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I I I 

,ABS T RACT 0 F R E S U L T ~ 

A n ew photo gTaphic method of meas ur i ng integrated 

i ntens iti es of x- rays refl ect ed by c rys t a l s has been developed . 

The pla t e i s calibra ted with t he s ame wavelength of rays a s t ho se 

measur ed. The expo sure~ a r e adjusted so tha t each measurement 

produces about the s ame blackening of t he pla te. The result ant 

lines are measured by means of a microphotometer. 

A new type of x-ray ioniza tion spectrometer has been 

designed and was used f or the present res earch pr oblem. The 

ionization chamber i s fix etl an d the ionization curr en t i s measu red 

by means o f a Ho ffman electrometer, whic h makes it pos s ibl e to 

measure x-ray intens iti es down t ) the l ov'le r limit i mpo sed by 

co smic r aye. and radio-active effects. By means of a pr eci s ion ad

j ustment t h~ angle of t he crystal can be adjus ted to t en se conds 

of a.re. 

The lattic e cons t an t fo r t he (111) plane of a bi smuth 

crys t a l has been mea sured by t h e Si egbahn met ho d and was f ou.nd t o 
0 0 

be D=3.'!"IS3/A +.OOOOJA at 
( 1) 

23° Centigrade. The previ ous value given by James was 
C, 0 

D : 3. t:f ~ A + o. oo A 

The l a ttice cons t ant f or t he (111) plane of a bismuth 
o e 

crys tal was found to be D = 3, 73 A + 0, O I A 
The pa rame t er of t he bismuth l at tice was measured and 

was f ound to be 
0 0 

o,3SIA+.oo/A The 
( 1) 

previou s value given by J ames was 

No di ffe r ence was f ound bet we en t he 11:ittices of bi smuth 

c rys t al s grown i n a magnetic f i el O:-and no nmagne tic bi smut h c rys tals . 
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The lattice constantso f t he (111) planes are alike to within 0.0005%. 

The anamolous changes of dens ity of bismuth single c rystals grown 
( 5) 

in a magnetic fi eld reported by Goetz and Focke and the anamolous 

thermoelectric effe cts of t heee c i:y ~i tals r eport ed by Goetz and 
(~) 

Hassler 

structure. 

mus t b ascribed t J changes in the s econdar .~7 l a ttice 

The Debye t empera ture factor D for the r eflection of 

x-rays of wavelength .708 .A from the bismuth (111) plane has been 

studied by making measurements of the i ntegrated x-ray reflection 

for the t i i r d, f ourth, and f ift h orders in a t empe r a ture rang e from 

liquid air t empera ture t o wlthin 10 degrees Centigrade of the melting 

point of the cr.:7 stal. A linear r ela tion was fou.nd between the log 

of t he i nt egrated intens ity and the square of the t emperature which 

agrees with t he theoretical expres s ion 
- B sin.'8 D::. e 

The dependen ce upon 8 was als o cheeked . 

B = cc T 2 

0 

It was found tha t a t a t emperature ~f ca. 70C. this straight 

line shows a sudden change and continues in a l i n aar relation of 

smaller slope. This was found for each order of reflection. No 

change was f ound in t he primary lattice s tructure throughout t his 

t emperature range. Ti i e i f i n terpret ecl as an indica tion of a 

pseudo-allotropic t ransf'ormcti on occuring a t t hi s t 0m:perature. This 
(6) {7) (8) 

checks t he w'-; rk of Co hen , Iv1oesveld and Co hen , and Wurs c h.mia_t 

who f ound anamolous dens ity chang es in bismuth in t !·1is t emperatur e 

region w .hich t hey incorrectly described as an al lotropic t ransfor-
( 4) 

mation. The work of Go etz and Hass l er alS() shows an anamolous 

change in t he ther moelectric pov.re r i n t h i P t empera t ure region. 
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The lattice c onstant of t he bi rmuth (111 ) plane was 

mea sur ed throughout thi s t emperatur e range and it was- f ound,,: that 

t he crys tal hs s a cons tant expansi on co efficient of 
(25) 

from r oom t emperature to 255° c. J. R. Roberts 

-~ 
l"f,O X IO 

, using an 
... C, 

l(,.txto intreferometer method, found a. va lue of for this 

expan s ion coeff ici ent. f!e found tha t this was cons t ant up to 

2300 C. ....t r om t hi s point on it gradually decreased to zero. A 

possible ex1)lana ti on of t hi s discrepancy betwe en the two r esults 

i s t hat a.t 230° C. the s econdar.:/ lattice s tructure becomes uns table 

and begins to degenerate. This would affect t he measurement e on 

t he length of the cry s tal but would not affec t the x-ray measure-
( GG ) 

ment s of the primary structure. made a 

mea2ureme ~t of t hi s Qxpansion co ef f ici en t a t room temperature 
_, 

and fo und the value 1?,. 9(1) X lO ,v t~ich i 2 in ag re ement wit h m~~ 

mea~ur ement. 



1. 

I N T R O D U C T I O N 

The following paper is part of a res earch program con

cerning ane.molies in the physical properties of metal single 

crys t als, particularly bismuth, which are not explained by the 

present theories of solid bodies in general or by the present 

t heories of the s tructure of crystals in particular. 

In the present paper, x-ray cry s tal analysis measure

ment s of bismuth single cry s tals are des cribed. Two ty pes of 

bismuth s ingle crystals have been inves tigated. Ordinary bismuth 

has been known t o exhibit certain anamolous phys ical properties, 

which have heretofore been ascribed to allotropic transformations. 

Bismuth single crys tals grown in a magnetic field have been found 

to exhibit certain additional anamolous properties. Tb.e problem 

is inves tigated as t o whether these effects are due to changes in 

the primary crys t al l at tice s tructure or whether they are indi

cations of changes i n the s econdary lattice. The poss ible eff ect 

of secondary lattice s tructure upon the reflection of x-ray s by a 

cr.ys tal i s studied . 

:PE{EVI OUS WORK 

Crys tal s tructure of Bismuth 

The crystal structure of ord i nary biemuth has been 
(1) ( 2 ) 

studied by R. W. James and by Hasr.el and Mark The crystal 

lattice was found t o be rhombohedral (hexagonal system) and can 

be de scribed as consisting of two similar intermeshed face center~d 

rhombohedral latt ices which are displaced relative to each other, 

a long t he tri gonal axis. Thi s di splacement is referred -to a.:s ··1 the 
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lattice parameter. 
( 3 ) 

A. Goetz has s tudied the eff ect of a magnetic f ield 

upon the crystallization of bismuth. This author f ound t hat i f a 

bi smuth s ing l e crys tal is allowed to g row in a magnetic field the 

resultant crys t a llo graphic orientation i s such that the direction 

of smallest magnetic susceptibility iE parallel with · the field. 

He also f ound t ha t if the crystal i s started growin8 with a dif

ferent orientation before t he field i~ applied, t he subfeguent 

application of t he magnetic field pr oduces no change in t he original 

cry stallographic orient a tion. The two parts of a bismuih ._s ingle 

cry s tal grown under such conditions (half without a field and half 

with a f ield) were found t o show di ff erent phyaical properties. 

The :part of the bismulh c rystal g r own without a magn etic f ield fs 

called t he "normal" bismuth, and t he :part of t he c rys tal grown in 

,a magn etic f ield i s called ''magneticr' bismuth. The followi ng 

anQrnolous properties of magnetic bi smut ·1 hav e been studied. 

Thermoelectric ~ower 
( 4) 

A. Goetz and M. Hass ler have measured t he di ff erence 

in thermoelectric power f or t ~e normal and magnetic parts of 

bismuth s ingle cr y Etals. They f ound tha t thi s diff erence in thermo

electric power i s gr eates t when t he t r i gona l ax is i s parallel to the 

long axis of the crys tal rod and perpendicular to the lines of /orce. 

They also f ound t c:i.at t he effe ct becomes a maximum in crys t als which 

were grown in a f ield s trength of 13 ,000 gauss . T.'.le ef f ect appears 

to dec r eas e wit h i ncreas i ng purity of the bismuth. ( The greate s t 

amount of impurity, which c onP i s t ed of l ea.d, s ilver , and co pper, was 
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pr obably l ess t han 0.2% i n t hei r c ry s t a l s ). 

Dens ity 
( 5 ) 

.A . Goetz and A. B. Focke have f ound that t he d en s ity 

of magnetic bi smuth i s gr ea ter t han t ha t of norma l bi smuth when the 

trigonal axi s of t he crys t a l i s perpendicular to t he lines of f orce 

and perpendicula r to t he long axis of the c rys t a l r od. They have 

found t ha t th e dens ity of t he magn etic bismut h i s smaller than tha t 

of th e normal bi smuth when the t r i gonal a.xis i s perpendicul2r to the 

lines of force and parallel to t he a x i s of t he cr y s t a l :rod. The 

chang es in dens ity a r e f ound to become small er as t he pu r ity of t he 

bismuth increas es . 

Allotr opy of Bi smut h 

The ex iste~ce oi an allotro pic f orm of bi smuth wi th a 

t r an ~fo r mat i on poi nt i n ~ha ne i Jhbor ho od of 75 degrees Centigrade 
( o) ( 7 ) 

~1e.s be en :ceported bj7 Cohen , Hoe~ val d aDd. Cohen and Wur -
( 8) 

Schmi dt Thes e measu r ement s were made wit h normal bi smut h us i ng 

dila tometric methods, a sudden dec r ea s e in volume being observed 

when t h e tffinperature changes from below 75 degr ees to above 75 

degrees Centigrade. 
( 4} 

In the pap er by Goetz and Hassler it i s r eported t hat 

the di f f erence of thermoelectric power between normal and magn etic 

bismuth shows a linear rel c: tion t o t he mean temperature of the 

c rys tal except in the r egion of 72 t o 82 degr ees Centigr ade, WL:ere 

t he curve shows a sudden bend, giving a r egion of zero s lope. Thi s 

f act s ugges ted to t he abo ve autho r s tha t t he allot r opic t ransformnti on 

mentioned above mi6ht enter into t he t hermoel ectric power eff ects . 
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Mo saic s tructure of Bismuth 
( 9 ) 

It has been found by A. Goetz tha t the (111) cleavage 

surface of a normal bismuth cr ys tal s hows a mo saic pa ttern of 

equilateral triangles the lengt hsof who s e s ides a r e f ound t o be 

multiples of 1.4 microns. The above author i n terpret s t hi s a. s 

evidence of the r egular mo saic structure which had been predicted 
( 10, 11) 

f rom theoretical cons iderations by F . ZWicky 

STATIDJIENT OF :PROBL»LI: 

The papers dealing wit h t he anamolous phy s ical prop-

erti es of bi smut h single crys tals grown in a magn etic f ield gave 

rise to a number of ques tions which are the subject of thi s paper. 

