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■î A ~ . . T H Â C 5 f .
imwwwn II o rn m tm m m m m im -

fiultipla-beara hms bdan applied  to  th e

etüùy o f  th e «upfao» topography o f  natural and sy n th e tle  quart* 

o r y s ta ls , i t  i s  shorn th a t th e p r in c ip a l h a b it fa c e s  (major 

îhofâïohedron % minor rhombohedron r ,  and p r is a  a ) c o n s is t  o f  

* number o f  ^growth pyramide** # ild h  are pmduoed by th e  

epreading o f  m ultlm olaeular growth Wheats In sueeaaslon  from 

severa l I n i t ia t in g  o en tres . ''

A d e sc r ip t io n  i s  g iven  o f  th e  p ro p e r tie s  o f  th e se  

sheets' ( h e l^ t *  edge stru ctu re e to . ) on th e  B fa o a s , and o f  

the v ic in a l  fa c e s  o o n s t ltu t in g  the s id e s  o f  th e gro'9%1 pyramids. 

Thera are two r e s p e c ts  In  ^ I c h  the v ic in a l  fa c e s  depart from 

the con d ition  o f  being; s tz d o t ly  plan®. -  % cy p o sse ss  a cy lin d 

r ic a l  eu'cnratura w ith  a m iiu c  o f  severa l m etres, and th e ir  

I n c lin a t io n  to  th e  close-packed  p lane in crea se s  towards the  

summit o f  th e ^ o w th  pyramid. From the In terp re ta tio n  o f  the  

r e s u lt s  th e medhanlam o f  growth o f  th e H faoaa i s  determ ined, 

and estim a tes  are obtained o f  th e  aeian d is ta n c e  o f d if fu s io n
i

o f  adsorbed m olacules and o f  th e  sis®  o f  th e th e o r e t ic a l  two- 

ajstenslonal n u cleu s.

The general fe a tu r e s  o f  th e  miner rhoaft)chadral fa c e s  

sr® a ls iila r  to  Ihoa® o f  the R f s a o s .  D ifferen ces  a r is e  due to  

the g re a ter  ir r a g u la r lty  o f  th e growth fr o n ts  o f  th e r  fa c e s , 

and t h i s  i s  probably ocnneotad w ith th e ir  g re a ter  ra te  o f

spreading.



'2,

The topography o f  n atu ra l prlaa fa c e s  la  bjdafly  

daaorihad, and th e o r ig in  o f  th s  s t r ia t io n s  on th ese  fao^s 

ai@0ua$e&.

Two type® o f  sy n th e tic  c r y s ta l  have been gtudlod; 

seeds w ith a  'tôü.n la y e r  (order o f  one wavelength) o f  sy n th e tle  

growth, and c r y s ta ls  with a «m. or more o f  sy n th e tle  growth. 

The ohaervatlons on th ese  o r y s ta ls  Indioat® th a t  growth 

i n i t i a l l y  tak es plao® flpem a lsTg9  mmiber o f  growth n u e le i, '■ 

o f  th® order o f  1 0 4 / s q ,w . |  b ut # m t  &» growth proceed®, most 

o f  th e se  n u c le i become in a c t iv e  and u lt im a te ly  growth tm&ee 

p la ce  from r e la t iv e ly  few dwcinant centre® ,

Svidenee i® g iven  fo r  eadstenoe of screw  

â is lo e s t io n »  In  quart*; aivi from th e  ob servation s on natural 

and sy n th e tic  oryatal®  i t  i s  ooneluded ® iat fr e sh  sh ee ts  are 

in i t ia t e d  by screw d is lo c a t io n s , by th e  re -en tra n t an g les  

aacoo ia ted  w ith tw inned fa c e s  and, p o ss ib ly , by fora lgn  

p a r t ic le s .
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Chapter I ,  

mil 8TUD3 OF CRYSTAL oURFACHIS,

THE study o f  c r y s ta l growth has in  recen t years 

become important in  b oth  th e o r e t ic a l  and experim ental 

p h ysics, and has been stim ulated  by the need fo r  growing 

high q u a lity  sy n th e tic  c r y s ta ls  ( e .g .  quartz) o f economic 

importance# Inform ation ooncerriing the way in  which c r y s ta ls  

grow can be obtained by studying c r y s ta l surfaces# ^ I n  the  

words of Howland, concluding the 1949 Faraday S ociety  

D iscussion  on ‘’C rysta l Growth**; " . . .  the th e o r e t ic a l  p h y s ic is t  

w il l  only have a chance o f g e t t in g  to g r ip s  w ith th e problem  

^of c r y s ta l growth] # ien  the exp erim en ta l!st has revea led  

what i t s  e s s e n t ia ls  are# I t  i s  suggested th at th e b e st  l in e  

o f approach i s  to  begin  with a system atic  study of c r y s ta l  

s u r fa c e s ."

The aim o f the work to  be d escribed  in  t h is  t h e s is  

was,to  study the su rfaces o f natural and sy n th e tic  quartz 

c r y s ta ls , w ith a view  to determ ining the mechanism and 

con d ition s o f growth. Before d escr ib in g  the experim ental 

techniques and the r e s u lt s ,  past work on the study o f c r y s ta l  

su rfaces w i l l  be review ed.

With the development o f  the r e f lo a t in g  goniometer



2.

by ïo lla a to n , M ltsch erllob , and o th ers, I t  was r e a lis e d  

th at c r y s ta l aarfaoes only approxim ately obey the law o f  

ftiaple r a t io n a l  In d ic e s . From one c r y s ta l to  another o f  

the same substance sm all v a r ia tio n s  o f I n te r fa e la l  angle  

were found to  occur, and th ese  v a r ia t io n s  even occurred  

between fa c e s  y ie ld in g  s in g le , sharp s ig n a ls  In th e goniom eter. 

P fa f fU )  mada a c a r fs u l  In v e stig a tio n  o f  the I n te r fa e la l  

angles o f  sev era l cu b ic c r y s ta ls ,  and compared them w ith  

th e th e o r e t ic a l  a n g le s , ca lcu la ted  by assuming the law o f  

ra tio n a l in d ic e s . He found that the observed a n g les  d if fe r e d  

from the th e o r e t ic a l  an g les by one minute to  th ir ty  minutes 

o f arc. S im ilar  r e s u lt s  were obtained by B r a u n s ^ o n  

ootahedra o f  lead  n it r a te ,  Brauns attempted to  exp la in  h is  

r e s u lts  on the b a s is  o f  the d is to r t in g  e f f e c t  o f  gra v ity  

during the c r y s t a l l i s a t io n  p ro cess . The main con clu sion  to  

be drawn from the work o f  P fa f f  and Brauns i s  th a t many h ab it  

fa ces  make a very sm all and v a r ia b le  angle w ith  the low -lndex  

plane, I . e .  they are 'v ic in a l*  fa c e s .

The nature o f  the v ic in a l  fa c e s  on a growing 

c r y s ta l was stud ied  by S ir  Heni*y M lera^^\ who published h is  

r e s u lts  In 1903 and 1904. Mlers con stru cted  a sp e c ia l  

goniom eter, which enabled him to  measure the I n te r fa e la l
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an gles to  w ith in  one minute o f aro on a oryptal w hile I t  

was s t i l l  growing In aqueous so lu t io n . He found th a t the  

goniometer r a f le o t lo n  from eaoh ootahsdral fa ce  o f potassium  

alum eo n sla ted  of th ree c lc a e ly  spaced Images, whose p o s it io n s  

were between one minute and twenty minutes o f arc from the

f i l l  d ir e c t io n . During growth the m u ltip le  Images were
i,

repeated ly  replaced  by o th er  Images ly in g  In d e f in i t e  to n es .

The tr a n s it io n  was not gradual, but by s te p s , and o ften  occurred  

a fte r  an Interim  period o f confused s ig n a ls . The experim ents 

were extended to  sev e ra l o th er cubic c r y s ta ls  ( in c lu d in g  

ammonium alum, sodium ch lora te  and slno su lp h ate) and s im ila r  

r e s u lts  were ob ta in ed . The d iscontinu ou s replacem ent o f  

v ic in a l  fa c e s  d'jring growth was b e lie v e d  to  in d ic a te  that the 

In d ices o f the v ic in a l  fa c e s , however la r g e , were r a t io n a l.

But subsequent work by H e d g e s ^ u s i n g  the same kind of 

goniometer as M lers, has shown th a t the replaoem ent o f v ic in a l  

fa ces  I s  gradual on c r y s ta ls  o f Epsom s a l t  and R ochelle s a l t ,  

and th ere fo re  the v ic in a l  fa c es  o f th ese  c r y s ta ls  a t le a s t
V

must la ck  r a t io n a l In d ic e s , Mlers* most important d i'-ccv«w  /  

was th a t the v ic in a l  fa c e s  corresponding to any s in g le  h a b it  

face freq u en tly  produce lo w  pyramids, or 'growth pyramids''.

The an g les between the in d iv id u a l v ic in a l  fa c e s  o f any one 

growth pyramid and the underlying low -lndex p lane was constant

to  w ith in  a few minutes of arc .
V

In order to  exp la in  the occurrence o f v ic in a l  faces
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In prefarenoe to  sim ple fo m s  Mlers argued as fo llo w s .

I f  the o r y s ta l l ia in g  m ateria l deacenda d ir e c t ly  on a loir- 

Index p lan e , th ere w i l l  he a sen sld arah le  d iso o n tin u ity  In 

d en sity  o f  m ateidal a t  th e  growing a r y s ta l su rface , a« the 

pecking In th e c r y s ta l  i s  much o lo cer  than in  th e  so lu t io n .

But I f  the m ateria l l e  d eposited  on v ic in a l  p lan es p a r a lle l  

to  l a t t i c e  planes o f low r e t lo u la r  d e n s ity , t h i s  abrupt 

ohsnge In  packing i s  appraeiably reduced. I t  i s  reduced
/

even fu rth er  I f  th e c r y s t a l l i s in g  m ateria l i s  ordered In 

planes p a r a l le l  to  th$ v ic in a l  p lan es Immediately b efore  

d ep o sit io n , and the so lu t io n  In con tact w ith the growing 

^^îabe should In th is  case  e x h ib it  double r e fr a c t io n , Mlers 

was unable to  d e te c t  t h i s  doubly r e fr a c t in g  la y e r  experiment

a l ly ,

^  The gonlom atrle study o f v ic in a l  fa c e s  was extended

by Kalb^®^ to  non-oublo m inerals. In clu d in g  quarts and topaz. 

Kalb demonmtrmted th a t the v ic in a l  fa c e s  o f  th ese  c r y s ta ls  

can only occur along c e r ta in  w e ll-d e f in e d  zones, and th a t In  

order to  determ ine the exact p o s it io n s  o f  th e low -ln dex plane#  

i t  16 necessary to  determ ine the p o in ts  o f  In te r se c t io n  o f  

th ese  zones.

(@)Sohubnîkow and Brunewsky stu d ied  th e  p ro p ertie s  

o f v ic in a l  fa c e s  by X-ray anl gonlom etrlo methods, and 

concluded th a t , to  w ith in  the accuracy o f th e ir  measurements.
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(7 >v ic in a l  fa c e s  are tr u ly  p lans su r fa ce s . Tolansky' , however, 

has reported r e cen tly  th a t, by u sin g  the more s e n s i t iv e  

technique o f  m ultiple-baam  in terferom etry , the v ic in a l  fa c e s  

on a major rhombohedral face  of quartz were found to  p o ssess  

a very sm all c y l in d r ic a l  curvature. T olansky's work i s  

d iscu ssed  more f u l ly  In Chapter 5.

\
We have seen th at Mlers b e lie v e d  th a t v ic in a l  

fa ces  are produced by th e la y in g  down o f  m olecular p lanes  

o f  so lu te  p a r a l le l  to  h lgh -ln d ex  p lanes of th e  l a t t i c e .

He was supported In t h i s  view by Kalb ( l o o .c i t . ) ,  although  

there was no d ir e c t  experim ental evidence in  favour o f  i t .

