.
afibraton’ g
Fig. 8.
Table #6.
Order Flate D Plate E Plate F Plate G
N i N M N M N M
1 9.3 37.6 | 40.6 40.6 | 34.3 51.8 | 69.0 47.0
2 100 100 100 100 (100 100 100 100
) 4l.2 43.0 48.6 41.0 28.7 27.2 26.1 41.1
“ 2,06 2.13 1.99 1l.88| 2.9 4.3
5 6.80 7.64| 9.6 7.8 4.82 9.56| 6.6 7.8

The date still showg considerable

variation but does not indicate

a systematic difference between magnetic and normel bismuth.

Plates D and E®

show the most consistent values.

The large vari-

ation shown by different samples of crystal was rather puzzling

since it did not appear possible that it could be explained by

experimental error because of the great care with which the

measurements were made and the apparent soundness of the method

of measurement.

The explanation for this variation was found

later when & similar series of measurements were made using an

ionization method of measuring the x-ray intensity.

It was found

that the integrated x-ray intensities were greatly dependent upon

the character of the surface of the erystal.



29.

Ionization Method of Measuring X-ray Intensities.

Description of a New Type of X~-ray Ionization Spectrometer

Fig. 9 shows a drawing of the apparatus and Fige. 10a
and 10b show photographic views from either side.

It will be noted from the drawing that the apparatus
ie a variation of the Bragg x-rcy spectrometer, which differs from
the usual type in that the x-ray tube is movable and the ionization
chember is fixed, instead of the reverse. Such a design was
adopted because it was desired to measure small x-ray intensities
by using a sensitive Hoffmennelectrometer. This makes it desirable
to use an evacuvuated connection between the ion chember and the
electrometer if the instrument is to be used at a aigh sensitivity.
If the ion chamber ic movable, & long movable connection is re-
guired but with 2 fixed ion chamber the connection can be made
short and can be easily exhausted. Por such & design it is,
however, necessary to use an x-ray tube which can be opesrated with

the center of ths tube near ground potentisl. A liller Metalix

n

x~-ray tube was used for this rssson. This tube has its central

{

part made of metal, which shields the x~rays from all directions
except through & smsll window. The tube operates with the central
met 1 part near gwround potential (8,000 volts from central part to
ground with 60,000 volts acro=s tube).

The spectrometer (Fig. 9) has a fixed centrsl post A,
fastened to the base B, Thé upper part of the post ie conical and
carries a scale C which is clemped in an arbitrary fixed position;
and the moveble arm D. Thise arm carries at one end the x=-ray
tube holder E and a counterbalance W on the other end. 4n indi-

cator festened to this arm at the center measures its position
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Fig. 10A.

Fig. 10B.
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relative to the scale C. A fixed elit ¥ (.32 mm.) is on the
x-ray tube end of the collimeting tube and an adjustable slit G
on the end next the crystal.

Crystal Holder Table.

The crystal H is mounted on & horigontal brass post
2" long which holds the crystal d#ar enough from the rest of the
crystal holder table so that the incident x~-ray beam does not
strike it. The crystal holder h s adjustments for five degrees
of freedom. The rotation about an axis normal to the crystal
face is read on scale I. A rotation about a horizontal axis
parallel to the crystal face is accompliched by screw J, and the
whole cryst=1l table ¢ n be rotsted about sz vertical axis by turning
the cone which supports it. Screws X and L allow transvercse
horizontal displacements of the crystal.} Vertical displacement
of the crystal ie not requiresd beccéuse the incident x-ray beam is
much wider then the crystal face. An indicator fastened to the
base of the crystal teble measures its angular position relative
to the scale C.

Rocking Angle Adjustment.