The change in density of t he magnetic bismuth reported 
( 5) 

by Goetz and Focke sugge s ted that the crys tal s tructure of t he 

magn etic bismuth might be di ff erent from that of normal bi smuth in 

some way. This ques tion wa s studiell by making precise measurements 

of t he Bragg angles of x-ray r eflection f rom norma l a.nd magnetic 

bismuth crysta ls. 

The lattice param eter of normal and magne tic bi smuth were 

also compared by meas urements of the i n tensity of x-ray r eflection 

i n various orders. 

The probl em of the determination of t he mo saic cry s t a l 

lattice and it s eff ect upon the intens ity of x-ray reflection t hr ough 

prima ry and s ec onda ry ex tinction wa s investig;:'. ted. 

A study was made of t he c r ys t r l structure of bismuth at 

various tempera tures f r om liquid a ir t o wit hin 10 degree s Centigr ade 

of the melting point. In t hi s way t he Debye fact or was determined , 
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which made it possible to compare the measured values of reflected 

intensities with the theoretical values. By this means also it was 

possible to decide whether the c h::nges in the phy s ical properties 

of bismuth in the neighborhood of 75 degrees Centigrade were due to 

changes in cryst ::· l s tructure or whether they were pseudo-allotropic 

effects. The existence of an i gnition tempereture for a. pseudo

allotropic change was also inves tiga ted. 

X-RAY 

BISMUTH 

S T U D I E S O F 

SINGLE 

THEORETICAL C0N~IDERA TIOH5 

Interplanar Distances 

CRYSTALS 

The basis of all x-ray crystal structure work is the fact 

that the atoms of t he crystal are arranged in a definite space lat

tice which is so perfect over an a ppreciable region tha t it acts as 

a three dimensional diffraction grating for x-rays wh ich have a 

smaller wave length than the distance between the l at tice plane s . 

The space lattice of atoms can be described as s ets of parallel equi

distant planes of atoms. Constructive interf erence of the incident 

x-ray beam can only be produced when the angle of incidence f of the 

x-ray beam t o one of the s e s ets of atomic planes f ulfills the Bragg 

Law n ~ -a: 2 D s i n 0 

-v\:. order of reflection 

it ::-.wavelengt h of incident x-ray beam 

(!) ::.angle of incidence 

D=distance between succes s ive atomic planes 

When this condition i s fulfilled for a particular set of 

at omic planes they act a s a mirror t o reflect a ps rt of the x-ray 

ene rgy. By us ing a known wavelength A t he spacing of a given set 
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of at omic planes in the cr y s tal c n be measur ed by det ermining the 

Bragg angle of reflection. 

Energy Intens ity of the Brag& Reflection 

The scattering of x-r8ys by the electrons in an atom 

can be dealt with success fully on the bamis of classical electro

dynamics a s long a s the electrons retain their positions in the 

atom during the process. In other words, such phenomena as Compton 

ef fect, 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 thi s method of treating the problem is 

only an approximation. Although the method has met with success 

in interpreting the measurements on the intensity of x-ray reflection 

from NaCl, its ext ension to a t oms of very high atomic weights (with 

correspondingly high x-ray absorption) must be made with caution. 

It is, however, the only met ho d of handling this problem at t he 

present time. 

X-ray Scattering by a Bound :E!lectron 

The intens ity of the x-ray wave scattered by a s ingle 

electron in the di r ection l9 to a point a.t a distance r i s given f or 

an unpolarized incident beam of intens ity I by the equc tion(tZ) 

e 4' 2. 
L = I J. i '( (1+c..co ~c1) [, .• ,] 
~ zr m c 

e = charge of electron 

~=mass of electron 

C ~velocity oi' light 

20-= angle betw~en incident and seattered ray. 
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X-ray Scattering by an Atom 

If we consider the diffraction of x-rays (which i s a 

special case of scattering), by a lay er of atoms in a crystal, 

the electrons in each atom will act a s scatterers. If all the 

electrons of the atoms lay in the atomic planes, the energy 

intens ity diffracted by one atom~of atomic number Z would be 

ZI • Since the electrons in an atom are spread over a range of 

distances comparable with t i1e spacing between the lattice planes, 

the waves sent out by electrons in different parts of an atom 

will be out of phase ap.d produce interference which will diminish 

the r ~sultant wave intensity. 

The intensity of an unpolarized monochromatic x-ray 
,,v 

beam diffracted at an angle f 8 by an actual atom is 

7.s '= F2Is 

r'=IF2 e" (1+-~2z0) 
.J. 8 i J-" 1'11 1. C 'f 

F = atomic structure factor. 

A simple geometrica l consideration will show that 
0.. 

F~ ~1 j:>(a) CAO( "';i ~(!;)r/:z) [7•Z] 
-A. 

ftl):: probability of an electron being a.t a height between 

between Z and Z + dz above the plane through 

the atom centers. 

0: angle of incidence of x-rays to the atomic plane . 

.L • wavelengt h of the radia tion. 

The value of F fo r the bi smuth atom has been ca lculated 
( 15) 

by L. Fauling on the basis of wa ve mechanics. He has been able 

t o evaluate the prob bili ty f(~) in equation [7·Z]by u s i ng hydrogen-
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like eigenfunctions f or eac h of the component electrons of the 

atom . Table #1 shows Pauling ' s va lues of F a s a f unction of 

$in. l for lbi smuth. Table :fi: 2 shows t he values of F int e r pola ted 

from thi s curve f or the f irs t seven orders of fefl ection from t he 
0 

bismuth (111) plane, of wavelength 

values for FR( /-r C-r.7 3.19) 

• 708.Alnd the corresponding 

~~9 

Table :/J=l. 

sin 2. 
~ 

F 

o.o 83.00 

0.1 75. 53 

0.2 ij5.83 

8.3 56 . 92 

9.4 50 .59 

0.5 46 .11 

0. 6 41.55 

0.7 37.15 

o.s 33 .03 

0.9 29.24 

1.0 26.18 

Table iJ:2. 2 
F''l. it-colz,-'3 

1\ 8 
. 9 

F~ 
,.,. cos 10 

Slit,; F Si11l.6 Si hi, O 

1. 5 . 105 ° 0.1226 73. 20 5,360 11.11 59.50 

2 10.335 ° 0.2535 ao .so 3,700 5.32 19.67 

3 15.612° 0.3800 51.60 2,660 3 .34 8.880 

4 21.0 25° 0.5070 45.80 2,090 2. 318 4.850 

5 26 .647° 0.6330 40.00 l, ~00 1. 605 2.710 

6 32.5 60e 0.7600 34.60 1,197 1.300 1.557 

7 38. 900 ° 0. 8862 29.70 880 1.058 0.932 
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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 i ~~termed 

through the Bragg angle at a uniform rate WJ and which is so 

small that the incident monochromatic unpolarized x-ray beam is 

not appreciably absorbed on passing through it, we arrive at the 
(If,) 

relation 

( 17) 
Darwin 

V• total energy diffracted or "integrated reflection" 

W= angular rate of turning of crystal. 

n= number of atoms per cubic centimeter. 

i\ = wavelength of incident beam. 

F = atomic structure factor. 

I: incident x-ray intensity. 

1V: vo lmne of small c rystal. 

e: Bragg angle. 

X-ray Diffraction By A Thick Ideal Crystal. 

If the same calculation is made for a thick ideal crystal, 
( 18) 

and ENald 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 eff ect. The crystals which approach this 
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condition clo s es t are calcite and diamond. For the f ormer, energy 

reflections of 40% of the incident monochromatic x-ray beam have 

be en observed at t he Bragg angle over a range of ~~elve s econds of 

arc. 

Practically all cry stals occuring in nature depart very 

widely from the ideal, having rocking angles (t he angle thr ough 

which the crystal shows any Bragg reflection) of from s everal 

minutes t o s everal degrees. 

Mosaic Crystals. 

In order to obtain x-ray diffraction eff ects at all 

from a crystal it i s necessary to have at least a small part of 

the c rys tal sensibly ideal. To fit thi s in with the theoretical 

cons iderati on s already di~cuss ed and t he experimental f act of the 

existence of r elatively large rocking angles in real cryE.tal s , 

Smekal, E\Vald, and others ha ve po~tulated t he exis tence of the 

mosaic cry s tal. The structure of thi s mosaic c r y s tal is throught 

by thes e authors to be the following. The crystal i s built up of 

small blocks of arbitrary size. Each block i s sens ibly a small 

ideal crystal but adjacent blocks are slightly di splaced rela tive 

to each other and thi s di s placement destroys any phas e rela tion between 

adjacent blocks and t herefore causes each block to act independ-

ently of the others as f a r as diffraction i s concerned. The angular 

displacement of the blocks is assumed to be statistical, and t he 

deviation in angl e f rom the mean t herefo re follows a Maxwell 

distribution curve. The rocking angle ie a measure of t ne width 

(modulus) of thi s curve. 
( 11, 12) 

The .Zwicky t heory of s econdary l a. ttice s tructure 

po s tula t es tha t t he primary crys t a l lattice has supe r pos ed on it 
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a larger secondary lattic e of 1f planes. In thi s way the primary 

lattice is divided into blocks which are in perfect alignment. 