Bat th ere i s  the a lte r n a t iv e  exp lan ation  th at v ic in a l  fa ces  

c o n s is t  o f a s e r ie s  o f  uniform ly spaced s te p s , ahloh a r is e  

from a system o f growth la y ers  p a r a l le l  to  the low -lndex  

p la n e ts ) . I f  su c c e ss iv e  la y er  edges cannot be in d iv id u a lly  

reso lved  by the m icroscope, the v ic in a l  face  w i l l  g ive a 

sharp s ig n a l in  the goniom eter. But b efo re  con sid er in g  th is  

furth er the evidence th a t c r y s ta ls  grow by the s u ’cesslv©  

d ep o sit io n  o f lay er*  w i l l  be rsvleweA as t h is  concept i s  o f  

fundamental importance in  the in te r p r e ta tio n  of th e  topography 

of th e c r y s ta ls .

The f i r s t  d e f in i t e  in d ica tio n  of growth by la y er  

d ép o sitio n  was reported  In a posthumous p u b lica tio n  o f 

R. Marcelin^®) in  1918. Qaroelin stu d ied  the growth from



6.

a lc o h o lic  so lu t io n  of th in  p la te s  o f p - to lu id in s .  The 

p la te s  were s u f f l e ie n t ly  th in  to  e x h ib it  Newton's eo lou rs  

in  r e f le c t io n ,  ao th a t growth in  depth and su rface  area  

could be siJaultaneously observed» I t  was found th a t , as 

growth proceeded, u n ifon a ly  coloured bands w ith  p r e c ise  

geom etrica l l im it s  were formed and spread across  the face  

at a reg u la r  speed. They were succeeded by other bands 

e x h ib it in g  d if fe r e n t  co lou rs on th e  Newton s c a le .  Thus a t  

any given  tiras the su rface  contained a s e r ie s  o f coloured  

bands, r e g u la r ly  spaced and with p a r a l le l  edges, The co lou r  

o f each band remained oonstitnt as i t  spread acro ss  th e  

whole fa c e , and th e  d iffe r e n c e  in  t in t  between adjacent 

bands corresponded, in  one ca se , to  a la y e r  only three  

m oleculas th ic k . M arcelin concluded th a t th e c r y s ta ls  grew 

by the d ep o sit io n  and spreading o f  su c c e ss iv e  la y e r s , zhose 

th ick n esses  approached m olecular dim ensions.

Th@sa experim ents were extended by Kowarskl^^®) 

to  the growth o f  p -to lu ld in e  c r y s ta ls  from th® vapour. I t  

was found in  th is  ca se  th a t the la y e r s  were u su a lly
i

in i t ia t e d  a t the edge of the fa c e , and p a r t ic u la r ly  a t the  

point of in te r s e c t io n  o f  th e  edge w ith a neighbouring c r y s ta l .  

The la y e r  edges were i n i t i a l l y  c ir c u la r , but as they spread 

across th e  face  they became ir r e g u la r  and lacked  any p r e c ise  

geom etrical shape, th e th in n er la y e r s  were in  general 

propagated more q u ick ly  than th e  th ick er  ones, which were

/
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oooaslonA lly  overtaken by th e th in n er la y e r s  fo llo w in g  

behind.

U
y  A, M arcelin and BpM ln^Tl) observed la y e r  form ation

on naphthalene and ae varal other organic c r y s ta ls ;  and 

evidence fo r  th e growth of diamond by la y e r  d ep o sitio n  has 

been produced by Tolansky and tlloock^^^') by means o f  th e ir  

creased fr in g e  m ultlpls-beara tech n iq ue. I t  la  w e ll known th at  

some oazystals o f diamond have th e ir  su rfaces marked w ith p i t s  

in  the form o f e q u ila te r a l tr ia n g le s  o f variou s s iz e s .

Tolansky demonstrated th a t th ese  p i t s  are probably formed 

by the in te r s e c t io n  o f  growth sh ee ts  advancing across the  

c r y s ta l su rface  in  th ree  d ir e c t io n s  in c lin e d  at 60 degree# 

to  each o th er .

An ex ten siv e  survey o f la y e r  form ation on c r y s ta l#  

o f many d if fe r e n t  aubstances, both io n ic  and non-polar, was 

undertaken by Bunn and E m m e t t T h e i r  experSænt&l method 

co n sis ted  o f p la c in g  a drop o f  warm saturated  so lu t io n  on a 

warm mloroacop® s l id e ,  covering  with a th in  o c v e r -« llp , and 

'Observing under the mloroaoope w h ile  the so lu t io n  coo led .

The minimum h e i ^ t  o f the growth sh eet edge# whloh could be  

seen by t h is  method was o f the order o f  lOOOJl. The main 

con clu sion s emerging from th ese  experim ents were as fo llow #:

( 1) The growth sh ee ts  spread in  général not from the edge# 

or corner® but from the cen tres of th e fa c e s .

/
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( 2) th  ! th ick n ess  o f  the Bhasts Increased  as they spramd 

away from th e ir  p o in ts  o f  I n i t ia t io n .

(3 ) The growth fr o n ts  war® o ften  Irreg u la r , p a r t ic u la r ly  

when the growth was rapid; but as the growth r a ts  daoreosod  

the fr o n ts  tended to  be aorg reg u la r  and to  conform to  the  

syr.viatry o f  t3i© fa c e ,

(4 ) Growth sh ee ts  were on ly  v i s ib l e  on Io n ic  c r y s t a ls .

iàoms t.vsnty or  more organic c r y s ta ls  were stu d ied , but, under 

she co n d itio n s o f  ob servation , no gro^Æ*' cou ld  be

d eteeted  on th e ir  su r fa ces , u n le ss  the ci^zstals contained
A ' r

8r # m ic  groups,

Bunn su ggested  an exp lanation  for the form ation o f  

th ick  la y e r s , based on the m orpho]oaloal p r in c ip le  o f  lew  

ra tio n a l in d ic e s . A s e r ie s  oi^moiecul&r layers c o n s t itu te s  

a h l^ - in d e x  su rface; but i f  the la y ers  a -e  s p i l t  up in to  

severa l groups, each grour forming a th ick  la y e c , the new 

la y ers  w il l  ba predominantly o f  Iciy-lnclex, and the  su rface  " 

energy per u n it h e ig h t o f  la y er  w i l l  be reduced.

' v / The concept o f  growth by the su o c s -s iv e  d ep o sit io n

of la y e r s  has been in o o ro o ra te i in  the theory o f  growth o f  a 

p erfect c r y s ta l  f r f »  the vapour. %e main p r in c ip le s  under

ly in g  th is  theory were f i r s t  laid, down by G i b b s ' a n d  

Volmer^^'^), and subaequantly developed in  q u a n tita t iv e  d e t a i l  

by Kalsshew and âtranaki^^®) and Backer and Doring^^®).
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Ïh9 theory aasuiaes th a t th s growth o f a p e r fe c t  c r y s ta l

from the vapour a t low su p ersatu ration s tak es p la ce  by the

I n it ia t io n  and subsequent spreading o f  m oleeular la y e r s .

Each la y e r  o r ig in a te s  from a tw o-dim ensional n u cleu s, # i c h ,   ^ ^

once i t  has a tta in ed  a c r i t i c a l  s iz e ,  rap id ly  spreads across  

the «hole su rfa ce . The ra te  o f  grcwth o f  th e c r y s ta l  depends 

on the r a te  o f form ation o f c r i t i c a l  n u c le i, and not on th e ir  

rata o f spreading, which i s  a com paratively rapid p ro cess.

The theory exp la in s why a o r y s ta l assumes a regu lar  shape

with p lane h a b it fa c e s , even when i t  grows under non-uniform

co n d itio n s, A sim ple q u a n tita tiv e  treatm ent o f  i t  i s  g iven  

in  the next chapter.

For a lon g tim e i t  was b e lie v e d  th a t the two- 

dim ensional n u c léa tio n  theory ap p lied  s a t i s f a c t o r i ly  to  the  

growth o f  r e a l c r y s ta ls ,  and even now t h is  b e l i e f  is  firm ly  

held  by B u c k l e y ^ a n d  o th ers . But aooojrilng to the observ

a tion s o f  Waroelim, Kowarski and Bunn a la rg e  number o f  

growth fr o n ts  can be seen  a t any one time spreading across  

the c r y s ta l  surface; urinereas theory in d ica ted  th a t the growth 

sh eets w i l l  spread a t a much g rea ter  ra te  than they are 

in i t ia t e d ,  ao th a t one layer  w i l l  be completed b efore  the 

in i t ia t io n  o f  the n ex t. The experim ents suggested  the ^

^ In terp re ta tio n  o f v ic in a l  fa c e s  as a su ccession  o f  uniform ly  

 ̂ spaced growth fr o n ts . But th is  in te r p r e ta t io n  i s  not p o ss ib le

on the n u c léa tio n  th eory , and we have a lready seen th a t there
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la  l i t t l e  ev idence In support o f  the a lte r n a t iv e  in te r p r e ta tio n  

of Mlers ( l o o , c i t . ) .

Further, S tran sk i^ lS ) ca lc u la te d  th a t th e p o s it io n s  -7") 

o f g r e a te s t  m olecular b ind ing  energy in  io n ic  c r y s ta ls  w ith  

the sodium ch lo r id e  stru ctu re  are a t  th e edges and corners  

o f  the fa c e s , 00 th a t i t  i s  here th a t tw o-dim ensional n u c le i  

are most l ik e ly  to  ba in i t ia t e d .  But Bunn observed th a t the 

I n it ia t io n  o f  la y e r s  in  io n ic  c r y s ta ls  ( in c lu d in g  sodium 

ch lo r id e) alm ost in v a r ia b ly  took p la ce  towards the cen tres o f  

the fa c e s . This ob servation  cannot be exp lained  on the b a s is  

o f  a non-uniform su p ersatu ratlon  over the fa c e , as Bunn showed 

by an in ta r fe r o a a tr ic  method th a t the su p ersatu ration  i s  

higher s t  th e cen tre  o f  the fa ce  than a t the edges and corn ers, 

and H u m p h reya-O w en ^ d iscovered  in  the same way 

that In the case o f  growth o f  sodluta ch lo ra te  c r y s ta ls  from 

so lu tio n  the su p ersatu ration  o f  th e  so lu tio n  in  con tact w ith  

the c r y s ta l i s  h ig h est at th e  fa ce  c e n tr e s , J  I t  i s  peA ap#  

p o ss ib le  to  exp la in  Bunn's résulte as b ein g  due to  sm all amounts 

of im purity adsorbed near the cen tre o f the fa c e , although  

there appears to  be no reason # iy  the im purity should avoid  

the face edges.

I t  was only  r e c e n tly  pointed  out by Burton, Cabrera 

and Frank( ^ ) th at th e  ob servation s o f Volmer and Schult*® in  

1931 on the growth o f  io d in e  c r y s ta ls  from the vapour could
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not be in terp re ted  by the n u c léa tion  theory* Volmer and 

Schultze^^^^ showed th at iod in e  c r y s ta ls  grow at a super- 

sa tu ra tio n ,^ , as low as 0 .0 1 . S u b stitu tin g  th is  value o f  C 

in  the formula g iv in g  the ra te  o f  form ation o f  two-dim ensional 

n u cle i as a fu n ction  Burton found th at the th e o r e t ic a l  

ra te  o f n u c léa tion  i s  sm aller than the observed ra te  by the  

enormous fa c to r  o f  ex p {3 ,600).