The cryset 1 table can be turned as & whole through a
renge of two degrees by rotstion of the shaft N which fites into a
conical bearing in A. The lower end of N carries a lsver arm O
which is moved by the micrometer screw P. A long sh:ft with
flexible coupling to P allows this adjustment to be made at a
distence from the spectrometer. The urper end of N carries the
mirror M whose angular position is accurately measured by a

telescope and scale. In the original design, mirror M was
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fastened to the lower part of shaft N but it was found that the
twisting of the shaft caused an apprecisrble error in the reading
of the position of the upper part of N. The present arrangement
allows perfect duplicstion of rngle readings to one-fifth second
of arec.

Ionization Chamber.

The ionization chamber is filled with methyl bromide
at atmospheric pressure. The chamber is made of brass which is
nickel plated inside to prevent chemical action of the methyl
bromide on the brass. The methyl bromide &t this pressure absorbs
97% of the Mo K, radiation in traversing the length of the chamber.
Tane window R consists of a piece of cellpphane which is lightly
coated with silver to meke it conducting and thus electrically
chield ths opening. The size of the opening is 3/16" x 7/8", which
allows thez two components of the Me K& line to enter. Tae collector
wire S is displaced to the side so the entering beam does not
strike it., The wall of the ion chamber is at & potential of plus
45 volts above ground, which is above the saturation voltage (38
volts) of the ion chember. Making ite potentisl positive reduces
the emicsion of photoelectrons by the rem=ining 3% of the entering
x~-ray beam whilch strikes the b ck of the chrmber. The collector
wire is supported on a quartz tube T which is cemented in the
brass piecce V, the latter being connected to the cover of the
Hoffm:n elcctrometer W whiea is grounded. The piece T thus acts
as a guard ring to prevent electricsl leakage from the wall of the
ion chamber to the collector wire. A fire wire (#40 to recuce

slectrical capacity of the system) runs down the center of the
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quaertz tube to connect the collector wire to the electrometer
suspension. The tube U contains P O5 for drying the methyl bromide
and the opening in the end of the ?on chember into which the gleass
tube is cemznted is covered with a wire screen to complete the
electricsl shislding of the collector wire.

The Electrometer.

The Hoffmannelectrometer was us=d to measurec the ioni-
zation current. The suspension used had & helf period of 12 sec.
and was very nearly critically damped, the ratio of successive
amplitudes of free vibration being 1 to 25. The elsctromester was used
with a binant voltcge of 10% volts, which gave & sensitivity of about
2,000 mm. per volt. The electrostatic capacity of the electrometer
and ion chamber was not measured bec-use this data was not needed,
but it was known from measurements made on & similar apparatus
that the capacity was roughly 15 cm.

Zero Background Drift.

The Hoffmsn electrometer was found to have a drift of
1l cm. on the scale in 16 seconds when the xeray tube wie not oper-
ating. This drift is referred to as the "zero B: ckground" and
represents the ionization produced by cosmic rays and by radio=-
active matter in the material of the ion chamber and its surroundings.
That the effect is not spurious is proven by the fact that it
disappears when the ion chamber is exhausted (prior to filling it
with methyl bromide). Tae cffect was found to agree in magnitude
with the zero background observel by Archer Hoyt and Dr. J. Du liond
with a similar ion chamber and electrometer located in another part

of the building.



The zero background was found to show a variation of 5% for suc-
cessive readings of 10 cm. scale deflection. This is due to
statistical varistion of & particles which produce mrny thousands
of ions per cm. of path. The faintest x radiation accurately
measured produced over four times this drift which reduced the
variation to a little over 1% in this cese. This variation is
averagsd out in the large number of readings taken for a single
me surement of the integrated intensity.

Adjustment of 31lits and Crystal.