A mosaic c rystal exhibits two new effects in x-ray dif

fraction. 

Primary Extinction. 

If the size of the mosaic blocks is 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, tt ·has been 
( 19) 

shown by Darwin that a phenomenon er lled "primary extinction r, 

occurs, which introduces a multi plying factor t o.n h m'~ into 
m'j 

the previous equation where 

[)-= lattice constant. 

11.-:: number of atoms per cc. 

F: atomic structure factor. 

tn'== number of atomic l ayers per block. 

0 = Bra gg angle. 

The difficulty arises that no satis f actory method exists 

for the determination of M' th e number of atomic layers per 

mosaic block, and no experiment has yet been devi s ed for measuring 

the primary extinction directly. 

There are three way s for determining whether a crystal 

exhibits primary extinction to an appreciable degree. 

First: If nvo samples of the cr ystal differ widely in 

structure {degree of perfection of the crystal' s surface) but still 
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give the same value of integrate intens ity W , the primary 

extinction i s small. This can be tested by measuring the inte

grated intens ity for a good crystal surface and then disturbing the 

surface by grinding and measuring again. 
> 

Second: The- integrated intens ity for a good crystal can 

be compared with the integrated intensity of the same c rystal when 

it is finely powdered. 

Third: I f the primary extinction is an important factor, 

W should be proportional to F whereas if the primary extinction 

is negligible, W should be proportional to F 2 . 

Secondary Extinction. 

The second type of phenomenon which the mosaic crystal 

exhibits is 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 crys t al. This i8 called "secondary extinction." 

This effect gives the c r ystal 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 eas ily determined experimentally 

by measur ing the integr a ted intens ity for a seri es of di ff erent 

thic~~nesses of the same kind of crystal. Bragg, James, and Bosen-
{20) 

quet have measured the secondary extinction coef f ici ent for 

rock salt and have found that the coeffici ent decreases very 

rapidly with increacing order of reflection a s i s shown in Table #3. 
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Table {/=3. 
0 

Normal absorption coefficient of NaCl for .612A is 10.70 

Order 

1 

Secondary ext. coeff. 

5.6 

Per cent of normal coeff. 

52 

2 1.96 18 

3 0.02 0.18 

De bye :&' actor 

That the heat motion of the atoms in a crystal would 

impai~ the x-ray interference effects and decrease the intensity of 
(21) 

x-ray reflection has been pointed but bj Debye and others. 

The ttDebye factor" p is the correction factor by which 

the reflection formul a must be multiplied to represent the effect 

of temperature. 

8-=Bragg angle. 
( 22) 

The experimental measurements of B ma.de by James 

and others do not agree quantatively with the theoretical value but 

do agree qualitatively. Experimentally B is found to be inde

pendent of 8 and proportional to ~ in agreement with t heory. 

Also, at low temperatures B is f ound to be proportional to Ti 

in agreement with theory. However, at high temperatures the t heor

etical and measured dependence of B upon T is in gener a l found 
( 22) 

to di sagree. (c.f. James ). 

Effect of Para.meter. 

If the crystal has a parameter (as i s t he cas e in 

bismuth) an additional eff ect will become appa rent. 

The x-ray int erference ei:'fe ct E pr oduc ed by an i n t er 

penetra tion of two identical l at ti ce::.:! wi ll be t r1e 2-ame , as far 8. F 
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th " Br<:, ~• ·· •an a- 1 ::,o 1· c conc"'rned <::> c t .1~ --,·lu· .:·.' r v·· m ·-~1·t ·.~,,_.,_ -J. 0.L07 t 1·1,:o.J 1;, t -+-u1· c es 
' J • c,so - o ·-' " ·• 0 , u- , - '-' - - • _ ·" 

alone . Since t he l at ti ces iava a de f i nit e geometr ica l s pa c e re-

l a tionsh i p , t he phase o f the di ff ract ed ray s from the two l a ttic es 

will have a definite phas e relation, and their amplitudes will a dd 

vectorially. Thi s phase r el a tion will vary with t he order of 

dif f raction in the f ollowi ng way. 

In t ~1e diagram, ]' ig. 1, l e t the solid lines l and l' 

represent the plane perpendicular t o the trigonal axis (Miller 

i n dex (111), in t he rhomboheC. r t.; l sys t em) of one of t he l at tic es of 

bi smut h and t he broken lines 2 an d 2 1 :repr es ent the corres ponding 

plane fo r t f10 other lattic e . Then ¼ will be the l at tice parameter. 

Le t the x-r2. y beam be i n ciden t to t hese plan es a t the Bragg angle 811, 

Since the phase di f ference of the waves from 1 and l' is z-,,.n, 
b 

the phas e di i ference be t we en phase 1 2. nd 2 will be <f = l.7Tl'l;;j'. The 

interferenc e bet ween 1 F- nd 2 will give 

A= amplitude of wave reflect ed by e ither 1 or 
0 

2 i f there were no i n t er fe r en c e bet we en t hem. 

-1-----b---- ------:~--✓-/...;,,;...._ ____ ' 

~ I ------2 

" 
---t' 
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Fig. 3 s hows the r e l ative i nt ens ity fo r t he f irs t seven orders of 
0 

Bragg reflection of wa vel ength • 708A ( Mo .K(, line) , f rom the ( 111) 

plane of t he bismuth lattice, as a. func tion oi' the parameters 

calcula ted by u s i ng equ::. tions[9•1J a.n.cl [•'i••J J and the corr esponding 

values of the s tructure f a ctor interpola ted from Pauling's da ta 

(Table # 2 or F ig. 2). These value s are ca lculated for the crystal 

at zero degrees absolute, and can be us ed for the interpretation 

of the measured i ntegrat ed intens ities by co rrecting these for 

temperature effect (Debye f s ctor) and extinction. 

E XP E RI:M E HTAL F R O C E D U R E 

Preparation of Crystal Surfaces. 

The normal-magnetic bismuth s ingl e c r ystals whic h were 
( 3) 

studi ed were prepared after the method described by Goetz 

type P which shows t he maximum di ff erence in t hermoelectric 
3 

The 

power between the two halves was us ed . In t he F ori entation, 
3 

the trigona l axis of the crystal i s parallel to the long direction 

of the rod and the magnetic field is applied normal to t hi s axis. 

The c rys tals us ed had a diameter of 3 to 4 mm. ,, nd a length of 

10 to 12 cm. 

The probl em of pre paring bismuth crystal surfaces which 

are suitable for us e in the s tudy of the Bragg- x-ra.y re f lection 

present ed several difficulties. Beca us e of t he extreme softness and 

ease of di s tortion of thes e crys t Bl s , such procedures as cutting 

and grinding were not f ound t o be feasible. The cleavage along the 

(111) pl: ne, however , was found t o be comparatively good, and that 

along the (111) plane was f ound poss ible a lthough it produced a 

rough-app earing s tep-like surfac e . The measurement s of x-ray 
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reflection int ensities were made pr imarily on the (111) plane 

prepar ed by cleaving the bismuth crys t a l. Tests were made of 

t he cleavages a t liquid air t emperatures but this was not f ound 

to produce a better cleavage surf ace than when the cleaving was 

done at r oom temperature. 

The method of cleaving was the following : The c r ys tal 

was laid on a flat hardwood surf ace with a thin l ay er of s of t wax 

under t he r egion where the cleavage was t o be made. A very thin, 

sharp ra zor blade wr's held parallel to the { 111) plane ( perpen

dicular to the long direction of t he cry s tal for t he P type) 
3 

and the blade was given a sharp blow with a light hammer. The 

character of the cleavag e surface was then examined under a low 

power micro s cope t o det ermine its degree of perfection. It was f ound 

that in general the surface s howed a curved portion fo r a di s tance 

of one-fourth or one-fifth of its diameter and that t he re 2t of 

the surf ce was reasonably fl a t. . A simila r condi.tion wa. P f ound 

for large (5 mm. in diameter) and small (1.5 mm. diameter) cry s tals. 

It app eared as though the blade entered the crysta l f or about a 

fifth of it s diamet er and then the cry s tal suddenly broke over the 

rest of t he surface and the two pr rts s e~iarated, moving a small 

distan ce a par t and allowing the blade to go t he res t of the way . 

without touching either surfac e . The curved portion sometimes 

showed s cra tches fr om the blade, while t he res t of t he surface was 

generally f ree from scratches . Fig. 4 i s a photo graph of one of 

the s e cleaved surfa ces . The purpose of t .ne sof t wax under t he 

crysta l was t o prevent the two pa rts flying apart during cleaving. 
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Fig. 4. 

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

long, giving 2 total <if about forty cleavages for a crystal. 

These cleavage surfaces were carefully examined under the micro

scope and the best surfaces selected from the normal and the 

magnetic half of the c ~·s tals. These selected surfaces were 

further compared by examining the image of a light source produced 

by a lens and reflecte& by the crysta l surface upon a screen . 

The curved portion produced a broadened diffused spot on the screen 

whereas the rest of the surface produced a series of sharply 

defined spots. This indic t: ted th t the surf,r ces rrnre generally 

composed of small reasonably flat facets which hod slightly dif

ferent orientations. The sa e test appli ed 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 th e crystal 
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received during cleaving, and the existence of the facet s would 

produce a wider rocking angle but would not af fect the integrated 

intens ity measurements, b ecause of the large s ize of t hes e facets 

(that is, their eff ect upon extinction wo uld be nil). The best 

cleavage surface selected in thi s way from t he magnetic and the 

best cleavage surface selected from the normal part of the crystal 

were subsequently s tudied by means of the Bragg x-ray reflection 

method. 

Measurement of Interplanar Spacing. 

For the first measurements, a Bragg type of x-ray 

spectrometer was used. The magnetic and normal bi smuth cr y s tals 

were mounted, one above the other, with t he center line of their 

faces in the axi s of rot tition of the cry stal holder. A lead 

Seemann t ype slit was adjus ted t o a di s tance of 0.3 mm. from the 

crystal surfaces. A molybdenum target x-ray tube, run at a voltage 

of 50 kv. in a current of 5 ma., wa s used as a source of radiation. 