^ I t  was th erefore  ev id en t th a t there were ser io u s

d iscrep an cies between theory and experim ent, p a r t ic u la r ly  as 

regards the in te r p r e ta tio n  o f v ic in a l  fa ces  and the experim ents 

of Volmer and Schultze; and accord ingly  Burtôn and Cabrera^ 

decided to  re-exam ine in  d e t a i l  the bases o f  the n u c léa tion  

theory. They r e fin e d  i t  to  in corp orate the concept o f Frenkel 

that the boundary o f the nucleus i s  not ex a c tly  r e c t i l in e a r  

a t f in i t e  tem peratures owing to the presence o f  thermal (or 

•Frenkel*)kinks* and considered the e f f e c t s  o f the surface  

d iffu s io n  o f adsorbed m olecu les, and the change in  shape o f the 

nucleus in  various s ta g es  o f i t s  growth* (Becker and Doring 

r e s tr ic te d  th e ir  a tte n t io n  to  square n u c le i . )  Burton and 

Cabrera concluded th a t the formulae developed by Becker and 

Doring(lG) co rrect apart from the om ission o f  r e la t iv e ly

unimportant numerical fa c to r s , and th at the discrepancy between 

the theory and the experim ental r e s u lt s  o f  Volmer and Schultze  

was s t i l l  enormous.
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An exp lan ation  o f the disorepanoy was suggested  by 

F r a n k s h o w e d  th a t th e r e s u lt s  were In much c lo s e r  

accord w ith the th e o r e t ic a l  ra te  o f growth o f Iod ine c r y s ta ls  

con ta in in g  a p a r t ic u la r  type o f l a t t i c e  im p erfection  (screw  

d is lo c a t io n ) .  He pointed  out th at the tw o-dim ensional 

n u c léa tio n  theory ap p lied  to  the growth of p e r fe c t  c r y s ta ls ,  

but there i s  stron g  evidence th at r e a l c r y s ta ls  p o sse ss  an 

im perfect l a t t i c e  s tru ctu re . The in t e n s i t i e s  o f  X-ray r e f l e c t 

ion s in d ic a te  a mosaic stru ctu re  o f  c r y s ta ls ,  and the mechanical 

strength  of r e a l c r y s ta ls  i s  on ly  a sm all fr a c tio n  o f the  

th e o r e t ic a l  stren g th  o f p e r fe c t  c r y s ta ls .  Frank suggested  th at 

the ra te  o f  growth o f a c r y s ta l  i s  s im ila r ly  s tru c tu r e -  

s e n s it iv e ,  and showed th a t the presence of screw d is lo c a t io n s  

in  the l a t t i c e  enab les a c r y s ta l  to  grow a t much low er super- 

sa tu ra tion s than are perm itted on the two-dim ensional n u c léa tio n  

theory. I f  a screw d is lo c a t io n  term inates on a c r y s ta l fa c e , 

a m olecular led ge runs along the su rface from th e p o in t o f  

emergence o f  the d is lo c a t io n  to  a n e i^ b o u r ln g  screw d is lo c a t io n  

of op p osite  hand, or to  the edge o f  the fa c e . Growth wan take 

place by the d ep o sit io n  o f m olecules along th is  led g e , orovided  

I t s  len g th  i s  gi^eater than the c r i t i c a l  s iz e  o f the two- 

dim ensional n u cleu s, w ithout the form ation o f a two-dim ensional 

n ucleus. Moreover, the m olecular led ge w i l l  p e r s is t  and never 

'grow o u t ' , as w i l l  a m olecular led ge on a p e r fe c t  fa c e .

F r a n k c a l c u l a t e d  the geom etrica l form o f  the growth fro n ts
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term inating on screw d is lo c a t io n s , and found th at t h i s  form 

i s  in  gen era l a s p ir a l ,  A c r u c ia l p o in t o f  d iffe r e n c e  between 

the growth o f p e r fec t c r y s ta ls  con ta in in g  screw d is lo c a t io n s  

i s  th erefore  th e  geom atrloal form o f the growth fr o n ts . In 

p a r tic u la r , s p ir a l  fr o n ts  can only occur on im perfect c r y s ta ls .

In  the m ajority o f c r y s ta ls  i t  i s  not o o sa lb le  to  

observe the m olecular growth fr o n ts , owing to  the d i f f i c u l t i e s  

o f  r e so lu tio n  w ith  an o p t ic a l  or e le c tr o n  m icroscope. (The 

growth fr o n ts  are g en era lly  too  c lo s e ly  spaced to  be la t e r a l ly  

reso lved  w ith  an o p t ic a l  m icroscope, and too small in  v er t' ca l  

h eigh t to  be d e te c ted  w ith  an e le c tr o n  m icroscop e.) But  ̂

m olecular s te p s  have been observed on a sm all number o f  

ex cep tio n a lly  w ell-d evelop ed  c r y s ta ls  : By G riffin^   ̂ on a 

mineral c r y s ta l  o f  b e r y l, Verma^^) and Amelinokx^  ̂ on 

sy n th e tic  c r y s ta ls  o f s i l ic o n  carb ide, and Dawson and Vand^^) 

on c e r ta in  p a r a ffin s  o f  r e la t iv e ly  h igh  m olecular w eight.

In a l l  th ese  oases I t  was found th a t the growth fr o n ts  were 

freq uently  o f sp ir a l form -  thus provid ing d ir e c t  evidence in  

favour o f Frank's th eory . I t  I s  in te r e s t in g  to  note that the 

presence o f  s p ir a l  growth fr o n ts  on s i l i c o n  carbide was f i r s t  

reported by Menzles and B lo a t^ ^   ̂ in  1929; but th is  observation  

ex ited  l i t t l e  in te r e s t  a t th e  tim e.

( a )
Bunn' observed th a t the growth fro n ts  on the 

c r y s ta ls  # iio h  he stu d ied  were in variab ly  closed ; b ut th is  i s
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mechanism

hardly an argument a g a in st a d is lo c a tio n ^ o f growth, as the

growth fro n ts  were not unlm olecular, but sev era l hundred
( 30 )m olecules h ig h . And fu rth er , Forty'* has very re cen tly  

shown th at cadmium iod id e  c r y s ta ls  (which were amongst those  

stu d ied  by Bunn) o co a s io n a lly  develop sp ir a l polym olecular  

growth fr o n ts .

We have already seen th at the tw o-dim ensional 

n u cléa tion  theory f a i l s  to  exp la in  the u n iv ersa l presence o f  

v ic in a l  fa c e s . On Frank«8 theory however, v ic in a l  fa c e s  

re ce iv e  a n a tu ra l in te r p r e ta tio n , fo r  each growth s p ir a l g iv es  

r is e  to  a low growth pyramid centred on an *active*  d is lo c a t io n  

group. The su cce ss iv e  branches o f the s p ir a l  are uniform ly  

spaced and i f  th e sp ir a l i s  p o lygon al, ra th er  than c ir c u la r ,  

each s id e  o f the polygon w i l l  g iv e  r i s e  to  a v ic in a l  fa c e . But 

there i s  l i t t l e  experlm etnal evidence in  favour o f t ) l s  in te r 

p reta tio n , as the growth s p ir a ls  were polygonal on ly  on the  

p a ra ffin  c r y s ta ls  studied  by Dawson and Vend.

The topograohy o f  only a few c r y s ta ls  has been stu d ied  

on th e  m olecular sc a le , and the bulk o f the a v a ila b le  evidence  

has favoured th e  d is lo c a t io n  rather than the n u c léa tion  

meoh&nism of growth. But n e ith e r  theory can exp la in  many 

fea tu res  connected with c r y s ta l  h a b it and h ab it m odification^  

and orien ted  o v e r g r o w t h ^ H e n c e  in  th e in te r p r e ta tio n  o f  the  

r e s u lts  on the topography o f quarts, given in  P arts I I I  and IV 

of t h i s  th e s is ,  an open mind must be kept as regards the  

a p p lic a b il ity  of any oartioul& r theory of growth.
/



Chapter I I

OF ORYüYAL GROWTH

B r ie f  q u a n tita t iv e  traatawnta o f  the th e o r ie s  o f  

growth o f  p e r fe c t  and im perfect c r y s ta ls  from the vapour w i l l  

now be g iv en . Several o f  the formulae d erived  in  th is  chapter  

w il l  be con sidered  la t e r  in  r e la t io n  to  quartz.

1 . Growth o f  a P erfect C ry sta l.

The experim ents o f Cockroft^®®) and Volmer and 

Eeterraann^®^^ have in d ica ted  th a t appreciab le su rface  migrat io h  

o f ths adsorbed m olecules occurs during growth, b efore  they  

return to the vapour phase or beeome Incorporated in  the l a t t i c e .  

The growth o f  a m olecular la y e r  w i l l  th erefo re  take p lace  

prim arily by th e d if fu s io n  o f adsorbed m olecules towards i t s  

The d ir e c t  current o f m olecules to  the edge from the

vapour i s  r e la t iv e ly  unimportant, and w i l l  be Ignored in  the  

fo llo w in g  treatm ent. This treatm ent I s  mainly due to  Itott^^®^

Let ( F ig . l )  rep resen t the growing c r y s ta l  fa c e , .

and N the n u cleu s, assumed c ir c u la r , from ^ l o h  th e  next 

m olecular la y e r  spreads. The o v er -r id in g  fa c to r  «Aioh determ ines 

the r a te  o f growth o f the c r y s ta l i s  th e  d i f f i c u l t y  o f  form ation  

o f fresh  n u c le i such as N, A en  the rad ius o f  the nucleus i s  

l e s s  than a c r i t i c a l  va lu e r^, the nucleus i s  unstab le and 

tends to  shrink; when i t s  rad ius i® gpa&ter than r^, the
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nucleus la  s t i l l  u nstab le but tends to grow and to spread

rap id ly  over the su rfa ce . In  order to  c a lc u la te  th e ra te  o f

growth o f  the c r y s ta l  we must th ere fo re  find, the p r o b a b ility  

of form ation o f  n u c le i o f s iz e  r^.

I f  the radius o f  the nucleus N i s  r , i t s  fr e e  energy

P i s  given by:
F « * 2 h y<> , (2 ,1 )

where 6 i s  the fr e e  energy gained per u n it  area whan an 

adsorbed m olecule becomes attached  to the n ucleus, and o  i s  

the free  energy per u n it len g th  o f th e step  a t th e boundary 

o f the n u c leu s, P i s  p lo t te d  a s  a fu n ctio n  o f  r  in  P ig ,2,

At f i r s t  P in c r e a se s  as th e  s iz e  o f the nucleus in c r e a se s , and

reaches a maximum,Fq, at r  = r^. For r  g rea ter  than r^, P

decreases w ith  in crea sin g  r . I t  la  c le a r  th a t when r  = ro

the nucleus i s  in  u n stab le  equ ilibrium  w ith th e supersaturated

vapour, and has reached th e  minimum s iz e  fo r  ^Aich i t  w i l l

tend to  grow. D iffe r e n t ia t io n  o f formula (2 .1 )  w ith resp ect

to  r  g iv e s :  /

Ç '21̂  , n, -- -  • (2 .2 )

I t  remains to estim ate  e  in  tenna o f  the g iven  

con d ition s o f  growth, i . e .  temperature and su p ersatu ration .