The crystal to Be studied was cemented to the small
brass post (H, Fig. 9) which was screwed into I. For the purposce
of accurately adjusting the elit G, a centerpost which fitted
accurately into the conical nole'in N wae put in position in place
of the crystal table. The upper end of this center post had been
accurately ground to a tapering conical point, which wee on the
axis of the lower cone and consequently in the axis of rotation
of the crystal. A4 smell fleshlight bulb was placsd in front of F
so that a beam of lizht would fall through slits F and G ¢nd cast
& shadow of the conical point upon & white paper screen pl-ced
behind the point. The two sides of the slit G were then gradually
closed to a separation of a few tenths of & millimeter until the
shadow of the conical point fell in ths center of the illuminated
area. This assurcd that when the x-roy beam pressed thru the slits
F and G it would accurately pass through the axis of rotation of
the crystal. A telescope with a vertical crosshair wze placed at
the same height as the csenter of the slit at a distance of about

five feet. The telsscope was then adjusted so that the image of the
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cross hair co-incided with tie image of the conical point, so that
the image of the cross halr was in the axis of rot-tion of the
crystal. The center post was then removed and replaced by the
crystal table. The plans of ths cryetal fTacs was adjusted parallel
to the axie of rotation by turning the crystsl table until tae
beam of light wee reflacted the crystsl face into the telescope.
By turning screw J, the region of meximum intensity wae brought
into the center of the crosshair. The crystal table was then turned
so that the crystal face wes to the direction of the telescope and

by transverse adjusting screw L the portion of the cryst-l that 1t

was desired to study was brougzht into concidence with tae crosshair

)

when viewed in the telsscope. The crystal table was then turned

¥

through 90 degrees so that the crystel face was viewed on edge in

the telescope and the transverse adjusting screw K was bturned until
ths crosshe ir appsared just touching the crystal face. The adjust-
ment was checked by turning the crystsl table throuéh 180 degrees

end obssrving the tangency of the crosshair from the other eide.

The finasl ciheck for accurate aligmment of the crystel face with tas
axie of rotetion was mads by turning the crystal teble slowly through
the region where the lizht beam reflected by the crystal fell into
the telzsecope fisld and observing that the télescope crosshair was

accure “ely centered on the bright arsanwhich was reflected by the

ot

criyetel face.

m
O

The angle scale C was :djusted thet when the arm D of
the spectrometer and the ion chimbsr were in line, as is illustreted
in ®ig. 10, the indicator attached %o arm D read zero on the scale.

The position of the crystal table in Iig. 10 is arbitrerily turned
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with respect to the arm D for simplicity of illustration. The
scale C wes subsequently climped to post A and meintsined in thet
poeition.

The measurement of intensity reflected by the crystal
at the Bragg angleé9 was dcne in the following way: The arm D‘was
turned through an angle 2O (2e shown by the indicator), so that
the reflected x=-ray beam would pass through the center of the ion
chamber window, The micrometer adjusting screw P was set so that
the arm O w ¢ midway between the stops and the crystal table was
gset into N in such & position that the indicatocr on the crystal
table registered an angle @ on the scale C. The x=rays were then
turned on rnd tae intensity of the reflected rays was observed by
measuring the rate of drift of the clectrometer. The position of
maximpm reflection was found by changing the angle of ths crystal
over & small range by means of the micrometer screw P'(the position
of arm 0 being read by means of the mirror M rzflecting the image
of a fixed scale into a telescope). Thais change in reading of the
crystal table indicator on tae scale C at this maximum showed the
angle between the plane of the crystal £ ce and the plane of I. The
crystal table could now be re-adjusted sc that the maximum reflection
occurred when O was midwey betwsen the stops (indicated by the
mirror M reflecting the center of the scale into coincidence with
the telesecope crosshair).

X~-ray Shielding of Ion Chamber and dlectrometer.

It was found necessary to chield the ion ch:=mber with
grest care from strsy x-rays, This wae done by placing a 5/52" thick
sheet lszad barrier (not shown in Fig. 9) bestween the spectrometer

and the ion chamber. Between bthie window of the barrisr and the



crystal, & 4" long brase tube having fixed lcad slits was placed.
Tasse slits ware open & distance of 3/16" and served to decrease
the €0lid angle subtended ty the ion chamber window. In addition
to these glits it was found nsce sary to put a2 lead baffle in lins
with the crystal and the ion chrmber between the crystal nd the
x-ray tube. The size and position of the baffle was such that it
was impossible to see ths ion chember window tharough the wide slits
in front of it from any point around the x~-r y tube. When thise
baffl: was omitted it wee found that the x-rays scattersd from the
air surrounding the x~ray tubsrcached the ion chamber in sufficient
intensity to ma¥K the fourth and higher orders of reflection from
the crystal.