Tne crystal holder was rocked back and forth at a uniform angle 

velocity through a large enough range to record the first five 

orders of Bragg reflection of t he Mo K \. lines on a photogra.phic 

plate wr.1ich was placed at a distance of 8 cm. from the axis of 

rotation and perpendicular to the prima ry x-ray beam. l!Jcposures were 

made over periods of from 5 t o 30 hours . ·.~.After the expo sure was 

completed, the plat e was ca librat ed by expo s ing it to t he direct 

primary rays for var i ous periods of time. Fig. 5 s hows a t ypical 

exposure t aken with thi s a:pparatus. 
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The lattice constant for the bismuth (111) plane and 

also of the (111) plane deduced from the measurements of the Bragg 

angles from these plates agreer within experimental error i 5%) 
( I ) o 

with the value given by James (3.95 ), for both tne magnetic 

and the normal biRmuth. 

In order to get a gre r ter accuracy, , ome further 

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

trometer • The desirable feature of this type of spectrometer 

wa~ the preci ion method of lining up the cryFtal, and the pre

cision angle scale for measuring the position of the plate. This 

scale was calibrated in intervals of five minutes of arc, which 

were readable to a tenth part by mGans of two microscopes with 

verni er scales which were pl~ced at diametrically opporite positions 

on the scale to eliminLto the eccentricity error. water cooled 

molybdenum targe t x-ray tube (NMJ. l er ) was used a~ cource of x-rays. 

Thi~ w s run at 10 m.a. 57 k.v. with half-wave rectified a.c. 

voltage. 

The lattice constant of magnetic and normal bismuth 

were meaRured, U8ing the precision method developed by iegbahn which 

is illu. trated in Fig. 6. 
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X RAY 

== 

T 
Fig. o. 

The cry s tal i s turned t o a po s ition (1) to r ef lect a high order of 

the incident wavelength, and t he pl· t e hold er i s moved to such a 

po s ition that the reflected ray will s trike near the cent er of the 

pla te. The angula r position of the holder i s c,.refully me asured by 

reading the po s ition of the preci s ion s cale with the t wo micro

s copes . The crys t a l i E s lowly turned through ~ small r enge of 

angl e while the x-ray tube i s opera ting t o m ke certain of ge tting 

the refl ection. The cry s tal i s t hen moved t o the position (2) and 

the plate i s turned t hrough an a ngle i which i s so chosen tha t 

the refl ect ed ray will s trike near t he C8nt e r of t he pla t e close 

to th e f i rs t i mage . The angle f i s dat ermi n 3d precis ely by 

anot '.1ar maa r-: urernvn t o~ t lu po s ition of the sca l a wit h the two 

mic ro s cop 3s (A a~d B) . The di s t anc e R o~ t he plnt e f r om t he 

axis of r ot a tion i s ca r efully measur ed wit h a sca l e . The separation 

of t he l i nes obta i ned on t he plate i e t hen measur ed on a comparat or. 

This distance gives the quantity o-:Rcl.~ 1 f r om which cl~' 
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(in radians} ifl determined. The equation 

119:. ~+ di 
4 & :: ~ + 1 3 (,,0 

~ R 2r 

gives the value of 8 in degrees for 4 f in degrees. Fig. 7 

shows a print of t:1e fifth order Mo K « doublet reflected from a 

magnetic and a normal bismuth (111) plane. 
· ' •• 

IHg. 7. 

N K°', K O(~ 
Pos. 2. 

M 

Comparator measurement~ of the plates give, as an average value 

of several measurements, the separation of :Mo K it. lines , of O. 779 mm. 

for the normal bismuth and 0.777 mm. for the magnetic bismuth. 

The~e agree within the uncertainty of measuring the center of the 

line. If we t ~ke as an average value 6: 0.778 mm. we get 

J ~ o.77s + .001 mm. 

R:: 172.6 + 0.2 mm. 

p~ 106.3292° + . 0035 ° 

0 -106.5877 -t 

f:i= 26.6469 ° ; .0009 ° 

• .0035 

.:;,ubsti tu ting this value for 0 in the :Bragg .;wuation 
n. A -: 2 D sin~ 

n. s 5 

~ ~ • 707768 
0 

sin~ -:: .448487 

we get 

C) = 3.94531 A ~ 0 

.o 003 A at 212 ° C t. d v en igra e. 
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The values gi ven by James are for Bi ( 111 ) with Rh K k, ( 7' ... 6121 

a.re Table #4. 

8n s, t\ en. s i" e" S1,, G" 
Order "' Average f'\ 

1 4 ° 29' .07811 .07811 

2 8° 54' .15471 .07735 

3 13° 26 1 . 23230 .07743 .07763 - .00080 + 
0 0 

D= 3. :J 5A + 0.08A 

wh ich agrees with our value . . 

It i s thus ·· proven that the magnetic and normal bismuth 

have ident ica l l a ttic e cons t ants within .0005%. (It was not found 

feas able t o prepa r e a go od enough (111) bismuth facet for making a 

simila r preci s ion meas urement. Since a previous measurement had 

sho~m agreement within 0.5% it was deemed hi ghl y i mpro bable tha t a 

preci s ion measurement would P how any di ffe rence between magnetic 

and normal bismuth . ) 

DET il:RMIN.ATION OF PARAMETER 

Photographi~ Measurement of X~raY- Intensities. 

On the f i rs t se t of measurem0nt s made with t he photo

graphic type of Bragg s pectromet er it was observed that the 

relative intensiti es of t he lines in di fferent orders did not 

s eem t o agree for magnetic and normt=, 1 bi smuth. Accordingly, the 

i n t ensity of the lines was measured by means of a r ecord ing 

micro photomet er. By r u..YJ.n i ng the ca li bra.ti on region of the plate 

through the same photometer a calibration of t he characteristic of 

the plate was obtained. From th i s cal ib rati on curve t he int ensity 

o±: the lines w: ,s interpola t ed. Fo r x-rays i n th i s wavel ength 

range the b l ~- ckening of the plat e i s :proportiona l to t he x-ray 

en er gy it r ec eiv es . Table #5 gives t he int ens ity va lues for t he 

} 
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( 1) 
va rious orders of r efl ection found by J ames and t he values 

d et ermined from t he measuremen t s of t hree s epa r a te photo graphic 

pl ates. 

Table :/1=5. 
( 1) 

Order James' s Plate A 
0 

A=. 612A N 

47 

100 

M 

Plate B 

M 

26.7 

100 

Plate C 

N M 

Average A,B,C 

N 

1 

2 

3 

4 

5 

29 

100 

24 

Not given 

Not given 

17.6 32.7 

100 100 

20.5 3 7.6 25.8 

o.o 
o.o 

2.1 

6 .5 o.o 

100 100 

37.7 27.3 28 .6 

1.5 

5.1 

0.0 3.0 

0. 0 4 .5 

39.8 

100 

24.5 

1.3 

o. o 

22.2 

100 

38.2 

2.2 

5.36 

The first orders may be expect ed t o show l arge var i a tions 

becau se of t he mechanica l imper fection of the surfac ef' which intro

duc es an er r or when t he angle of i ncidence becomes small. The 

intensity f or t i1e s eco nd a nd third or der for normal birmuth seems 

to agree with the values of J ' mes &nd the values fo r t he magne tic 

bi smuthnseems t o show a cons i s t ently di fJe r ent s eri es of Vct lues. 

However , the va ri r, tions bet we en measurement1:: are so gr ea t tha t 

th ese values a r e not t o be trus ted t oo much. 

Preci s ion :Pho t ographic Method of Measuring x - ray 

Int ens iti es. 

This a pparen t change i n int ens ity of tie in tegrat ed. 

refl ection seemed t o indica te a pot s ibl e chan:; e i n parame t er and 

for thi s r ea f',on it was decid ed t 0 repea t the i nt en f" i ty measu rement s 

us i ng a more accura t e method. 

A n ew method o f ma king accurate x-ray i n t ern? ity measure-

me nt p with a photographic pl a t e was dev i r: ed. The .;)iegbahn 
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spectrometer was used fo r this purpo s e because the photographic 

plate co uld be moved t o any predetermined position and the 

angular position of the c rys t al could be accurately adjus t ed. The 

new method makes us e of the fo llowi ng princi ples. 

l. To rec0rd e give~ or der of Bragg reflection , the 

plf,1, t ,3 i s i i x.,,d a t a :pred t ermined pos ition and the c :cy s t al i s 

tur naJ e t a de~init e angular s p,ed pas t t he Bragg angl e from a 

pos ition 9-lf to 9-t1f , t he range Z 'f baing cho s en somevvhat 

great er than t he experiment ally det 2rmi ned rocking angle. 

2. To record succ ess ive order s of refl ection, the 

pl~t e i s set at a seri es of s ucce ~s ive positions which are chosen 

so that the respective r eflecte6_ images are adjacent on the photo

graphic pla te. 

3. For di fferent qrders , t he x-ray tube voltage and 

current are maintain ed. the s rme , but t he angular speed of turning 
set 

of the cr ys t al i sAf or ,eac h cas e so that the blackness of the re-

corded line8 of the diffe rent orders ar e nearly the same on the 

photo graphic plate. (It i s a ssumed t hat the r el ative intensiti es 

are known roughly f rom a previouf) measurement.) These angular 

speeds are so adjusted that the blackness of t he line corresponds 

to the linear part of the plate characteri s tic. 

4. The plate i s calibra t ed by turning the crystal to 

the order of reflection which i s mo s t intense and adjusting t he 

crystal to a fixed position, where it give s a s trong reflection. 

A number of exposures of thi E line are mc1.de for a serie s of dif

ferent time interva l s at succ eseive positions of the plate. 

The advantages of t4_e method are t he f ollowing : 
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1. The t otal angula r turning di s t ance of t he c r ysta l 

is very small compared with t he tota l Bragg angle (us ual method} 

thus giving a great economy of time of exposure. 