I f  a® i s  the area o f  the su rface  occupied by a s in g le  adsorbed 

m olecule, the change o f  fr e e  energy o f th e  nucleus #i@n i t  

in corp orates an adsorbed m olecule i s  e a^. This change
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Is  eq u iv a len t to the change o f free  enersry of the to ta l  

adsorbed m olecules fo r  the same p rocess. The fr e e  energy 

F* of n is o la te d  adsorbed m olecules i s :

f '= 0-T5 -- »w' - IcfAv f  J Ü — , 1

Here i s  the energy required  to transport a s in g le  m olecule 

from the nucleus to an adsorbed s i t e ,  N i s  the to ta l  number 

of a v a ila b le  adsorbed s i t e s ,  k i s  Boltzmann's con stan t and T 

the ab so lu te  tem perature. The change in F' when n changes by 

unity i s  th erefore:

A F  ̂ —  I  . (2 .3 )

The vapour i s  in  eou ilibrlum  w ith the c r y s ta l when 

6 r ' Œ 0. Let n  ̂ be the value of n a t eq u ilib riu m . Then 

from (2 .3 ) ;

0 = ; (2 .4 )

and from (2 .3 )  and (2 ,4 ) ,  assuming N;

S ca * (cl Xw I

The sa tu ration  r a t io  of i s  d efin ed  as the r a t io  of

the vapour pressure p o f the vapour to the equilibrium  vapour

pressure p  ̂ o f the saturated  vapour. Hence: 
of - ~ A /Ao ,

and 6 • k j  o< .
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S u b stitu tin g  th is  va lu e  o f é  in  (2 .2 )  we ob ta in :

F  -  - L i l  ,
 ̂ * k r L c t  (2 .5 )

and » (2 .6 )
Kl Usct

where ^  = (To* i s  the n e a r e s t - n e i o u r  b ind ing  energy*

Rigorous analysis^^®^ shows that formula (2 .5 )  

should in c lu d e  an a d d itio n a l sm all num erical factor* The tw> 

formulae (2*6) and (2*6) are the exp ression s fo r  the a c t iv a t io n  

energy fo r  g»owth (F^) and the radius o f the c r i t i c a l  nucleus  

(Tq ) in  terms o f  the temperature and su persatu ration  of the  

vapour*

2# Rate o f Advance o f  a S tra igh t S tep *

We now req u ire to  d er ive  a formulaf'for the ra te  o f  

advance o f a s tr a ig h t  monomolecular step  as a fu n ction  of the 

temperature and supersaturation* Such a step  i s  approximately  

represented in  p r a c t ic e  by the boundary o f a two-dim ensional 

nucleus a f te r  i t  has a tta in ed  a s iz e  many times the c r i t i c a l  

s iz e , ro*

The con centration  of the vapour a t la rg e  d ista n ces  

from the growing step  i s  n, where n = n  ̂of, and o< i s  th e  

su persatu ration . We w il l  assume th at the con centration  a t the
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step  i t s e l f  i s  the equilibrium  eon osn tratlon  n^. A reasonable  

sstlio a te  o f th s  sm a lle st  d ista n ce  from the s tep , measured 

along the su rface , a t A lc h  the con cen tration  i s  n I s  th e mean 

d ista n ce  o f d if fu s io n  o f adsorbed m olecu les. In  th is  case  

the con centration  grad ien t a t the step  I s  (n ^ - n g ) ; and

as m olecules d if fu s e  in  both d lr a o tlo n s  towards th e step , the  

V elocity  o f  the s tr a ig h t  s tep  i s  given by;

X (number o f m olecules d if fu s in g  towards

lorn, o f  step  per second)

= iT) , (2 .7 )  .
X i

• where D i s  the su rface  d if fu s io n  c o e f f i c ie n t .

Xs i s  g iven  by the well-known E in ste in  formula 

fo r  Brownian motion:

Xj « J)Tj , (2 .8 )

where Tj i s  the mean time th a t an adsorbed m olecule remains
{36 )on the surface; and Frenkel has shown th a t:

T'i ' (2 .9 )

where f  i s  a frequency fa c to r  and I s  th e evaporation energy 

of a s in g le  adsorbed m olecule.

Thus from (2 .8 )  and (2 ,9 ) :

A



20.

S u b stitu tin g  t h i s  exp ression  and the expression

n. .  e t j .  f - ^ )  .

(lA ere Ws i s  the evaporation energy from the step  to  th e  

su r fa c e ) , in  formula ( 2 .7 ) ,  we f in a l ly  ob tain;

0^ - 1 ^  . ( 2 .10 )

Here W(» WgwA) i s  the t o t a l  evaporation  energy from th e step  

to the vapour.

In  formula (2 .1 0 ) th e q u a n tit ie s  on the right-hand  

s id e  are a l l  independent o f e ry sta llo g ra p h lo  o r ie n ta t io n . But 

observation  shows th a t growth fr o n ts  are e ith e r  c ir c u la r  or 

polygonal, corresponding to  b ein g  independent or dependent 

on the o r ie n ta t io n . In order to  account fo r  th e  polygonal 

case i t  i s  assumed^^^) th a t Xg >  Xg, where x© i s  the mean 

d istan ce  between Frenkel k in k s. The adsorbed m olecules which 

are w ith in  a d ista n c e  Xg o f the k inks w i l l  be incorporated  in  

the s tep , but th ose  which are w ith in  a d ista n c e  Xg o f th e step  

but g rea ter  than t h i s  d ista n ce  from the n earest kink w i l l  not 

be in corporated . Hence, as Xq v a r ie s  w ith o r ie n ta t io n , being  

a maximum fo r  the close-packed  d ir e c t io n s  o f  the step , w i l l  

a lso  ba dependent on the o r ie n ta t io n . In t h is  case formula 

(2 .1 0 ) must be m u ltip lied  by th e fa c to r  Gq ■< 1, g iven  by(2 3 ) .

C. * - f f  7 \ •
Xol^ (I-12 Xs/a.)
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In p r a c t ic e  a growth fr o n t, whether the boundary 

o f a c ir c u la r  or polygonal sh ee t, w i l l  p o ssess , a t leas'Ç a 

sm all degree o f  curvature. I t  Is  th erefo re  necessary to  

extend the above argument fo r  a s tr a ig h t step  to  the ca se  o f  

a curved s te p .

2. Rate o f Advance of a Curved Oteo.

A step  o f  radius o f curvature r w ill  advance slow er  

than a s tr a ig h t  s tep  under the same co n d itio n s , owing to  th e  

greater  ra te  of evaporation from the curved edge to  the  

adsorption  space on the c r y s ta l  su rface . In fa c t  we have 

already seen th at t h i s  ra te  of evaporation ex a c tly  b a lan ces  

the ra te  o f in corp oration  o f adsorbed m olecules ^ e n  r  » r^, 

and the v e lo c ity  o f  the step  i s  than zero . The com plete 

c a lc u la t io n  o f  the ra te  o f advance v%. as a fu n ction  o f r  i s  

rather ccmplloated^^^^j but th e r e su lt  i s  expressed simply by 

the formula:

( i -  > (2 .1 1 )

whare i s  g iven  by (2 ,1 0 ) ,  (2 .1 1 )  i s  v a l id  fo r  r  >  r,, and

provided th at r^ >  Xg. For a polygonal growth front r^ re fe r s  

to  the normal d ista n ce  from th e  edge o f the nucleus to  i t s  

centre, and r  to  the normal d ista n ce  p from the growth fron t 

to  the cen tre of the n u cleu s.
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Curvature o f Polygonal Growth Fronts.

Tt can be sho™ th e o r e t ic a l ly  th a t the boundary o f a 

polygonal growth sh eet p o sse sse s  a s l ig h t  degree o f curvature.

The radius o f curvature ^ i s  : riven by the formula:

J  j ( fj) >

where a) i s  the energy o f evaporation from a Frenkel kink to  the

adsorbed s ta t e .  The rigorous d er iv a tio n  o f (2 .1 2 )  I s  ra th er  
(23)

lengthy , but a sim ple geom etrical proof i s  as fo llo w s .

In F ig .3 l e t  A.B,A'B' represen t the p o s it io n s  o f  a

growth fron t a t tim es t ,  t+dt r e s p e c t iv e ly .0 i s  th e cen tre o f

the nucleus from which the growth fron t has spread , OP i s  the

ncrsBal to  AB from 0 , and j' i s  the o r ie n ta t io n  with resp ect to

the OP d ir e c t io n  o f the element CD , len gth  d?. The kink d en sity
, ( 23)

n^ v a r ies  with y  according to the formula :

where i s  the kink d en sity  o f  the close-packed  element normal 

to OP, The ra te  of  advance of  the element CD i s  proportional

to  n. , so th at:  _ , ^Xf ■ ». [l* é
where i s  the v e lo c ity  o f advance of the close-packed  elem ent. 

I f  CD moves to  C'D* in time dt:

T)D -  CC * Js  J  * ( ^ * 1 4 ^
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and th e  elem ent ds r o ta te s  through an angle

is
which from (2 .1 3 )  and (2 .1 4 ) becomes:

where ç i s  the rad ius o f  cu rvat‘jrs o f  the elem ent, ’’y geometry 

we have from F ig . 3, as

= C 4 i e  ■ Ÿ  ( 2 ,  I B )

and g + <( g ° ^ 4 s 4 [Ji ■ (£ .1 7 )

Combining (<:.15), (2 .1 6 ) , (2 .1 7 ) ;
J ( I /  ̂ )
S ’  I ^  «  « f  {T t J

or ^Ij, - f f  i  ejcji ' 2 o l l )

:s/S g c 0 fo r  |) = 0 ,

In order to  determ ine the order o f magnitude o f  

g con sider a fa ce -cen tred  cubic c r y s ta l and assume n ea rest-  

neighbour intaract;à©-Monàiy* Then j  w =6 , where J? i s  the 

nearest-neighbour in te r a c tio n  energy, and fo r  the tynic& l value  

, f̂j> - vhus the curvature c f  the gro-^rth fr o n ts  Is  

^mall except in  the region o f the o r ig in .

5 , Growth c f  a C rystal th D is lo c a tio n s .
r s n ----------------------------------------------------------------------

Frank has shown th at the Decker-ddring theor^r recu ire#  

a degree o f super sa tu ra tio n  of the order o f SO f  for th e r̂rn*'th 

o f p er fec t c r y s ta ls ,  n a t  c r y e ta ]s  con ta in in g  screw d is lo c a t io n s  

can grow a t n̂uch lower super^^&turat 1 ons, fo r  the m olecular 1 edge
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c o n n e c t i n g  t h e  p o i n t  o f  e m e r g e n c e  o f  t h e  s c r e w  d i s l c o a t i o n

i th  t3ie- 8:!;:(« of .the face can never ’gro - out*, and th ere fo re  

groofo can ta-^e o la c s  at tliio  ledge without the n eo eo s ltv  fo r  

two-u 1 menstcnal n u c léa tio n . A''corning to  * the r c t iv a t lr

an -rn/ for  grn^-th- "'r-"- The " e " a terminai'ing on a screw d is 

lo c a t io n  i s  v ir tu a l ly  ze ro ,.r rn v id ec  th a t the d is lo c a t io n  

i s  g rea ter  than a d istan ce  from the* edge o f the fa c e .

I n  g e n e r a l  r o v t h  w i l l  t a k e  p l a c e  . f r o n  a  n u m b e r  o f
I

d i s l o c a t i o n  g r o u p s ,  b u t  l e t  u s  f i r s t  c o n s i d e r  t h e  s p e c i a l  

c a s e  o f  g r o w t h  f r o m  a  s i n g l e  d i s l o c a t i o n .  The  s t e p
V

t e r m i n a t i n g  on  t h e  d i s l o c a t i o n  w i l l  r a p i d l y  w i n d  i t s e l f  u p  

I n ^ o  t h e  f o r m  o f  a  s p i r a l ,  w h o s e  h a n d  i s  ' " d e t e r m i n e d  b y  t h e  

s i g n  o f  t h e  d i s l o c a t i o n .  E a c h  e l e m e n t  o f  t h e  s p i r a l  w i l l  

a d v a n c e  a t  a  r a t e  g i v e n  b y  e q u a t i o n  ( 2 . 1 1 ) ;

'< * yJo ( I -  ,V< VO I I -  y  /  , (2^)
w h e r e  r  i s  t h e  r a d i u s  o f  c u r v a t u r e  o f  t h e  e l e m e n t .  F r a n k  

h a s  s h o w n  t h a t  f o r  r » r ^ s ,  g o o d  a p p r o x i m a t i o n  t o  t h e  e q u a t i o n  

o f  t h e  p i r a l  i n  p o l a r  c o o r d i n a t e s  ( r , 0 )  i s  :

f  - 2 r o  0 ■

The d i s t a n c e  y ^ h e t T a e n  s u c c e s s i v e  t u r n s  o f  t h e  s o l r a l  I s

c o n s t a n t  f o r  s u f f i c i e n t l y  l a r g e  r  a n d  w i l l  b e  g i v e n  b y ;

^0 : A f  ' i f * .  2 s  ,

o r  0̂ * <|-trro

The  n e x t  s i m p l e s t  c a s e  t o  c o n s i d e r  i s  t h a t  o f  t-"o 

d i s l o c a t i o n s  o f  t h e  s a m e  s i g n .  I f  t h e y  a r e  s e p a r a t e d  b y . &
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by a d igtanoe L g rea ter  than 2 n r <5 they w i l l  each g iv e  r i s e  

independently to  a growth s p ir a l;  but I f  they are c lo s e r  than 

th is  d ista n c e  ap art, the in d iv id u a l s p ir a ls  'c o -o p e r a te ', and 

wind up In s id e  each oth er producing a s in g le  do»bly-branohed  

s p ir a l .  In th is  ca se  th e d is lo c a t io n s  are lo c a te d  at th e  

centre o f each branch, and as the sp ir a l r o ta te s  during growth 

there I s  an exchange of cen tres  at each h a lf - tu r n . This ex

change o f cen tres  Imposes a s l ig h t  delay  on the ra te  o f  r o ta tio n  

o f  the s p ir a l ,  which i s  n e g lig ib le  fo r  ^ K gr^ . ïh e

equation fo r  (j, in  the case o f two d is lo c a t io n s  o f  the same 

sign  la  thus; 3. = ,

where € * I ^  ^  2n^o

= 2  j-tr I  2nv*

and l <  6 < 1  fo r  in term ed iate va lu es o f / .