X~-ray Tube Control and lMsasurement of Current and Voltage.

.

The x-ra; tube was operated on half wav: rectified a.c.
(supplied by a Wappler lionex x-ray voltage supply). The x-ray
filament current was supplisd by a storasge battery which was ad-
Justed with & micrometer rheostat to give a constant emission
current, The emicsion current was read by means of & multimeter
before and after ecach electromster measurcment of ionization
current to insure consta ¢y. 4 series of nmeasuremente of x-rays
reflacts? by & crystal were made with different x-ray tube curraents
and @« linear relation (which wae axpectel) was found. Because of
ths great rang: of x-r y intensityss which were measursd, two
standard x-ray tube currents were uszd; 1 m.a. for strong reflesctions
‘nd 10 m.a. for weak x-ray reflections (fourth-and higher orders).
This made it poseible to cover all ranges of intencity without

changing ths electrometer sensitivity. The primary supply voltage

(r( ]

of the x-ray high voltage transfiormesr was found to have a total



variation of 2% throughout a 24 hour period. It was found that this
variation wae at 2 minimum (%%) in the period from 10:00 p.m. to
3:00 a.m, Since the xerry intensity depends upon the square of the
voltage, a lerge variation in voltage can produce a serious error.
For this reason, the measurements were made at the time waen the
line voltage was found to be steadiest, and, in addition, the
transformer primary voltage was resad hefore and after each elsctro-
meter deflection reading. A measurement was made of the x-ray
intensity as & function oi primsry voltaze and from this data each
measurement of x-ray intencity of a given set of measurements was
corrected to a standerd primary voltage.

llethod of lieasuring Integrated X-ray Intensities.

The electrometer deflection was measured by the position
of a light image reflected by the electrometer mirror on to a
translucent celluloid scale. This scale was ruled in millimeter
divisions and was curved so thet the electrometer mirror lay at the
centsr of curvaturs. The ionization current wes determined by a
cstop-wateh measurement of the time of transit of the electromater

gcals im ge between two given points on tae scale; that is, the

w

time required to acquire the definite amount of charge. The
ionization current w e then proportional to the reciprocal of the
period of time. The points chossn were 50 mm. from zero for the
starting point nd 150 mm. from zero for the cnd point. The error
of thiec measurement was zstimsted to be not grester than ¥ mm. or
3%.

The crystal was first turned within a degree of the
Bragg angle and a scries of measurements of electrometer drifts was

made. These measurcenents were found to be constent for various



positions of the crystal until the crystal was turned to & position
within the rocking angle. TFor successive positions of the crystal
the ionizstion current was found to incrseacse up to & maximum value

4

(Bragg angls) and was found to dscrease again until the crystal
was turned beyond the rocking angle where the ion cur ent returnd
to ites former constrnt value., This value is the x-ray background.
The ionization current for cach position of the crystal was com-
puted by taking the reciprocal of the measured time of drift between
two fixed points on the electrometer scale., TFrom each of these
vilues the ionization current of the x-ray background was subtracted.
The resultant viluss were corrected to & standard primesry voltage
and plotted against the corresponding angular position of the crystal.
The areapi.this curve was measured with an integraph and represents
the total amount of x-ray energy given b, Bragg reflection from the
cr;ystel for thet particular ordsr of reflection. This is referred
to as "integrated x-réy intensity". The various orders of reflec-
tion for a given crystal were plottec for convenience on the s me
graph. The v-lues of the abscissa (rocking angle) were take:
arbitrerily as zero for the maximum point, although in reality the
various orders of reflesction occur at widely seperated Bragg angles.

Measurements of Integrated Intensity.