2. The lin es of succ essive orders are clo se t ogether, 

which ins ures unif orm char acteri s tics of the pla te and uni f orm 

tres tment i n development and fix ing of the photogra phic pla te. 

Having t he lines clo s e to ge t h er also allows quicker and mo r e 

accurat e microphotometer meas urements. 

3. The adjus tment of t he angul ar speed of t urning of 

the cr ystal ca n be done ac cura t ely by adjusting t he speed of the 

driving motor. The r el a tive opaciti es of the lin es on t he photo

graphic ph. t e can b e determined with g re . ter accuracy i f the 

opaciti es are nearly alike and i n the linear pa.rt of t he plate 

charact eri s tic than i f they are wid ely di fferent. 

4. The calibration of t he plat e i s made with the s ame 

wavelength as the lines t o be measured. The width a nd intens ity 

di s tribution of the ca libra tion lines i s t he s me a s th~t of the 

lines to be measured, which makes the measurement independent of 

response c ha racteris tics of the microphotometer. 

Mea t:: uremen t s Mad.e with Precision Met ho d. 

A numb er of normal magne tic bi smuth c rys t s l s were 

studi ed by means of t hi fi met hod. Cleavnge s urfs ces. of t he ( 111) 

plane we r e prepared 2nd the no rmel and ma.gnetic s r-jmpl es were 

mount ed one above the other i n the c r ys t a l holder so t hat both 

were mea sured simultaneously and the vEi lues of refl ected x-ray 

int ens ity cou l d be compared di rectly. 
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Fo r a source of x-rays, a water cooled molybdenum 
,, 

target Muller x-rt(y tube was used. This was run at 10 m.a. and 

57 k.v. The rotation of the c rysta l w&s accompli s hed by slow 

movement of an a rm that was attached to the crystal holder. A 

d.c. s hunt would motor driving a 2,500 to 1 reduction gear whose 

end shaft unscrewed a nut which pushed a s ingle ball bearing 

again rt a flat surf ace on the c rys t r l arm holder was used. The 

speed of the motor could be varied by changi ng the a rmature voltage, 

which was c onstantly indic r ted by a voltmeter. The speed of the 

motor was accurately ca librat ed in terms of the armature voltage 

by means of a strobo s cope which cons i s t ed of a white di sk having 

a heavy radial black line, attached to the motor shaf t, and a 

neon illuminator l amp operating on the 50 cycle a.c. lighting 

vo 1 tage. 

Mea surement s of each of the f irs t five orders of Bragg 

reflection were made. The ratios 1, 2, 4, 8, 16, 32, were used 

f or the exposure times in t hese u alibra tions. 

Jfo ur separate sets of normal magnetic samples were 

measured. For each pla t e , a calibration curve was plotted from 

the microphotom0ter readings t r ken on t he calib ration part of the 

plate. On thi s curve, the values of the measurements of t ne 

lines various orders of reflection w,~s interpolated. The intensity 

of the background immedia t ely cdj ac ent to each line was a lso 

interpolated (this amoun t ed to a quit e small correction) and the 

true intens ity was t "ken s s t he diff erence between lin e intens ity 

and background intens ity. Table # 6 shows the measurements made on 
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Order 

l 

2 

3 

4 

5 
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ig. 8 8hows a print from one of the~e plates. 

Fl te D Plate ~ :Plate F Plate G 

M N M N M N M 

39 . 3 37 . 6 40.6 40 . 6 34.3 51.8 69.0 47.0 

100 100 100 100 100 100 100 100 

41.2 43.0 48.6 41.0 28.7 27.2 26 .1 41.l 

2.05 2. 13 1.99 l.88 2.9 4.3 

6.80 7.64 9.6 7.8 4.82 9.55 5.6 7.3 
.. 

The data still show~ considerable variation but doeg not indicate 

a systematic difference between magnetic and normal bismuth. 

Plates D and "'i' show the most consistent values. The large vari

ati n Ehown by differont ~amples of c ·ystal 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 a simila r serie~ of meaRurements were made uping an 

ionization method of measuring the x-ray intensity. It wa found 

that the integrated x-ray intensiti E were greatly dependent upon 

the character of the surface of the crystal. 
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Ionization Method of Measuring X-ra.y Int ensities. 

Description of a New Type of X-ray Ionization Spectrometer 

Fig. 9 shows a drawing of the apparatus and Figs . 10a 

and 10b show photographic views from either s ide. 

It will be noted from the drawing t ha t the apparatus 

is a variation of the Bragg x-rf'- Y spectrometer, which di ff ers from 

the usual type in that the x-ray tube i s movable and the ionization 

chamb er is fixed , instead o~ the reverse. Such a des ign was 

adopted becaus e it was desired to measure s~all x-ray intensities 

by using a sensitive Hoffmannelectrometer. This makes it desirable 

to us e a.n evacuated connection bet·ween the ion chamber a.nd the 

electrometer if the instrument i s to be used a t a high s ensitivity. 

I f the ion c hamber i s movable, a lo ng movable -connection i s re

t.1uired but with a fixed ion chamber t he connection can be made 

short and can be easily exhausted. For such a des i gn it is, 

however, necessary to us e an x-ray tube which can be operated with 

the cen ter of the tube near ground potential. A Muller Me talix 

x-ray tube was used f or thi s r eason. Thi s tube has its c entral 

part made of metal , which shields t he x-rays from all directi ons 

except through a small window. The tube operates with the central 

met ,- 1 part nea.r g,:round potential (8,000 vol t s from central part to 

ground with 60,000 volts acro ::-: s tube). 

The spectrometer (F ig. 9 ) has a f ixed centra l po s t A, 

fastened to the base B. Tht upper pa rt of the post i s conica l and 

carries a scale C which i s clPmped in an arbitrary fixe d po s ition; 

and the movable arm D. ThiE arm carr i e~~ a t one end the x~ray 

tube holder E and a counterbal ance Won the othe r end. An indi

cator fas tened to this a rm at the cent er measures its position 



a: 

IL 



31. 

Fig. lOA. 

ig. lOB. 



relative to the scale C. A fixe d slit F (.32 mm.) i s on the 

x-ray tube end of the collimating tube and an adjustable slit G 

on the end next the crystal. 

Crystal Holder Table. 

The crystal His mounted on a hori~ontal brass post 

long which holds tne crystal iar enough from the rest of the 

crystal holder table so that the incident x-ray beam doef; not 

strike it. The crystal holder h~s adjustments for five degrees 

of free aom. The rotation about an axis normal to the crysta l 

face is read on scale I. A rotation about a horizontal axis 

parallel to the crystal face is accomplisned by screw J, and the 

whole c r yst r· l table c n be rota ted about a vertical axis by turning 

the cone which support s it. Screws K and L allow transverse 

horizontal displacements of the crystal. Vertical displacement 

of the crystal iF not requir ed beccu s e the incident x-ra.y beam is 

much wider than the c rystal face. An indicator fastened to the 

base of the c:cystal table measures its angular po s ition relative 

to the scale C. 

Rocking Angle Adjustment. 

The cryst: l tabl e can be turned as a whole through a 

r an ge of two degrees by rotEtion of the shaft N which fits into a 

conical bearing in A. The lower end of N carries a. lever arm O 

whic h i s moved by the micrometer screw P. A lo ng s h~f t with 

flexible coupling to P allow s this adjustment to be made at a 

distance from the spectrometer. The u:pper end of H carries the 

mirror M who s e angular position i s accurately mea eured by a 

tel escope ana_ scale. In the originr,l design, mirror M was 



fa s tened t o t he lower part of shaf t N but it was found tha t the 

twisting of the shaft caused an appreci :r·· ble errJr in the reading 

of the position of tne upper part of N. The pres ent arrangement 

allows perfect duplic ation of r- ngle re B. dings .to one- f ifth second 

of arc. 

Ionization Chamber. 

The ioniza tion chamber is filled with methyl bromide 

at atmo s pheric pressure. The chamber i s made of brass which· is 

nickel plated inside to prevent chemical action of the methyl 

bromide on the brass. The methyl bromide s t this pressure absorbs 

97% of the Mo Kct radiation in trDversing the length of the chamber. 

The window R consi s ts of a piece of cellqllphane which is lightly 

coated with silver to mak e it conducting and thus electrically 

Fhield the opening . The size of the opening is 3/16n x 7/8", which 

allows the two component~" of the Mo KG\ line to enter. Tc.e collector 

wire Sis displaced to the side so the entering beam does not 

strike it. The wall of the ion chamber is at a potential of plus 

45 volts above ground, which is above the saturation voltage (38 

volts) of the ion chamber. Making it E: potentia l po s itive reduces 

t he emi s sion of photoelectrons by the remeining 3% of the entering 

x-ray beam which s trikes the b ck of the ch ."'mber. The collector 

wire is supported on a quartz tube T which i s cemented in the 

brass pi ece V, t he l a tter be i ng co n11ect ed to t he cover of the 

-ffoffmcn e l ectrometer W whieh i s grounded. The piece T thus acts 

as a gua rd ring t o prevent el ect r ics.l l eakage from the wall of the 

ion chamber to the col l ector wire. A f i r e wire (f 40 to re C..uce 

electrical capacity of the sys tem) runs down the center of the 
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quartz tube t o connect the collector wire t o the electrometer 

sus pension. The tube U cont a ins PO for drying t he methyl bromide 
2 5 

and the opening in t he end of' the ion chrmber into vv hich the glass 

tube i s cemented i s covered with a wire screen t o complete the 

electrica l shi elding of the collector wi r e. 

The Electrometer. 

The Hof'fmannelectrometer was us ed to measur e the ioni-

zation curr ent. The suspension used h~d a h~l f period of 12 sec. 

a.nd was very nea rly critically damped, the ratio of successive 

amplitudes of free vibration being 1 t o 25. The electrometer was used 

with a binan t volts ge of 10½ volts, which gave a sensitivity of about 

2,000 mm. per volt. The electrostatic capacity of the electrometer 

and ion chamber was not measured bee :: use thi s data was not needed, 

but it wa.s known from measurements made on a similar apparatus 

that the capacity was roughly 15 cm. 