In  the gen eral case o f  S d is lo c a t io n s  o f the same 

sign , each d is lo c a t io n  w i l l  produoe i t s  own independent growth 

sp ir a l (w ith  iffrj,) when the d ista n ce  between adjacent

d is lo c a t io n s  i s  g rea ter  than E ü r©. But I f  /  i s  l e s s  than 

2 fi Pq co -op eration  between the s p ir a ls  tak es p la ce  and the  

equation fo r  ^^^23) becomes

(j, » f  I +  ($ .1 8 )

whero L i s  the len g th  of the l in e  o f d is lo c a t io n s .
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S t r ic t ly  speaking, the th e o r ie s  o u tlin e d  in  th is  

chapter only apply to  the growth o f c r y s ta ls  from th e vw ou r.

But i t  i s  c le a r  th at they '?dll apply in  p r in c ip le  to  growth 

from so lu t io n . The main d iffe r e n c e  i s  th a t we expect in  

general that the d ista n ce  between Frenkel kinks i s  la s s  than 

Xg (d ista n ce  from d if fu s io n  o f adsorbed m olecules) fo r  growth 

from the vapour, and g rea ter  than Xg fo r  growth from so lu t io n .

For th is  reason formulae (2 .6 )  and (2 .9 )  are only q u a lita t iv e ly  

correct fo r  growth from so lu tio n ; but formulae ( 2 .6 ) ,  (2 .1 1 ) ,  

and (£ .1 2 ) s t i l l  apply e x a c tly . I t  i s  mainly th ese  l a s t  th ree — 

formulae which w i l l  be required  in  Parts I I I  and IV, in  d is 

cussing  the growth o f  quartz from so lu t io n . F in a lly  i t  may be 

mentioned in  support o f th ese  remarks th at the experim ents 

o f  G riffin^^^) have in d ica ted  that the theory of growth o f an 

Im perfect c r y s ta l  from the vapour a p p lie s  q u a n tita t iv e ly , as 

w ell as q u a l i ta t iv e ly ,  to  the growth o f  b ery l c r y s ta ls  from 

so lu tio n .



Chapter I I I .

MULTIPLE -  BEAM lOTiLRFSROMSTOY.

1. General G onelderatlons.

The p o s it io n  of each poin t on the su rface o f  a 

c r y sta l i s  d efin ed  by th ree rectan gu lar co -o rd ln a tee , x, y , z.

The ordinary microscope can be used to  determ ine tiro o f  th ese  

co -ord in a tes, v iz .  x and y ly in g  In the p lane sh lch  I s  normal 

to  the a x is  o f  the mlorosoope. But fo r  topograph ical s tu d ie s  

I t  Is  e s s e n t ia l  to  detemnine th e  th ir d  co -o rd in a te  z, and to  a 

much g rea ter  degree o f accuracy than i s  necessary fo r  x and y .

For only by determ ining z down to  m olecular dim ensions I s  I t  

p o ss ib le  to  observe th e behaviour o f th e su c c e ss iv e  m olecular  

la y e r s , and hence to  deduce the fundamental mechanism o f  growth,
I

To determ ine z to  t h is  order o f accuracy on quartz  

c r y s ta ls  two experim ental tech n iq ues are a v a ila b le  -  e lec tro n  

microscopy and raultlple-beam  In terfsrom etry . A th ir d  technique  

-  p hase-con trast microscopy -  has been used w ith su ccess by 

Grlffln^®®^ and Verma^®®  ̂ In observing m olecular growth fro n ts  

on b ery l and carborundum. These authors assumed th a t each 

growth fro n t was o f equal h e ig h t ( s in g le  m olecu le), so that '

the z co -o rd in a te  was given by the number o f m olecular sten s  

counted from a g iven  referen ce p o in t . But we v d ll  see  la t e r  

(Parts I I I  and IV) th a t the growth fr o n ts  on quartz vary 

considerably in  h e l^ it  over the same c r y s ta l su rfa ce . At a 

few I so la te d  p o in ts  they are o f m olecular h e l ^ t ,  but elsewhere



28.

they p o ssess  any h e ig h t up to 5000Â. Thus, although phase- 

con trast microscopy has been used e x te n s iv e ly  in  the work on 

quartz, i t  was im perative to  use another technique to determine 

z. The technique used was m ultlple-beam  in terferom etry .

The theory and p r a c t ic e  of m ultlple-beam  in terferom etry  

has been f u l ly  d escrib ed  by Tolansky^^*^^ in  h is  book "M ultiple- 

beam Interferom etry o f Surfaces and F ilm s”, and in  o r ig in a l  

papers by Tolansky^ Brossel^*^^, Bar aka t  ( \  and Holden^

The s tu d ie s  on quartz were mainly carried  out u sin g  •Flzeau* 

fr in g es  o f the r e f le c te d  system . Fringes o f equal chromatic 

order were o c c a s io n a lly  used to  study the topography o f se le c te d  

region s o f a face  and to  measure surface an g les (se e  se c t io n  3 ). 

The r e f le c te d  system was used in  preferen ce to  the transm itted  

system, as, in  gen era l, i t  was only p o ss ib le  to  study the whole 

of a face  w ith r e f le c t io n  fr in g e s . Transm ission fr in g es  

required a p a r a l le l  beam o f l ig h t  to  be passed through the  

c r y s ta l, and the width o f th is  beam was lim ite d  by r e f le c t io n  

at the d if fe r e n t  fa c e s . This d i f f i c u l t y  can be overcome by 

immersing the c r y s ta l  in  c le a r  o i l  o f  the same r e fr a c t iv e  index  

( e .g .  Canada balsam ); but the procedure i s  troublesom e, as the 

o i l  must be prevented from touching the s ilv e r e d  face  underneath. 

A lte r n a tiv e ly , the c r y s ta l can be cut p a r a l le l  to  the fa ce  to  

be stu d ied , and a cover s l ip  a ttached  to the cut surface with  

a drop of Canada balsam . This rather d r a s t ic  procedure was 

carried  out on sev era l sm all and l e s s  p reciou s specimens.
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in c lu d in g  sev era l th a t were subsequently used as seeds fo r  

experim ents on sy n th e tic  growth.

I t  i s  on ly  p o ss ib le  to  use l ig h t  o f  one wavelength  

with r e f le c t io n  fr in ges*  although Bruoe^^^) has r e c e n tly  over

come t h i s  d isadvantage by the e lim in a tion  of a l l  rays r e f le c te d  

ex te r n a lly  a t the fron t su rface o f th e  in terfero m eter .

The optimum co n d itio n s fo r  m ultlple-beam  Interferom 

etry  are th ose  ^ i c h  lead  to  th e  produotlon o f th e sharpest 

p o ss ib le  fr in g e s  a t a reasonably good c o n tr a st . I t  w i l l  be 

oonvanient to  con sid er  sep arate ly  the con d ition s necessary  fo r  

sharpness and c o n tr a st , a lth o u # i i t  w i l l  be seen th a t th e  

separate co n d itio n s are to  a c e r ta in  extan t incom patib le, and 

I t  i s  necessary to  seek a compromise.

The sharpness of th e  fr in g e s  in crea se s  w ith R, where

R Is the geom etric mean (/RiRg) o f  the r e f l e c t i v i t i e s ,  R% aivl 

Rg, o f th e fron t and back su rfaces o f  the in terfero m eter . An 

approximate formula fo r  the f r ln  e h a lf-w ld th  f  as a fu n ctio n  

of R 19( 3"̂ ) :

^  (3 .1 )
\IK

This formula shows th a t S' i s  p a r t ic u la r ly  s e n s i t iv e  to  changes, 

o f R, when R i s  In the neighbourhood o f u n ity . T i s  a 

minimum when R i s  a maximum, and fo r  R a maximum i t  i s  e s s e n t ia l  

to  reduce the absorption  c o e f f ic ie n t  A as much as p o s s ib le .
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Formula (5 .1 )  I s  derived from th e Airy formula fo r  

th e in te n s ity  d is tr ib u t io n  o f  Fabry-Perot f r in g e s . For Fizeau  

fr in g es  S w i l l  be la rg er  than (3 .1 )  In d ic a te s , u n le ss  sp e c ia l  

a tte n tio n  i s  paid  to  c e r ta in  fa c to r s  whioh tend to  reduce th e  

number o f co -op era tin g  m ultiple-beam s In th e image p lahe o f  

th e o b je c t iv e .

These fa c to r s  are summarised from (a ) -  ( c ) j

(a ) % e presence o f a wedge angle f  between th e  two in te r 

ferom eter su rfaces produoes an unequal path d iffe r e n c e  between  

su ccess iv e  beams. The path d iffe r e n c e  between the f i r s t  and 

the n^h beams i s  2nt -  'jdiere t  I s  the th ick n ess  o f  

the wedge a t the p lace  considered . I f  ^ n ^ ^ t  = the f i r s t  

and n ^  beams are ex a c tly  out o f phase, and fr in g e  broadening  

r e s u lt s .  The broadening e f f e c t  i s  made n e g l ig ib le  by reducing  

t ,  so th a t ^ n 3© ^ t«  In p r a c t ic e  t h i s  means th at t  can 

rare ly  be more than 15 w avelengths.

(b) The lin eard isp lacem en t o f the su c c e ss iv e  beams, ^ i c h  

again a r is e s  from the presence o f  tha wedge an gle ©, must be 

kept w ith in  th e  la t e r a l  r e so lv in g  l im it  o f th e o b je c t iv e . On 

th is  account t  must again be reduced as much as p o s s ib le , and 

i t  i s  p refera b le  to  use normal in cid en ce o f illu m in a tio n .  

Further the num erical aperture o f  the o b je c t iv e  must be la rg e  

enough to  c o l le c t  a s u f f ic ie n t  number o f  beams; fo r  normal 

in cid en ce a num erical aperture o f 0 .^  i s  adequate.
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(c ) Fringe broadening a r is e s  from the s l ig h t  angular soread  

o f the In cid en t beam, and from the f i n i t e  l i n e  w i d t h  o f  t h e  

m o n o c h r o m a t i c  sou rce .

These spurious broadening e f f e c t s  were e lim in ated

In p r a c tic e  by r e s t r ic t in g  t  to  a maximum va lu e  o f 10“ ®cms.,

by u sin g  ae source a s l l ^ t l y  underrun h igh -p ressu re  mercury

arc, and by l im it in g  the diam eter of the source i r i s  to  2mms.

The i r i s  was used in  conjunction  w ith  a co llim a tin g  le n s  

o f  lOoma. fo c a l len g th .

The co n trast (or  v i s i b i l i t y )  o f  the transm itted  

fr in g e s  i s  not se r io u s ly  a ffe c te d  by a change o f the absorption  

c o e f f ic ie n t  A, when R i s  in  tha neighbourhood o f u n ity . Thus 

fo r  a s i lv e r  f ilm  of R = 94^ extrem ely sharp transm itted  

fr in g es  can be r e a d ily  seen , and th e ir  v i s i b i l i t y  remains 

good sev era l hours a f te r  the preparation  o f  the film , when the  

film  normally tends to  d e te r io r a te  and acquire a h l ^ e r  

absorption .