Figs. 114, 11B, 124, and 12B show rocking angle intensity
curves which were measured and plotted in the way described above.
Planimeter lleasurements of the areas under these curves are shown

in Tables #6 and #7. The data in these tables is "normalized"; that

(=N
0]

multiplied by a factor so that the intensity of the second order

is taken as 100.
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Table #6.
(114) | (11B)
N M
Order Area Normalized  Order Area Normalized
1 534.4 77.5 1
2 688 100 2 1625 100
3 300 43,5 3 621 38.2
4 22.8 3.31 4 54 .32
5 66.8 9.70 5 117 7.17
Table #7.
(124) (12B)
N M
Order Area Normalized Order Area Wormalized
1 780 66 1 487 40.5
2 1180 100 2 1201 160
3 400 33.9 o) 417 54,7
4 36.8 J.11 4 45,1 3.75
15} 65.0 5.50 5 90.1 7.50

Discussion of Results.,

These measurements were taken with great care to reduce
experimental error. The data plotted in 124 and 12B was checked
by repeating the measurements on each set of deta for each order.
The respective measuremcnts were found to agree within 1%. In ad-
dition to this, before each new set 0f observations was made, some
of the previous measurements were checked tc insure that nothing
had changed in the meantime., The error of the integrated curve is

estimated to be 1%.
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The first order of Bragg reflection is not very reliable
because of the small engle of incidence (5.1 degrees) of the
incident beam. With a =lit adjustment of 0.2 mm. the width of
crystal surface reflecting x-raye in the firet order is 2.2 mm.

In this case any surface imperfections produce an appreciasble ef-
fect on the x-ray reflection.

A study of curves 114, 11B, 124, and 12B and Tables #6
and #7 yields the follo%ing results:

l. The shape of the intensity-rocking angle curves
shows that the crystal surfaces were composed of & number of com-
paratively large facsets, each facdt producing its own distribution
curve and the resultant curve being the sum of all the separate
curves, In the casec of NaCl and similar crystals, bthese large
facets are not found and their intensity-rocking angle curves are
smooth and have only one maximum for each wavelength. When the
recolving power is high enough, the o X& lines become =eparated.
An examination of the curves will show that this begins to happen
in the second order ad is already well pronounced in tae third
order. This ir not tc be confused with the sdditional maxima
produced by obtasr crystasl facets. The effect oi ths resolution
of ths coublet ad the reflection Zrom otarecr facets can be clearly
digstinguished by the fact that the former increages separation
with increasing order, while the latter retaing the same relative
angular position in all orders.

41

2, If the integrated intensities (disregardin. the

firet ordsr) of normal znd megnetic bismuth in Table #6 £nd =lso in
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Table #+7 are compared, it is not possible to account for the
chenges in intensities by changes in the parameter. Thic was
determine’ by noting the direction in which the intensities would
change for a change in paramebter in the region of .41 of tne plot
of intensity against parameter (Fig. &). No correspondence be=-
tween the parameter curve and the intensity changes could be found.

3. A comparison of the maximum ordinates of different
orders for the respective curves sihows that thece are in agreement
within 2%. Thig agreement is significent considering the much
greater range in values of the integrated intensities.

From these facts two conclusions are drawn:

First: The parameter of magnetic bismuth does not
differ from that of normal bismuth.

Second: The integrated intencsity depends upon the
character of the surface., Tais is pr bably due to the very high

x~ray absorption coefficient of bismuth for the wavelength used.
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The linear x-ray absorptio approximately 150.
For the firet order reflection the incident x-ray beam is reduced
9/10 in intensity by sbsorption alone in penctrating to & depth of
about 2,000 atoms below the surface.

Determination ¢f Parameter.

The shape of curve 12B shows that this had the becst
crystal surface of the group measursd. For this reason the inte-
grate! intensities for this crystal will be used for determination

of the parameter. The Debye factore that werec obtained from an

experiment to be described later give the following corzection.
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Table #8.