Zero Background Drift. 

The Hoffman el ectromet er was found to have a drift of 

1 cm. on the s cale in 16 secondr::- vr hen the xgray tube w.: ·' s not oper

a ting. This drift is referred to as the "zero B :: ckground n and 

represents th e ionization produced by cosmic rays and by radio-

active matt er in the ma t erial of the ion chamb er and its surroundings. 

That the effect is not spurious i s proven by the fact that it 

di sappears when the ion chamber i s exhausted (prior t o fillin~ it 

with methyl br omide). The effect was found. t o agree in magnitude 

with t he zero background obs erved by Archer Hoyt and Dr. J. Du Mend 

with a similar ion chamber and el ectrometer loca ted in another part 

of the building . 
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The zero background was f ound to show a variat ion of 5% for suc

cessiv e readings of 10 cm. s ca l e deflection. Thi s i s due to 

s t ati s tic a l vari8. tihon of c( particl es which produce mn iy t housands 

o f ions per cm. of path. The fa i ntest x radiati on accurate ly 

measured produced over four times t hi s dri f t which reduced t he 

va ria tion t o a little over 1% i n t hi s case . Thi s va riation i s 

averaged out in the l a r ge number of readings t aken for a s i ngle 

me r surement of the i nt egrated i ntens ity. 

Adjustment of Slits and Crystal. 

The crystal t o be s tudied was cemented to th e small 

bras E post (H, F ig. 9) which was s crewed into I. For the purpo s e 

o f accurately ad jus ting t he s lit G, a centerpo s t which fitted 

accura t ely into the conica l hole in N was put in pos ition in place 

of the c rys t a l table. The upper end of thi s c enter po:.:;t had been 

accurately ground t o a tapering conical point, which vn~s on t he 

axis of t he l ower co ne an d consequently i n the axi s of rotation 

of the cry s tal. l-. small flashli ght bulb was plac ed i n Jront of F 

so that a beam of light would f all through s.li ts F ancl G r nd cas t 

a s hadow of the conical po int upon a white pa :per s c reen p1 ,- c ed 

behind th ,::; po i nt . The t wo s ides of the slit G we:ce then gradu8lly 

clo sed to a sepa rati on of a few t enths of a millimeter until the 

shadow of the conical point f ell in the c enter of t he illumina t ed 

area. Thi s a ssured tha t when the x-rr:.. y beam pr ss ed t hru th e s lits 

F and G it would accur& t ely pa s :=; t hrough t he axi s of rotation of 

t he crystal. A t el escope with a vertical crosshair ws s pla ced at 

the same height as t he c ent er of the slit at a di s t ance of about 

five feet. The t el es cope was t hen adjusted so t hat the image of the 
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cro ss hair co-incided with t i e image of t he conica l point, s o tha t 

t he image of the cros s hair W4 P i n t he axi s of ro t r tion of· th e 

c rys t a l. T:1e c en t er po s t w~3.s then removec. and repl a c ed by t \1e 

c ~y2 t a l t able. The · l ana of th e c ~yE t ~l ~a c a wa ~ a djus t ed p"rallel 

t c.) t he ax i F of ro t a tion os tu~rn i n :~~ t h ~: c :cys t r 1 t a ble un til t ~ie 

beam of li[ ht wc F ~ef l JCt dd by the c rys t a l fac e i n t o the tel es c ope . 

By turn i ng s crew J, V1e reg i on of ms.x imum i n t ens ity was brought 

into the c en t er o f t i e crosshair. The cry s t a l t a bl e was t hen turn ed 

so tha t t he cx·y s ta.l fac 1:- was to t he dir ection o:E t he·;_ t e le s cope and 

bs transverse a djus ting s c rew L t he po r tion of the c r ~1 s t ;-- 1 tha t it 

was des ir ed to study was brought into concidence with t ~e cro ssha ir 

when vi ewed i n t he t e la s cope . The c rye t al t able was t hen turned 

through 90 degrees so t ha t t he cr:is t a. 1 face wa s vi ew e d. on edge in 

t lie t e l es cope nnd t ~1e transve r se ad juEting s crew K vva s turned until 

t h ~ cro s s hr ir appeared jus t touching the crys t a l fac e . The adjust~ 

men t was ciecked by turning the cry s t a l t abl e th r oug h 180 degre es 

and ob Pe r ving the t angency of t he cro s. s ha. ir from t he othe r Fide. 

The f inal c heck fo r accura t e a lignmen t o f t he cry s t a l f a c e vv it h t ~10 

axi s of rote tion was mad e by turni n f~· the c r ys t a l t ab l e s lo1.111ly t hrough 

t he r egion where th e lL~: ht b eam reflect ec1 by the c rys t a l fe ll i n t o 

the tel ,:; s c ope f i e ld an d obse rving tha t t i1.e teles cope cros sha. ir was 

accur2 '~ e l y cant e r ed on t he bright area!11whic l1 vva.s r efl e cted t"! y t he 

c r r f'-t r l fac e. 

The angle scale C was r djus t ed so tha t when the arm D.:~ f 

the spec Lr ometer a nd t he ion c h: mb e r we r e in line, ari i s illus t ra ted 

i n F i g . 10, the indica t or at tached t o a rm Dread zero on the s c a le. 

Tne po s ition of the cry s t a l t a bl e i n F i g . 10 i s a r bit r r r ily turned 



37. 

with r espect to the arm D f or simplicity of illus t rat i on . The 

s e a.l e C W8 S s ubsequ ent ly clr mp ed to po e t A and ma i n t a ined i n t ~: t 

iJO f ' it i On • 

The measurement of intens ity refl ect ed by the c rys tal 

a t t he :Bragg angle 8 was dcn e i n t ,1e fo lloYvi n g way: The a rm D was 

turned through an angle 26 (as s hown by the i ndic a to r ), so tha t 

the reflected x-ray b eam would par::F through the cent e r of the i on 

chamb e r vir i n dow . '.I:he mic rometer adjusting s c r ew P was s et so t hat 

t h .::} a rm O w e midway b e t vveen t he s t ops a ri a_ t he c r ystal table was 

Bet into Nin s uch a position t ha t the i n dica t or on the c r ystal 

table registered an a ngle . 9 on t he sca l e C. The xtrays we re then 

turned on e nd t i e int ens i t y of the reflected -.cays waP observed by 

measuring th e rate of drift o f t iie e lectrome t er. The pos it i on of 

maximum reflection was found by changin t t he angle of t ;-1e c rys t al 

ov er a small r ange by means of t he microme t er screw :e (th e :po s ition 

of arm O being r ead by means of t he mi rror :M r ef l ec ting t rrn image 

of a f ixed s cale i nto a t e l es cope ). T;_1is cha nge in reading of the 

crystal t abl e i ndic a t or on t he s cal e C at t hi s maximum sh.owed t he 

angle betvveen t h e plan e o f t h e c r ys t a l f • ce and. t he :plane of I. The 

c rys tal tabl e coula_ n ow b e re - adj u2 t ed s c that the maximum reflection 

occur:rea_ 1.11; hen O was mi dws y betvv een t he s t ops ( i ndicated by the 

mirror M reflectin§i the c en te r of the scal e into coincid e nc e witb. 

t he t e l es cope cro s s ha ir). 

X-ray Shi elding of I on Chamb er and Elect rometer . 

It wae f ound ne c essary to shi e l d t he ion chsmb er with 

grea t care from stra y x-rays . This was do n e by p l a cing a 3 / 32" thick 

s hee t h ~ad barr i e r (not shown in -~F--ig. 9 ) be t we en the spect rome t e r 

and t he i on c :iamber. :Betwe en t ~.e wi ndow of the barr i e r and t he 
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c r y s t a l , a 4 n long b:ca sf· t u b e havi ng f i xed L iaa_ s lits wa f'. p l ac ed . 

Thes e s l it s w-3re open a d i s t an c e o f 3 / 16 r1 and se rved. t o d e c r ea s e 

t h e qo li d angl e s ub t en d ed ty t he i on c hamb e r wi ndow . I n a J.d i t ion 

t o t h ee e sli t s it was f oun d ne c ,3 car y t o pu t a l ea.d baff l e i n lin e 

wit h the c ry s t a l a nd t he ion ch:· mb ;2. r b e t ween t h e c rss ta l • nd t he 

x- ray tub e . The size a nd po s it ion o f the baff l e wa s suc h t ha t it 

was i mpo s s i ble t o Ee e t he i on c hamb er wi n dow t hroug h t 1.e wide s lits 

i n fron t of it f r om any po i n t a round t he x-r y t ub e . '!'! he n thi s 

baff l ,3 was omi tt vd it we s f ound t h8 t the x-rays scatt e r e d f rom the 

a ir surr ound i n g t he x -ra y t ub e r o~c hGd t he ion chamb er i n suf f ici ent 

i n t en s ity t o ma$k the f ourt h and hi ghe r orde r s of r ef l ection f rom 

t he c .cy s t a l. 

X-ra,y Tub e Con trol an d. Mea s u r emen t of Curren t t'md. Vol t age. 

Th e x -ra ,:,- t u b e wa F: ope r a t ed. on ha l f wa v a r ecti f i 8d a .c . 