On the other hand, the co n tra st o f the fr in g e s  

in  the r e f le c te d  system i s  vary s e n s it iv e  to  a change o f the  

absorption  c o e f f ic ie n t  Ai o f  the fro n t r e f le c t in g  su rface  o f  

the in ter fero m eter . For a f ilm  o f  r e f l e c t i v i t y  * 90^, a
f

s l i ^ t  in crea se  o f due to  exposure o f  the f ilm  to  the  

atmosphere fo r  sev era l hours, w i l l  make the fr in g e s  almost 

in v is ib le .  For Rĵ  » 85^, the v i s i b i l i t y  i s  much l e s s  se n s it iv e
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to  a change o f A^, and 85^ la  th erefo re  a su ita b le  oompromlae 

between the co n d itio n s  fo r  extreme sharpness and good con trast, 

The fr in g e  v i s i b i l i t y  i s  independent o f Ag, the absorption  

c o e f f ic ie n t  o f the back r e f le c t in g  su rface , so th a t i t  i s  

p referab le  to  make th e back r e f le c t in g  su rface opaque and thus

obtain  a maximum va lu e  o f R(= /R iR g).

By means o f c a r e fu l evaporation  in  vacuo s i lv e r  

film s can be prepared with uniform th ick n ess , and r e f le c t io n  

c o e f f ic ie n t  R = 9 ^  and tran sm ission  c o e f f ic ie n t  T = 1^ in  the 

green. No o th er  evaporated m etal g iv e s  such a h igh  value o f  

a  for  T =» 1$, and s i lv e r  i s ,  th erefo re  the most su ita b le  metal 

fo r  m ultiple-beam  topographical s tu d ie s .

/

2. The Technique o f Evaporation.

The f i r s t  requirement fo r  a su c c e ss fu l evap

oration  was a thorough c lea n sin g  o f the su rfa ces  to  be coated .

A s a t is fa c to r y  c lea n sin g  procedure fo r  th e  quartz c r y s ta l and 

o p tic a l f l a t  c o n s is te d  o f a prelim inary washing In soap water 

to  remove gross contam ination o f  grease , fo llow ed  by a 

prolonged immersion o f  th e o p t ic a l  f l a t  in  hydrogen peroxide  

and o f  the quartz c r y s ta l in  n i t r i c  a c id . The specimens were 

then washed in  d i s t i l l e d  water, and d ried  by repeated ly  rubbing 

with sm all p ie c e s  o f  co tton  wool. The rubbing was continued  

u n t il  the breath  f ig u r e s , produced by l ig h t ly  breathi% on the ! 

su rfaces, vanished alm ost in sta n ta n e o u sly . The f l a t  and
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c r y s ta l were than ra p id ly  tranafarred  to  tha b a l l - j a r  (F lg .4 ) ,  

and tha evaporation  procedure begun.

The evaporation p lan t i s  shown diagram raatlcally  

in  F ig , 4. I t  was a commercial type p lan t manufactured by 

W. Edwards and Oompany. The specimens were p laced  on an 

aluminium ta b le  A, in s id e  a la rg e  pyrex b e l l - j a r  B. The ta b le  

was approxim ately 30oms. above tha s t e a l  b a sep la te  P. The 

s i lv e r  to be evaporated was in  the form o f a sm all bead, and 

was p laced  in  a d ep ression  punched in  e  molybdenum filam en t F, 

Sl%  were In su la ted  e lec tro d es  through * io h  the h ea tin g  

current was conducted to  the filam en t, and SgSg were in su la te d  

annular e lec tro d es  round the In s id e  o f the b e l l - j a r .  The three- 

way va lve allow ed the b e l l - j a r  to  be connected to  th e rotary

pump H, e ith e r  d ir e c t ly ,  or through th e  o i l  d if fu s io n  pump 0,

Vg was a h igh  vacuum fla p  v a lv e  between the b e l l - J a r  and th e  

d iffu s io n  pump.

The evaporation procedure was as fo llo w s , %'ith 

the f la p  v a lv e  Vg c lo sed  and the b e l l - j a r  connected d ir e c t ly  

to  the rotary pump, the b a l l - j a r  was evacuated to  a pressure  

of approxim ately O.lrams. o f mercuiy. A p o te n t ia l  o f 3,000 v o lt s  

was then ap plied  to  the annular e lec tro d es  SgSg, This produced 

a glow d isch arge, whose fu n ction  was to  g iv e  th e specimens a 

f in a l c lea n sin g  by Io n ic  bombardment. A fter  severa l minutes 

the v a lv e  was turned to  the d if fu s io n  pump s id e , and the

high vacuum va lve  Vg slow ly opened. As the pressure f e l l  in
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th e b e l l -J a r  the dlacharge soon b lacked out, and the hlgji 

ten sion  was sw itched o f f .  Pumping was continued u n t i l  a 

pressure o f l e s s  than 0 ,1  micron was a tta in ed . This was a 

s u f f ic ie n t ly  low p ressure to ensure th at the mean fr e e  path  

o f the s i lv e r  atoms was con siderab ly  g rea ter  than th e ir  dimtana e 

o f tr a v e l to  the specim ens. Thus accurate contouring o f  the 

specimen su rfaces by the s i l v e r  la y e r  was obtained  (T o la n sk y )(^ l  

The s i lv e r  was fu sed  by p assin g  a current o f  120-150 amps 

through the molybdenum fila m en t, and the sh u tter  S was in te r 

posed between the s i lv e r  and th e specimens u n t i l  th e su rface

im p u rities on the s i lv e r  had been evaporated o f f .  The required

th ick n ess o f  the s i lv e r  la y e r  was estim ated v is u a l ly  by v iew ing  

th r o u ^  the top o f  the b e l l - J a r ,  % th esp sr len oe  i t  was p o ss ib le  

to  estim ate the r e f l e c t i v i t y  R o f the f ilm  to  w ith in  a few ^

In the range o f 80^ -  9 ^ .

3 , O p tica l System.

The s ilv e r e d  f l a t  and c r y s ta l were supported b tg ld ly  

in  a sp e c ia l mount, which allow ed co n tr o lled  v a r ia tio n  o f  the  

r e la t iv e  t i l t  and separation  o f  the in terfero m eter  su r fa ces .

The mount was conttruoted from two f l a t  b rass r in g s separated by

three eq u id is ta n t brass rods. The o p t ic a l  f l a t  was mounted 

with i t s  s ilv e r e d  su rface upwards on the low er idng, and the  

c r y s ta l w ith i t s  s ilv e r e d  fa ce  downwards on the upper r in g ,

A nut screwed on to  each rod and pressed  a g a in st a s t e e l
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sp ring  s lip p ed  over the rod. The sep aration  o f  the f l a t  and 

the c r y s ta l su rface  was adjusted  by g en tly  turn ing lon g  tomisy 

bars p assin g  through h o le s  in  the n u ts. Other s im ila r  mounts 

were constructed  fo r  use w ith c r y s ta ls  o f  varying s i z e s .

The mount was p laced  on the stage o f a V ickers 

p ro je c tio n  m icroscope, in  vhioh th e normal illu m in a tio n  

system fo r  convergent 11^ t  had been replaced  by a system  

producing p a r a l le l  l i g h t .  The source, source i r i s  and co llim 

atin g  le n s  have a lready been described  in  S ection  1 o f th is  

chapter, fo r  th e production o f  fr in g e s  o f equal chromatic 

order the h igh -p ressu re  mercury arc was rep laced  by a w h ite-  

l ig h t  carbon-aro source, and the fr in g e s  were p ro jected  on to  

the s l i t  o f a H llg er  constant d ev ia tio n  spectrograph. The 

mercury l in e  used fo r  th e  r e f le c te d  Fizeau system was the green  

l in e ,  X = 548151; and. fo r  the transm itted  system the y e llo w  

doublet l in e s ,  5770Â and 57911., were used in  a d d itio n .

4 , In terp re ta tio n  o f Fringe P ic tu r e s .

In u sin g  Fizeau fr in g e s  for  the determ ination  o f  the  

topography o f  c r y s ta l su rfa ces , con sid erab le  d i f f i c u l t i e s  o f  

in te r p r e ta tio n  are l ik e ly  to  a r is e ,  u n le ss  a su ita b le  fr in g e  

d isp ersio n  la  f i r s t  s e le c te d . In  the case o f  quartz i t  was 

found th a t the most su ita b le  d isp ersio n  was th a t fo r  which the 

fr in g es  ware p a r a lle l  to  th e geographic contours o f the fa c e ,

i . e .  the plane of the f l a t  p a r a l le l  to a low -lndex, or c lo s e -  

packed, plane o f the c r y s ta l .  The most convenient way
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to  obtain  th is  d isp er s io n  was to  ad ju st the fr in g e s  to  be 

p a r a l le l  to  the edges o f the growth sh e e ts . A fter  the general 

topographical fe a tu r es  had been determined by working a t  th is  

d isp ers io n , in d iv id u a l fea tu res  were stu d ied  in  g rea ter  d e ta i l  

by u sin g  other d isp er s io n s  and by employing fr in g e s  o f  equal 

chromatic order.

In P arts I I I  and IV a number of r e s u lt s  srre quoted 

o f measurements o f surface an gles to  an accuraoy o f  one seoort 

o f  arc. These measurements were taken by one o f  two in te r fe r e -  

m etric methodt -  th at o f Tolansky^^'^^ u sin g  m ultiple-beam  

Fizeau fr in g e s , and the method o f B a r a k a t^ ^  in v o lv in g  the  

combined us© o f  m ultiple-beam  Fizeau fr in g e s  and fr in g e s  o f  

equal chromatic order. The former method has the disadvantage  

th at the measured value o f th e su rface angle i s  a mean value  

fo r  the d ista n ce  encompassed between a t l e a s t  two su c c e ss iv e  

Fizeau fr in g e s . Barakat*s method enables the su rface angle to  

be measured a t a p rec ise  p o in t on the su rfa ce . Thus, i f  i t  i s  

required to  measure the angle over the l in e  o f  in te r s e c t io n  o f  

two v ic in a l  su rfa ces , and i f  th is  angle v a r ie s  along th e l in e  

o f in te r s e c t io n , i t  i s  p refera b le  to use Barakat' s method.

In p r a c tic e , however, Tolansky*s method i s  much quicker and 

more oonvanient to  apply, and was qu ite  adequate fo r  the  

m ajority o f measurements on quartz.

The m ultiple-beam  methods are a t l e a s t  f i f t y  tim es 

more s e n s it iv e  than the fa m ilia r  goniom ettric method for  the
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measurement o f  surface a n g le s . I t  Y.111 be seen la t e r  (P a r tiIT ) 

th a t the employment o f m ultlple-beam  methods on quartz has 

le d  to r e s u lt s  o f p a r tic u la r  In te r e s t  in  the su rface angle  

reg ion  nhloh I s  not a c c e s s ib le  to  the r e f le c t io n  goniom eter.

%



Chapter IV

ADDITIONAL TSGHNIO.Ui!  ̂ USED FOR 

TOPOSHAPHICAL STUDIES.

1 , Two-bgapi I n t e r f  erom etry.

This was u se fu l in  th e prelim inary exam ination o f  a 

su rface , b efore  d ecid in g  #vether the surface was su ita b le  for  

a rao ê detailed  exam ination by m ultlple-beam  In terfero m etry , 

in v o lv in g  the com paratively lon g  procedure o f  s l lv e r lr ^  by 

evaporation . The u n sllv ered  specimen and f l a t  were p laced  in  

the mount used fo r  m ultlple-beam  s tu d ie s , and the two-beam 

fr in g es  observed In r e f le c t io n .  Two-beam fr in g e s , have a 

cosine^  in te n s ity  d is tr ib u t io n , and are th erefo re  much l e s s  

s e n s it iv e  than m ultlple-beam  fr in g e s  in  d e te c t in g  surface  

d e ta i l .