Qrder Intensity Debye Corrected
Factor Intensity
1 40,5 .9178 41.4
2 100.0 «917 109.0
3 4.7 . 760 45.6
o 3.75 .620 6.08
5 7.50 o445 16.85

Comparison of this set of corrected intensities with the
paremeter curve shows that the data fits best at a parameter of
.411 if the position is chosen so that the agreement is best for

the higher orders.

Table #9.
Parameter .410 Parameter .411 Parameter .412
BXD. Theor. % Theor. % Theor. %
Value Value RELE. Value Diff. Value Diff.
41.4 30.2 25 89,2 28 £8.4% 29
109.0 90.2 5.7 1.0 16 92.3 16
45,6 32.3 29 31.8 28 51.6 31
6,06 5,61 0.7 5.8 3¢5 .15 1.6
16.85 16,85 0.0 16.85 0.0 16.85 0.0

(1)

o
The parameter is defined by James as the displacement in A of
one of the lattices from the center of the second lattice {parameter
of 0.500 in notation used in this paper). In terms of the defi-

()
nition of Jemes, the parameter is o

(0500~ 0.411)x2.945A = 0.35/A ¥ 00lA

Effect of Extinction.
The measured intencsities are greater than the theoretiecal

values in the lower orders of Bregg reflection., This is contrary to
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the way in which primary and secondary extinction would aifect the
reflection., This deviation secems to indicate the approximate
character of the present status of the theory of x-ray crystal
diffraction when it is applied to crystals having highly absorbing
atoms.

DEBYE FACTOR.

Crystal Mounting.

A series of measurements of integrated x-ray intensifies
reflected by & bismuth (111) plane at various temperatures was
made. For the purpose, the crystal was cemented with insolute into

an electrically heated crystal holder, chown in Fig. 1l3.

GLASS HEATER
R v

Fig. 13.

A storage battery with a control rheoctat was used to adjust the

=
[y
o]

temperature of the crystal. temperature was read by means

of a thermocouple which was cemented in position beside the crystal
as shown. The thermocouple was calibrated for crystal surface
temperature. The crystal could also be cooled to liquid air tem-
perature. by means of a tiny Jet of liquid air which was blown
downward along tne crystal face. By properly adjusting the rate of
flow of liquid eir, it was found possible to keep the crystal at
liguid air temperature and to keep the reflecting face of the crystal

"wet" with & thin film of liquid air and perfectly bright and free
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from 002 or water crystals. During these measurements, the surface
of the crystal was continually observed by means of a teclescope and
mirrors to insure tast the face of the crystal was kept free.
Relation of Maximum Intcnsity to Integrated Intensity.
A number of measurements of integrated intensity were
made for a crystal at room temperature and at a temperature of
255° ¢. It was found that the curves were similar and the inte-
grated arsa of thes curves was proportional to the maximum height.
The subsequent measurements were made b, determining the maximum
intensitiee of reflection fur each particular temperature.

lieasurements.

Log of Inf'cnsf)‘y

70C
|

7T -

Fig. 14.
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Fig. 14 chows the results of a series of measurements
made in this way on a bismuth (111) cleavage plane. The log of
the integrated intensity wes plottel against 72 which should give
a linear relation if B in the Debye factor is proportional to T .

It was found poseible to measure the expansion of thae
lattice directly by measuring thz chsnge in the Bregg angle. Tais
amounted to about 1 mm. change in the rocking angle scale rsading
at the meximum point for & change of 60° ¢. The scals could be
read to about a fourth of & millimeter, but the position of the

cauce of the widtn of

n

w©

maximum could not be measured =0 precisely b
the peak. Ths error of this measuremsnt was estimated at 5%.
Discussion of Results.
The results shown in FPig. 14 indicate that the curves

consist of two linear parte which intersect in the neighborhood of

3

n indication that something changes in the crystal

mn
o

70° C. This is

at this temperature. The temperature at which the change seems to
(6)
occur agrees with the temperature at which Cohen , Moesveld and

(7) (8) |

Cohen , and Wurschmidt obegerved an anamolous expansion for

polycrystallin bismuth., It also agrees approximately with the
temperature (72 to 80° G.) at which Goetz and Hassler(%)observed
the anamolous thermoelectric power {or normal-magnetic bismuth
single erystels.  On the basie of this evidence 1t appears
that at this temperature (70° @¢.) there may be & kind of ignition
temperature for a pseudo-allotropic change occurring in the
secondary lattice structure.

ixpansion Coefficisnt.