( s u ppli ed by a wa1)pl e r Mon ex x -ray voltage s upp l y ) . The x-ray 

f ilam ent cu r r ent was s u ppli e d by a s t orag e ba t t e r y whi ch was ad

j us t ed wit h a mic romet e r rhaoe t a t t o g i ve a cons t an t emis s ion 

c urr ent. The emi F ::::.ion curren t was :-c ea c1 by m3ans of a mul t i m-3t e r 

b efor e ar1d af t .J r each el e c t r om:.:; t e r mea s ur ement o i on i za tion 

cu l~ren t t o i n s tE'G c0n ro t a icy . .1. f.,e r i eE· of measur emen t E 0f x - r a.y s 

r ef l act af by a c r ysta l we re mad d wi th d i ff er en t x - r ay tube c u r~en t P 

8rJ d. D l i near r 0l a t i on ( whi c:1 wa r exp <2- ct J l~ ) vrns f ound . Bec a u pe o f 

t h.:; g r ea t r a :, 1g 3 of x - r y i n t en s i t j vs whic h we re · mea s u r ed , t wo 

s t a ndard x - r a y t u be curren t s wer e u s ed ; 1 m.a . fo r s t r on g r ef l e c t i ons 

1 nd 10 m. a . f o r wea k x -ray r efl ec t ions ( f ou r t h -and h i g he r orde rs ). 

Thi s ma3. e i ~- poss i bl e t o c ov er a ll r ange s of i n t en s ity without 

cha ng i ng t he el ect rome t e r s ene i tivi t y . Th e pr i ma ry supply vo lta ge 

o f t :1 e x- r ay hig h vo l t a g e t r ans f o r me r was ound t o ha ve a t o t a l 
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variation of 2% th roughout a 24 hour p0r iod. It wa s f ound that t his 

variation wa2 at a minimum(~%) in the period from 10:00 p.m. to 

3:00 a.m. Si nce t he xQrPy i n t ens ity depend~ upon th e s quare of t he 

voltage , a large variation in voltage can produce a seriou t~ error. 

For this reason, the me a surement s we re made at the time wien t he 

line voltage was found to b e steadi bs t, and, i n additi on, t he 

tran sformer pr imary voltage was read before and af t e r each electro

met er deflection reading. A measurement was made of t he x-rs y 

intens ity a s a f uncti on of pr im&ry volta0 e and from thi ~ data each 

measurement of x-ray int ens ity of a given set of measurements was 

corrected to a standard pr i ma ry voltage. 

Me thod of Measuring Integrat ed X-ray Intens ities . 

The electromet er deflection was maasured by the position 

of a light image re f l ected by the electromet er mi r ror on to a 

tra11s luc ent c elluloid s cal e . Thi f:3 ~-· cale we s rul ed i n millimeter 

divi s ionE and was curved s o tha t t he electromet er mi r r or lay a t the 

center of cur vature. The ionization current vira s det ermined bJJ., a 

s top-watch measurement of the time of trans it of t he elect r omet er 

s cale im· ge bet ween two given points on t a.e scale; t hat i s , the 

time requir ed t o acquire t he de f init e amount of c hs rge. The 

ionization current w s t hen pr oportional to the r eciprocal o f t he 

per i od o f time. The point s cho sen were 50 mm. from zero for the 

s tarting poin t nd 150 mm. f rom z . ..,ro for t he end point. The error 

of thi f: mea surement was es tima t ed t o be not grer0 t er than ½ mm. or 

The cr ystal wae f i rs t turned within a degree of t he 

Bragg angle and a s eri es of mea&ur ements of electromvter drifts was 

made . These measurements we re found t o be constant f or va rious 
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po s itions of the c rystal until the c r ystal was t urn ed to a po s ition 

within the rocking angle. :&·or successive po ~itions of the cryr.tal 

th e ioni zation current was fo und t o i ncrea Re up to a maximum value 

( Bragg an l e ) and was f ound to dec r eas e again until t he cr_ys t a l 

was turned beyo nd t he ro cking angle vrhere the ion cur _' ent re tur n, 

to it~ fo rmer cons t r: n t va lue. This value i e t he x-ra..y background. 

The ioniza tion current for each position of the c ; y etal wae com

puted bi taking t he reciprocal of the measur ed time of drift betwe en 

two fixe J points on the electromet~r scale. ~ r om each of these 

vr lues t he ionization current of th e x-ray background was eubtracted. 

The r esult ant vr• lu es were correct ed t o a standard primary vo 1 tage 

and plotted .against the correspondin 0 ' arL ula r posit ion of the crystal. 

The areaJo :i: this curve was measured with a.n integraph and r epres ents 

the tota l amount of x-ray energy given b,;y- Bragg r eflect ion from t he 

crs sta l for thf_,_t particular ord dr of reflection. This is referred 

to a s "integrat ed x-r2y i n t enP ity". The various orders of refl ec-

tion for a given crys t a l were plott e - for conveni e ~ce on t he s : me 

graph. The V '· l ues of the abscissa ( rock i ng angle) were taken 

arbit r 2rily as zer o f or the maximum point, al t hou .. h in reality t he 

various order s of reflection occur at widely separated Bragg angl es . 

Measurements of Integrated Intensity. 

F igs. llA, llB, 12A, and 12B show rocking angle intensi ty 

curv es which were meas ured and plotted in the way des cr ibed above. 

J?l animeter MeaPuremen t s of the areas under these curves are shown 

in Tables #6 and ·#7. The data in thes e tables i s "normalizedn; that 

i s , multiplied by a fac tor so that the i n tensity of t he s econd order 

i s ta.ken as 100. 
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Fig. 12 A. 

Fig. 12 B 
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Fig. l l A. 

Fig. l l B. 
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Table #6. 

( llA) { llB) 

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 3.32 

5 66.8 9.70 5 117 7.17 

Table #7. 

( 12A) ( 12B) 

N M 

Order Area Normalized Order Area Normalized 

l 780 66 l 487 40.5 

2 1180 100 2 1201 160 

3 400 33.9 3 417 34.7 

4 36.8 3.11 4 45.1 3. 75 

5 65.0 5.50 5 90.1 7.50 

Discussion of Results. 

Thes e measuremen ts were taken with great care to reduce 

experimenta l error. The data plotted in 12A and 12B was checked 

by repeatin$ the measu remen ts on ea ch s et of da ta for each order. 

The re2.pecti ve meas urem0nt s were f ound to agree within 1%. I n ad

dition t o t ~1i s , before each new r et of obs ervationf' wa.:? ma.de , some 

of th e previous measurements were checked t o i nsure tha t nothing 

had cha nged in the meantime. The error of t he integrated cur ve is 

es t imat ed to be 1%. 
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The fir s t order of Bragg reflection i s not very reli able 

bec aus e of t he small angl e of i ncidence (5.1 degree s ) of the 

inciden t beam. With a s lit adjus tment of 0.2 mm. the width of 

c rys tal surface reflecting x-rays in th e f irst order i s 2. 2 mm. 

In thi s cas e any surface imperfe ctions produce an appreci able ef

f ect on the x-ray reflection. 

A s tudy of curves llA, llB, 12A, a.nd 12B and Tables #6 

and #7 yields the following results: 

l. The s hape .of t he intensity-rocking angle curves 

shows that the crys t a l s urfaces wer e composed of a number of com

paratively large facets, each f acet producing its own di s tribution 

curve and the r esultant curve being t :.1e f? urn of all the separate 

curves . In the caAe of NaCl and s imilar cr ystal s , t hese l a rge 

facets are n ot fo und and t heir intens ity-rocking a r1gle curves a re 

smooth a nd have only one maximum for each wavelength. When the 

r eso lving power is hi gh enough , t he Mo K~ lines become s eparated. 

An examination of t he curves will show t ha t th±s begins t o ha ~o pen 

in the second order a. 1d i s already well pronom1ced i n t I.1e t hird 

order . Th.i s i r-· no t t o be confus ed wit h the additi onal maxima 

pro duced by oth ar c rys t a l fac et s . The e~fect o; the reEo lution 

of th8 Coublat a~ th e r efl ection ir0m ot ier facets can be clearly 

dis tinguished by t he fact t hat the former i n creases separation 

with increa.r ing order , vv hile t he latter retains the same relative 

angular po E:-it ion i n all ord erf;. 

2. I f t 21e i n t egrat ed i .nten s i ti es ( di sregardin6 the 

f irs t or d er) of normal and magn etic bismuth in Table #o L nd f.:: l so in 
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Tab l e ~1. 7 are compared, it i s n ot :po ~::.s ib le t o a cc ount f or the 

ch2nges i n i n t en ~~ itivs by chang es i n t he parameter . Thi n: was 

d e t ermine: by noting the di recti on i n *hich t h e i n t ens ities wou ld 

c han g e f or a c :-ia nge i n pa r ame ter in the region of .41 of t ·_e plo t 

of int ensi t y agai ns t parameter (F i g . 3). No co r r espondence be

t ween t o.e pa ramet er cur ve a ::.1d t he int ens ity c hanges could be fo und. 

3. A compar i son of the maximum ord i nat es of' di ff erent 

order r for the respective curves s iill WS that t he s e a re in a g reement 

within 2%. Thi$- agreemen t i s s i gni f ican t cons idering the much 

greater r ang e i n va lues of t he integra ted i n t errn ities. 

F rom the s e fa c t e t wo cone 1 u e. ions are drawn: 

P i rs t: Tcie parameter o f magnetic bi smut h d oes n ot 

di f fer f rom t iat of n or mal bi smuth. 

Second : The i n t egrat ed i n tens ity d ep ends upon t he 

c haracter of t he surfa ce. Thi e i s p r ·ba bly due to t ha very high 

x-ray ab so:cpti on coeff icien t of bi smuth for the wa v e l engt h usecl . 

The linea r x-ray ab sorption c o ef'f ici ent i s approxima tely 150 ~ 

Fo r t he f ir f,t ord er r eflecti on the i nciden t x -ray beam i e. r educ ed 

9/10 in int en r:i ty by ab Eorpt ion a lo n e i n pen ,.:; t rating to a d epth of 

about 2,000 a t oms b elow t he s urfa c e . 

Determination of :Parame t er. 

The s hape of cur ve 12B s hows tha t thi s had t he b e s t 

c r y s tal surfa ce of t he g r oup mea s ur ed. ~'or thi s r ea s on the i n t e 

gra t eJ i n tens iti es f or thi s c rys t a l will be u s ed for determination 

of the :pa ram eter. The Debye factors tha t were obta ined_ from an 

exper imen t to be des c r ib ed l a t e r g i ve t h e fo llowi ng cor~ection. 
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Table i/:8. 