The two-beam method was found to  be adequate fo r  the  

study o f c e r ta in  r e la t iv e ly  rough su rfa ces , in  p a r t ic u la r  the 

su rfaces o f some o f  the sy n th e tic  c r y s ta ls .

2. Miorosooov.

Growth sh eet edges, or growth fr o n ts , on natural 

quartz fa c es  can be freq u en tly  observed under the m icroscope.

W® have seen In S ection  1, Chapter I I I  that, a knowledge o f  the\
shape and p o s it io n  o f th ese  growth fr o n ts  w i l l  not lead  to  a
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ooraplete determ ination  o f  the su rface topography, as the  

h eig h t o f the growth fr o n ts  v a r ie s  from one p o in t to  another 

and cannot be determined m icro sco p ica lly . But a knowledge o f  

the form o f  the growth fro n ts  i s  e s s e n t ia l  fo r  the in te r p r e t

a tio n  o f  the r e s u lt s  obtained by the in ter fero m etr io  examination. 

I t  i s  th ere fo re  o f in te r e s t  to  con sid er  the co n d itio n s  under 

which the growth fr o n ts  have maximum v i s i b i l i t y  under the 

m icroscope.

F ir s t ly ,  i t  was found th at tha growth fr o n ts  were 

s l ig h t ly  more v i s ib l e  in  r e f le c te d  than in  transm itted  l ig h t .

V (A Vickers m e ta llu rg ica l microscope was used fo r  the micro

scop ic exam ination, and the illu m in a tin g  system could be 

rap id ly  interchanged between the r e f le c te d  and transm itted  

p o s it io n s .)  The main reason fo r  th is  was presumably the 

in crease  o f o p t ic a l  h e ig h t o f the growth fr o n ts , o f  actu al 

h eigh t h, from (^u-l)h in  tran sm ission  to  01 in  r e f le c t io n  -  

i . e .  an in crea se  by a fa c to r  o f 4.

Secondly, the v i s i b i l i t y  o f  the growth fro n ts  on a 

given face  was considerab ly  in creased  by s i lv e r in g  the face  

by evaporation . Ohemlcnl s i lv e r in g  had a s im ila r  e f f e c t ,  and 

was found to  be a sa fe  procedure fo r  m icroscopic ob servation , 

in  s p ite  o f th e complete lack  o f  contouring o f  th e face by 

the s i lv e r  f i lm . The in creased  v i s i b i l i t y  was due to  a 

reduction  o f  the proportion o f p a r a s it ic  l i g h t ,  sca ttere d  

from in te r io r  su rfaces in  th e M icroscope. The same
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r e s u lt  could have been aohlevecL by the use of bloomed le n s e s .

F in a lly , th e growth fr o n ts  were most v i s ib l e  in  

b r ig h t f i e ld  illu m in a tio n  w ith the source i r i s  stopped down 

to  g ive a narrow p e n c il o f  illu m in a tio n  , and with an o b je c tiv e  

o f  numerical aperture 0 .1 ,  or l e s s . The growth fr o n ts  were 

not v i s ib le  ',vith an o b je c tiv e  o f S î A g rea ter  than 0 .4 5 ,  

u n le ss  the aperture was stopped down. The exp lan ation  of t h is  

e f f e c t  i s  as fo llo w s .

The h e i^ it  o f  a uniraolecular step  on the rhombohedral 

faces of quartz i s  3 . .  T his i s  too  sm all to  be observed  

in  b righ t f i e l d  illu m in a tio n , so th a t as growth fr o n ts  are  

v i s ib le ,  they must be polym olecu lar. In fa c t  i t  w i l l  be shown 

 ̂ in  Part I I I  th a t they are o f the form given  in  P ig .5 . The 

growth fro n ts  do not c o n s is t  o f  /e r t io a l  c l i f f s  o f  m olecu les, 

but are ra th er  gradually s lo p in g  su rfa ces , making an angle  

o f approxim ately 1® with the close-packed  plane o f th e  growth 

sh e e ts . As th e d istan ce  between su co ess iv e  uniraolecular s tep s  

i s  o f the order o f  200% and th erefore  con siderab ly  l e s s  than 

the wavelength X, we can rep laoe the growth fron t by a plane  

PQ (F ig ,5) making an angle o f  1* with the adjacent p lan es AP 

and In the fo c a l p lane F o f  the o b je c tiv e  in  f i g . 6 the

zero, f i r s t ,  sec o n d ,. order d if fr a c te d  sp ectra  o f AP and qs 

are represented  by 0, j^l, and are displaced, s l ig h t ly

with resp ect to  the d if fr a c te d  sp ectra  O', + 1 ', + 2 ' . .  o f  PQ.

I f  the o b je c tiv e  c o l le c t s  a l l  the d if fr a c te d  spectra  o f AB
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the in te n s ity  d is tr ib u t io n  in  the image plane I  i s  uniform  

and no step  a t P'Q’ can be seen . But fo r  an o b je c t iv e  o f  

angular sem i-aperture oc , l e s s  than u n ity , a d if fe r e n t  

proportion o f sp ectra  are c o lle c te d  from AP, #  and PQ, and 

th is  d if fe r e n c e  g iv es  r i s e  to  a d if fe r e n t  in t e n s i ty  d is tr ib u t io n  

o f  A'P' and P'Ci' in  the image p lan e . The r a t io  o f  the number 

o f spectra  o o lle o te d  from AP and PQ i s  approxim ately

 ̂ • % i9  r a t io  i s  la r g e  when x i s  sm all,

and hence th e  v i s i b i l i t y  o f  P'Q,' In creases as d d ecrea ses .

3. Phaae-Contrast IJtioroseopy.

According to Fran^on^^^ p h ase-con trast I llu m in a tio n  

i s  superior to  normal m icroscopic i l lu m in a t io n .fo r  th e observ

a tio n  o f sm all s tep s , and lyot^^®) has d e tec ted  p o lis h  marks 

only a few Angstroms deep on te le s c o p ic  le n s e s  by çieans o f a 

stereo sco p ic  p h ase-con trast method. In order to  use phase- 

con trast microscopy to  i t s  f u l l  advantage i t  Is e s s e n t ia l  to  

employ a phase p la te  a llow in g  continuous v a r ia tio n  o f both  

the r e la t iv e  am plitude and absorption  o f th e d ir e c t  and d if f r a c 

ted  beams. Buoh p la te s  have been designed by Nomarskl^'^’̂ ) 

and o th ers. The phase p la te  used fo r  the present work in tr o 

duced a f ix le d  phase change o f 90*, producing p o s it iv e  phase- 

con traet, and p ossessed  an absorption  c o e f f ic ie n t  o f  80$.

The sm a lle st s tep  v i s ib le  w ith  th is  equipment was 10%,
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4 , Raplloa Technique.

A f in a l  technique required fo r  the topographical 

stu d ie s  on quartz was a r e l ia b le  method fo r  tak in g  a r e p lic a  

o f  a g iven  surface» Several c r y s ta ls ,  # i lc h  were considered  

worth fu rth er  study a f te r  examination with a hand le n s , were 

too valuable to  be removed from th e ir  case in  th e museum and 

to  be su b jected  in  vacuo to  th e s i lv e r in g  p ro cess . Their  

su rfaces could only be stu d ied  by tak in g  r e p lic a s .

The p r in c ip a l fe a tu r es  required o f th e r e p lic a  ware:

(a ) Accurate reproduction in  ex ten sion  down to   ̂ micron, th e  

la te r a l  r e so lv in g  l im it  o f  th e  m icroscope,

(b) Accurate reproduction in  depth down to  m olecular dim ensions.

(c )  Ho o v e r a ll  d is to r t io n  o f the r e p lic a ,

(d) S t a b i l i t y  under vacuum fo r  th e s i lv e r in g  p ro cess .

Faust and T o la n s k y ^ ) have developed a r e p lic a  

technique, lAidh s a t i s f i e d  requirem ents (a ) ,  (b ) and (d ) .

The technique co n s is ted  o f  moulding polym ethyl m ethacrylate  

(perspex), so ften ed  by h ea tin g  to  140®C, a g a in st th e  c r y s ta l  

su rface , Tha perspex was allowed to  co o l s low ly , and then  

stripped  under water. I t  was not knamwhether th e  technique  

s a t i s f ie d  requirement ( c ) .  To t e s t  t h i s ,  a r e p lic a  o f  an 

o p t ic a l ly  f l a t  su rface was prepared, matched a g a in st the  

o r ig in a l f l a t ,  and te s te d  fo r  p laneness by in te r fe r e n c e .

I t  was found th at d is to r t io n  in v a r ia b ly  occurred, even
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a f ta r  tak in g  great care in  the str ip p in g  op eration , % e 

technique could be used to  measure step  h e ig h ts  ( e .g .  h e ig h ts  

o f  growth fr o n ts ) ,  but was u n r e lia b le  fo r  the measurements o f  

su rface a n g les .

The r e p lic a  techniques used in  e le c tr o n  microscopy^ 

must s a t i s f y  requirem ents (a) and (d) above, but i t  i s  doubtful 

th a t they a lso  s a t i s f y  (b) and (o ) .  R ecently  however, new 

r e p lic a  tech n iq ues have been developed by Brown^®®  ̂ and 

Merton^®^), and i t  was decided to  study th ese  techniques w ith  

referen ce to  th e  requirem ents (a ) -  (d ) .

BroTO's method c o n s is t s  o f  pouring a few drops o f  

a s p e c ia lly  prepared l iq u id  on the c r y s ta l  su rfa ce . The l iq u id  

contains a so lu t io n  o f unpolymerised methyl m ethacrylate in  

acetone, mixed w ith  a sm all amount o f  t r ib u ty lo i t r a te  to  a ct  

as a 's tr ip p in g  a g e n t', benzoin to  a ct as a ' s t a b i l i s e r ' ,  and 

granulated p ersp ex , A sm all p ie c e  o f perspex sh eet, 1 /8  inch  

th ick , iB p laced  on the l iq u id  and pressed  a g a in st th e  fa c e .

The so lu t io n  extruded round th e  edge o f th e fa ce  i s  removed, 

and the remaining so lu tio n  i s  polym erised and s o l id i f i e d  by 

ir r a d ia t io n  ■««1th u ltr a  v io le t  l i g h t ,  % th a 185 watt 'Msrora' 

h igh-p ressure mercury arc, p laced  s i x  in ch es above the  

spaelmen, p o lym erisa tion  i s  completed w ith in  an hour. The 

r e p lic a  i s  stripped  from th® c r y s ta l  su rface a f te r  immersion 

fo r  h a lf  an hour in  water.
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The su rface  chosen fo r  t e s t in g  the r e p lic a  was the  

rhombohedral fa c e  o f a B r a z ilia n  quartz, -A ioh had been  

p reviou sly  stu d ied  by m ultiple-beam  fr in g e s  (F ig .7 ) .  The 

p ortion  shown c o n s is t s  o f sev e ra l co n ic a l h i l l s ,  two wavelengths 

high , r is in g  from a p lans su r fa ce . On th e l e f t  i s  a gioping s teo  

o f approxim ately the same h e ig h t as the h i l l s .  P ig . 8 i s  the  

corresponding fr in g e  p ic tu re  o f  the perspex r e p lic a . The co n ica l  

h i l l s  have been reproduced in  depth to an accuracy o f  50% at  

l e a s t ,  as the sm a lle st  k inks in  the fr in g e s  in  P ig . 7 are 

accu rately  reproduced in  F ig .8 . Hopkins and Pearson^®^) have 

shown by means o f  a T alysurf p ro filo m ster  th at accurate repro

duction in  depth occurs down to  1 micron, and i t  can th er e fo re  

be concluded th a t requirement (b) i s  approxim ately a tta in e d .

But the fr in g e s  in  F ig . 8 over th e  o r ig in a l p lane area are non

uni formly spaced, in d ic a tin g  th a t c y lin d r ic a l  d is to r t io n  o f the  

r e p lic a  has occurred, and th a t (c )  i s  not s a t i s f i e d .

S evera l attem pts were made to  e lim in a te  t h is  d is to r t io n .  