The lattice strucbure does not change and the measure-

4=

ments of the change in Bragg angls indicats that the expansion
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coefficiznt of the lattice is constant throughout the range of the

temperature studied. The expansion coefficient was found to be
140 ¥ 0.7 X 107@

(25)
J. XK. Roberts measured the expansion coefficient of bismuth

perpendiculsr to the (111) planc by means of an intreferometer

' method and found the value 6.2 xi0°® . A very significant
fact is that he found the exp neion coefficient began to decrease
rapidly at sbout 230° C. and fell to O just before the melting
point. He regarded this as en indication of the breaking down of
the erystal lattice. My measurements were made on the lattice

planes directly and show that the primary lattice does not break

temperature of 255° ¢. An explanation of ths 7

©

down up to
~ difference mhich correclate the two iec that =t 2300 @¢. the
segondary lattice structure (Zwicky&ku’gL)) becomes unstabls and
possibly goes into what may be described as a molten condition. A
point which supports this view is that in Tig. 14 the intensities
at the highest temperature measured (255o C.) fell below the straight
line curve for tae fourth and fifth orders. (The third ordscr may
have sn experimental error at this point.) The falling off may be
en indication of the melting of the secondary lattice.

Numerical Value of B

The values of the Debye factor at room temperature teken

from the curve Fig. 14 are given in tae following table.

Table #10. o D
D log D sin?é B-- log o
-, 2744 0722 Ge 8l Av¢fagé B

.620 —~.4780 «1285 5.73 3.89 f 0.16

(51 TS O i §
®
-3
[o})
(@]

445 - 8088 201 4,02
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The agreement is good considering that measurements were made at
only one low tempersture point (liquid 0Og).

DISCUSESION

A complete discussion of results has already becen given at
the end of each topic, which is recorded in the Table of Contents.
Instead of repeating this, thae following discussion will be formu-
lated in a very general way.

tic field are known

®

n

Bismuth single crystals grown in a me

ay

tc exhibit anamolous changes in density, electrical conductivity,

[

and thesrmoelectric power. X-ray crycstael structure measurements of
these crystals prove that ths primary crystsl lattice remains un-

changed throughout ths anamolous changes in phyeicel properties.

=

provzss that it is necessary to ascribe th:=ce chenges to some-

e
m

h
thing other thsn the primary lattice and gives support to the
theory of scecondary crycstal lattice structure.

Crdinary bismuth ie known to exhibit anamolous density changes
in the neighborhood of 70° C. which nave been ascribed to &n allo-~-
tropic transformation. Studies of x-ray reflections from bismuth
gingle cryctals as a function of temperature reveal that the primary
lattice is unchanged and that & pseudo~allotropic transformation
occurs near 70° ¢, Tais pseudo-allotropic tranciormation may be
interpreted as a change in the secondary lattice structure. Illeasure~
ments of the linear expansion of bismuth cryetals seems to indicate
that the secondary lattice begins to degsnerate when the temperature
exceeds 230° C. ZX-ray measuremente indicate that the primary lat-

tice shows no degeneration in itse structure up to 255° ¢,
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In conclusion, I wish to express my &appreciation to Dr. A.
Goetz for his guidance and inspiration throuzhout the course of
this rescarch work and also to Dr. R. A. Millikean for the interes

I am also indebted to Messrs. A. B. Focke and . ¥, Hassler
for their work in growing the crystals which were used. Dr. J.
Dumond, lr. Archer Hoyt, &ud Dr. L. Pauling have given valuabls

help and suggestions on questions bearing on this reccarch problem.
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