Order Intensi ty Debye Correct ed 
Factor I ntens i t y 

1 40.5 .978 41 .4 

2 100.0 . 917 109 .o 

3 34.7 .760 45.6 

4 3.75 . 620 6.05 

5 7.50 .445 16 .85 

Compar i son of thi s set of correc t ed intens ities with t he 

parameter cur ve s hows t hat th e da ta f its bes t a t a pa ram eter of 

.411 i f t he po s ition is' ; cho s en so t ha t t he agreement i s bes t f or 

the h i gher orders . 

Table {;9 . 

Pa r amet er • 410 Paramet er .411 Parame ter .412 

Ex:p. Theor. ,,(1 

70 Theor. % Theor. % 
Value Value Diff . Value Di f f . Value Diff. 

41.4 30.2 25 29.2 28 28.9 29 

109.0 90.2 5.7 91.0 16 92.3 16 

45.6 32.3 29 31.8 28 31 .6 31 

6 .05 5.61 0.7 5.8 3. 3 6 .15 1. 6 

16.85 16. 85 o.o 16.85 o.o 16.85 o.o 
(1 ) 0 

The parame t er i s defin ed by James as the di spla cement in A of 

on e of t he l a ttices f rom t he c ent er of the second l a ttice f parameter 

of 0.500 in notation us ed in t hiE paper). I n terms of t he def i-
(I) 

ni t ion of J a me s , the paramet er i s 
0 0 0 

(O,fOO- <), 'Ill) ')( 3, 'f 1/5 A ;; o. Js-1 A :;. ,;01 A 

Effect of Ex:tinct i on. 

Tb.e measur ed i n tens it f es~ a r e gr e1:tter than the theor etical 

va lues in t he lower order s of Bragg refl ection. Thi s i s contrary to 
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the way i n which primary and secondary extinction would_ a i' fect the 

reflection. Thi s devi ation se ems to indicate t he approx imate 

character of the pres en t r::: t a tu::::J of the theory ' of x-ray crys tal _ 

diffraction when it i s applied to c rys t a l s havinb highly absorbing 

atoms. 

DEBYE FACTOR. 

Crystal Mounting. 

A series of measurements of integrated x-ray intensities 

reflected by a bismuth (111) plane at various temperatures was 

made. For the purpose, the crysta l was cemented with insolute into 

an electrically heated cry s t a l holder, shown in Fig. 13. 

Fig. 13. 

A storage ba ttery wit h a control rheo s t a t wa s used to adjust the 

temperature of t he c:rystal. The t emperature was read by means 

of a thermocouple which was cemented in position beside t ne crystal 

as shovm. The t hermocouple wa s calibra ted fo r crystal surface 

t emperature. The c rystal could also be cooled to liquid air tem

perature. by means of a tiny jet of liquid air which was blown 

downward along the cry s tal face. By properly adjusting the rate of 

f low of liquid air, it was f ound possible to keep the crystal at 

liquid air tempera ture and to keep the reflecting face of the c r ys tal 

"wet" wit h a thin film of liquid au and perfectly bri ght and free 
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from co2 or water crystals. During thes e measu rement s , the surfa ce 

of t he crys t a l was continually observed b2.1 means ot a t el escope and 

mfurrors to i nsure the t the face of t he crystal was kept f ree. 

Rela. ti on of Maximum Int ens ity t o Integrated I n tens ity. 

A number of measurements of i n t egrated int ens ity were 

made for a crys tal a t room t emperat ure and a t a t emperature of 

255° C. It wa1:, found that the curves were s imilar and t ::. e i nte

grat ed area of the curves was propo rtional t o the maxi mum he i ght. 

The subsequent measurement s wer e made b;.- de t ermining the max i mum 

i n tens iti es of ref l ection for each particular t emp,::: rature. 

Measurements. 

~ 
"' " ~ 
.::. 
~ 0 ..... 

0 0 
..J 

0 l 
T ➔ 

Fig. 14. 



49. 

F ig. 14 shows the r.esul ts of a series of measurements 

made in this way on a bismuth (111) cleavage plan e . The log of 

the integrated intensity wa s plott e~ against T 2 which should give 

a linea r relation if B in the Debye factor is proportiona l to Ti 

It was found possible t o measur e the expansion of t he 

lattice directly by meas uring t he change in the Bragg angle. This 

amounted t o about 1 mm. change in the rockinc angle scale reading 

at the maximum point fo r a change of 60° C. The scal e could be 

read to about a f ourth of a millimeter, but t he position of the 

maximum could n,Jt b e measured so precisely becau ee of the width of 

the peak. The error of thi s measurement was es timated at 5%. 

Discuss ion of Results. 

The results s hown in F ig. 14 indicate that the curves 

conE:i s t of t wo linea r parts which i nt e1"sect in the neighborhood of 

70° C. Thi s i s an indica tion t hat somethi ng c hanges in th e cry s tal 

s.t this tempera ture. The t emperature at 1Nhich the change seems to 
( 6) 

occur agrees wit h the t emperature at which Cohen , Moesveld and 
(7) (8) 

Cohen , and_ Wurs chmidt obE:erved an anamolous expans ion for 

polycry s tallin bi smuth. It a ls o agrees approxima t ely with the 
(4) 

t empera ture (72 to 80° C.) at which Goetz and Ha Psler . obse rved 

the anamolous t hermoel ectric pmve r f'o :c normal-magnetic bismuth 

single cry s tal s~ On the bae i ~'. of thi s evLdence it appears 

that at this t emper a ture ( 70° C.) t ~1ere may be a kind of ignition 

t emperature fo r a pseua_o- a llotro:pic change occurring in the 

s econdary l attic e structure. 

Expansion Coeffici ent. 

T.he lattic e structure----cloe s not change and the measure

ments of the change in Bragg angle indica t e tha t t he expansion 
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coeff ici en t of t he lattice i s constant throughout t he r ange of the 

temperature s tudi ed.. T:1e expansion co effici ent was found to be 
l'loO + 0.7 K 10·'-

( 25) 
J. K. Roberts meas ured t he expa nsion co effici en t of bismuth 

perpendicular to the (111) plane by means of an intreferometer 

met hod and found the value A very signi f icant 

f act i r- tha t h e found the exp ns ion coeffici ent began to dec r ease 

rapidly at about 230° C. and fell to O jus t before the melting 

point. He regardad thi s as an indication of the breaking down of 

t h,3 crystal lattice. My measuremen t s were made on t he lattice 

planes directly a nd show that the pr :L mary lattice doe s not break 

down up t o a temperature of 255° C. An explanation of' t.bks ,~. :. _ --

e diff erence· ,n .1 hic11' corr e l a te the t wo i 2 t ha t ::).t 230° c. the 
• ~ ; j j l ) 

-· '-· ' -
sed.ondary lattic e structure ( ~wicky ) becomes unstable and 

pos s ibly goes into what may be des cribed as a molten. condition. A 

poin t which support s this view i s that in Fig. 14 t he intens ities 

at the highes t temperature measured ( 25 5° C.) fell below the straight 

line curve for t he fourth a nd fifth orders. (The third order may 

have an experimental error at this point.) The falling off may be 

an i ndication of the melting of the secondary lattice. 

Numerical Value of B 

The values of the Debye factor at room t emperature taken 

from the curve P ig. 14 are given in th.e t ollowing t able. 

Table # 10. 
B __ Jof' D n D 109 0 s,n 2 e - .s,rz1.e 

3 .760 -.2744 .0722 3.81 A-v~r-a. rje B 
4 .620 -.4780 .1285 3. 73 3.89 -t 0.1 (? 

5 .445 -. 8088 .201 4.02 
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The agreeme n t i s goo d considering tha t meaPurements were ma de a t 

on ly one l ow tempera ture point (li qu id o2 ). 

DISCUSS.ION 

A comple t e di s cuss ion of results has already b een given at 

the end of ea c h topic, which is rec orded i n the Ta ble of Conte~t s . 

Instea d of r epea tin-t~ thi s , t he f o l lo "Jing discussion will be formu

l a ted i n a very g en eral way . 

Bismuth singl e crys t a ls gro1 n i n a ~egn etic f i eld are known 

t o exhibi t namo louP chantes i n denP ity, electric a l conductivity, 

and t {ie rmoelectr ic po1
•
1re r. X-ray c :ry Ft a l s tructure meas urements of 

t hes e c rys tal!=:, :pr cive tha. t th :3 pr i ma r y c r~1f: t s l l a ttice remain s un 

chang ed throughout th e anamolous cha ng ~,js i n phy s ical proper ti e . 

Thi s proves tha t it i r. neces sary to a s c ribe th 3f-~e changes to f- ome

thing oth er than t he primary l attice and gives support t o t he 

thee ry of c:- eco ndary c r y Pt a. l l a ttice s tructur e . 

Ordinary bismuth i s lcn.own to exh i bit anamo lous density c hanges 

i n the n e i ghborhood of 70° C. which have been a s c r ib ed to a n allo- · 

tropic transfo rmati on. ~t udie ~ of x-ray reflectionQ from bismuth 

s ingle c ry~ tals a e a function of temperature reveal tha t t he pr ima ry 

l a ttice i f: unchanged and t ha t a ps eudo-allotro pic tra.nsforma tion 

occurs nea r ?0° C. Tl1i s pseudo-allotr opic tra.n2forma ti on may be 

i nterpreted as a change in th e seconda ry l at tic e st ruc ture. Measure

ment s of the linear ex pane i on of bismuth c ry etals seem .. - t o i ndicate 

t ha t the sec Jnd .ry l atti c e beg inE t 0 degeil.erate when the t emperature 

excee J..s 230° C. X-ray measu ~cement s indica te tha t t he prima ry l a t

tice s hows no degenera tion in it s Ptructure up t o 255° c. 



52 . 

I n conclus ion , I wi s h t o expr ess my apprecia tion to Dr . A. 

Goet z f or his guidance and i nspi r ation throuf hout the cours e of 
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