The c r y s ta l su rface  was s ilv e r e d  w ith an opaque la y e r  severa l 

hundred % th ic k  b efo re  b ein g  covered w ith  the s o lu t io n .

D isto r tio n  was most l ik e ly  to  occur in  th e str ip p in g  p rocess and 

i t  was thought th a t the str ip p in g  would be f a c i l i t a t e d  by 

immersing the c r y s ta l and polymer1sad r e p lic a  in  a c id , in  order  

to  d isso lv e  away the s i lv e r  la y e r . In a d d itio n , the o r ig in a l  

p iece  o f perspex was backed by a g la s s  p la te , 1 /8  in ch  th ick , 

by cementing w ith a la y e r  o f  l iq u id  methyl m ethacrylate, 'shioh

. é

/
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was subsequently polym erised . But th ese  m od ifica tio n s only  

reduced the d is to r t io n , w ithout removing i t ;  and i t  appeared 

l ik e ly  th a t a l l  perspex r e p lic a s  had th is  d r a * a c k . Tt i s  

probable th at most r e p lic a  tecdiniques ( e .g .  th ose  used in  

e lec tro n  m icroscopy) in v o lv e  the in trod u ction  o f su rface  

d is to r t io n  ^ l o h  i s  normally o f  no im portance, except in  th e  

case o f in ter fero m etr io  s tu d ie s .

The r e p lic a  technique r e cen tly  developed by Merton 

and Sayoe^®^^ fo r  the reproduction o f d if fr a c t io n  g ra tin g s

(51)

must n e c e s sa r ily  be fr e e  from su rface d is to r t io n , '#iloh would 

produce "ghosts" in  the d if fr a c te d  sp ectra . The tech n iq ue i s  

a m od ification  o f  Thorpe's w e ll known method o f reproducing  

g ra tin g s , la t e r  improved by Wallace^®®), A so lu tio n  o f  

c e llu lo s e  a c e ta te  in  acetone i s  spread on th e  g ra tin g  (o r  

c r y s ta l su rface) with a s tr a ig h t edge, using w ires o f su ita b le  

th ick n ess as d ista n ce  p ie c e s . The f ilm  i s  allowed to  dry in  

a d u st-fr e e  oab inate , and th e p e l l i c l e '  o f c e l lu lo s e  a c e ta te  

removed w ith  the a id  o f  tw eezers. An o p t ic a l  f l a t ,  «lAiioh has 

been p rev io u sly  coated vdth a th in  uniform la y e r  o f  g e la t in e ,  

i s  soaked in  water, in  order to  so ften  the g e la t in e , and the  

p e l l i c l e  i s  g e n tly  placed on th e  g e la tin e*  The p e l l i c l e  i s  

r o lle d  with a p r in te r s ' r o l l e r ,  th e  g e la t in e  i s  allow ed to  dry, 

and the p e l l i c l e  i s  removed, le a v in g  a p o s it iv e  r e p lic a  o f  the  

o r ig in a l su rface on th e g e la t in e .

This technique was tr ie d  on sev era l quartz
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su rfa ces In clu d in g  tha one sho^n In F ig . 7 . î’i g .  9 i s  the  

m ultiple-beam  p ic tu re  o f the r e p lic a , and F ig s . 10 and 11 

are the photomiorographs o f  th is  same area on the o r ig in a l  

and the r e p lic a , r e s p e o ltv e ly . Reproduction in  ex ten sion  

has been s a t i s f a c t o r i ly  a tta in ed  (F ig s . 10 and 11 ), but the  

depth o f  fe a tu r es  on Qie o r ig in a l su rface have been reduced 

by a fa c to r  o f approxim ately two on the r e p lic a  (F ig s . 7 ,9 ) .  

ï h i s  r e su lt  has been confirmed by aayce^®^^. Several attem pts 

were made to  improve the reproduction  in  depth, e .g .  by reducing  

th e con cen tration  of a ce ta te  so lu t io n , and by evaporating the  

a ce ta te  as slow ly  as p o s s ib le  by p la c in g  th e specimen In an 

atmosphere sa tu rated  w ith aceton e . But th ese  attem pts were 

u n su ccessfu l, and in d ica ted  th a t the error in  reproduction  

appeared in  the in term ed iate sta g e  of the p rocess when the  

g e la t in e  su rface rece ived  th e im print o f tha p e l l i c l e .

These experim ents in d ica ted  th a t the perspex technique  

met requirem ents (a ) , (b) and (d) above, and the g e la t in e  

technique requirem ents (a ) ,  (c ) and (d ) . But i t  was not 

p o ss ib le  to  f in d  a p e r fe c t  technique s a t is fy in g  a l l  four  

requirem ents. I t  was decided to  use the perspex technique  

udien a r e p lic a  method was required  and to r e ly  only on those  

in terfero m etr ic  ob servation s which were not a ffe c te d  by the  

d is to r t io n  o f the r e p lic a .
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Chapter V.

OSNSRAL TOPOGRAPHICAL F3ATURSS 
OF R FACaS.

1. In tr o d u c tio n .

Quartz I s  a w idely  d is tr ib u te d  m ineral, and grows 

under a wide range o f c o n d it io n s , b e in g  a c o n s t itu e n t  o f  both
Ĉ   — L  t  5 ^ "  '  / . f . 7  -S-

igneous and a c id ic  rock s. S y n th e tic  quartz c r y s ta ls  have been  

grown in  th e  lab oratory  between tem peratures o f  SO®C and 870"c 

and between p ressu res  o f 1 and 3000 atm. (Bull, and Armstrong^
»

(X -Q uartz p o sse sse s  rhombohedral symmetry and b elon gs  

to the tr ig o n a l trapezohedral c lass^  32, X-ray an alysis^  

shows th a t the s tru c tu r e  i s  b u i l t  up from 3ÎO4 tatrahedra lin k ed  

, togeth er  by oxygen atoms common to  adjacent te tra h ed ra . #he 

lin k ed  te trah ed ra  are arranged s p ir a l ly ,  and in  a g iven  c r y s ta l  

tha s p ir a ls  are a l l  l e f t -  or right-handed  corresponding to  a 

la ev o -o r d e x tro -r o ta to ry  c r y s ta l .

The most w ell-d eve lop ed  fa c e s  of n atu ra l c r y s ta ls  are ^

th ose b e lon g in g  to  the  ̂ 1010j , { loT l}  and j lO lT j fo r m s ,  ^hese

are the prism , major rhombohédron and minor rhombohedron forms

r e s p e c t iv e ly :  ab brev iated  in  Miers*^^^^ n o ta tio n  to  m, H and r.

They are shoim diagram m atically  in  F ig . 12, The r  fa c e s  are !

in v a r ia b ly  sm aller  than th e H fa c e s , and th e  ra fa ces  are o ften  |

h o r iz o n ta lly  s t r ia t e d .  According to  S p e n c e r ^ t h e s e  are the j
only fa c e s  ^jtiich occur on the m ajority  o f n atu ra l c r y s ta ls ,  j
They are the on ly  fa c e s  which have been stu d ied  in  the present i 
work.

/
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P revious s tu d ie s  on the su r fa ces  of n atu ral quartz  

have been ca rr ied  out by K alb^^\ Tolansky^*^^, and driffln^®^*  

Kalb stu d ied  th e  I n te r f a c ia l  an g les  o f  a la r g e  number o f c r y s ta ls  

from se v e r a l d if f e r e n t  l o c a l i t i e s  by means o f  th e r e f le c t io n  

goniom eter. The main proportion  o f  h is  work was confined  to  

th e R and r  fa c e s , a l t h e u ^  th e  m fa c e s  and fa c e s  o f  the  

trapezohadron and scalenohedron forms were a ls o  s tu d ie d . I?c 

was p rim arily  in te r e s te d  in  the ’v ic in a l  phenomena’ o f  th ese  

fa c e s , and in  th e d eterm ination  o f  an accurate va lu e o f  the  

a x ia l  r a t io  o /a  from th e goniom etrio  s ig n a ls  o f  the v ic in a l  

fa c e s . He d iscovered  th a t th e  v ic in a l  fa c e s  on any g iven  h ab it 

fa ce  occurred in  s e t s  o f  thrf<:», « i t n o u  .:-- ’ o er to ln  sp e c ia l  

ca se s  one or  t  o o . i&i, were absent; and each s e t  constitr- .ad 

the th ree  s id e s  o f  low  growth pyramid.^. 'The an g les  between th« 

v ic in a l  s id e s  o f  th e pyramids were o f the order o f  f iv e  minut 3 

of arc.

Tolansky^*^^ stu d ied  the topography o f  a s in g le  R face

o f a le ft-h a n d ed  quartz c r y s ta l  by means o f m ultip le-beam

In terferom etry . He was ab le  to  show, by v ir tu e  o f th e  g rea t

s e n s i t i v i t y  o f th e se  fr in g e s , th a t the v ic in a l  fa c e s  were not

tr u ly  p lan e , and p o ssessed  a s l ig h t  c y l in d r ic a l  curvature w ith

a rad iu s o f curvature o f  20 -  60 m etres. Further, th e  angle

between adjacent v ic in a l  fa c e s , as measured along t h e ir  l in e

o f in te r s e c t io n , was found to  in crea se  in  th e  v ic in i t y  o f  th e

summit o f th e growth pyramid. In th e oases c i t e d  t h i s  in crea se  

was from approxim ately th ree  minutes to  n ine minutes o f  arc .
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G r i f f i n ^ o b s e r v e d  a step  stru c tu re  on sev e ra l  

rhombohedral f e c e s ,  which was probably produced by th e growth 

sheet boun d aries. He attem pted to  prove th a t quartz grows by 

a d ls lo o a t lo n  mechanism; But as he was unable to  observe  

uniraoleoular la y e r s , h i s  ev idence fo r  such a meohanism was not 

convincing .

In th e work to be d escrib ed  h ere, th e p relim in ary  

ob servation s o f Tolansky and G r if f in  were extended to  n a tu r a lly  

occurring c r y s ta ls  from a t l e a s t  s i x  d if f e r e n t  l o c a l i t i e s ;  and 

in  a d d itio n  se v e r a l sy n th e t ic  c r y s ta ls  were s tu d ie d , # t ic h  had 

been grown under known co n d itio n s  o f  tem perature and p ressu re .

The p resen t chapter co n ta in s  a d e s c r ip t io n  o f th e  

gen eral top ograp h ica l fe a tu r es  o f th e  R fa c e s  o f  n atu ra l c r y s t a ls .  

Most o f  th e se  r e s u l t s  have been obtained  by stu d yin g  c r y s ta ls  

from th e  Herkimer County l o c a l i t y  o f  th e  U .S .A . C ry sta ls  from 

t h i s  l o c a l i t y  are g en er a lly  sm all and p e r fe c t ly  developed , and 

th e r e fo r e  lend  th em selves p a r t ic u la r ly  w e ll  to  study Iqr m u lt ip le -  

beam in te r fe r e n c e  methods. In  a d d itio n , th ey  are u su a lly  

doubly-term inated , so th a t tw ice as many rhombohedral fa c e s  are  

a v a ila b le  fo r  study, compared w ith  c r y s ta ls  from o th er  l o c a l i t i e s ,  

which are u su a lly  s in g ly -term in a te d . O bservation has shown th a t  

the gen era l fe a tu r e s  o f  th e R fa c e s  o f  Herkimer County c r y s ta ls  

are a ls o  c h a r a c te r is t ic  o f  o iy s t a l s  from o th er  l o c a l i t i e s ,  and 

th is  chapter w i l l  accord in g ly  co n ta in  re fe r e n c e s  to  measurements 

taken on th e l a t t e r  c r y s ta ls .  In a subsequent chapter
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p a r t ic u la r  fe a tu r e s , observed only on I s o la te d  c r y s ta ls  from 

d if fe r e n t  l o c a l i t i e s ,  w i l l  be d escr ib ed .

2, Growth by Layer D ep o sitio n .

A batch  o f  s ix  untwlnned c r y s ta ls  was s e le c te d  from 

the la r g e  c o l le c t io n  o f Herkimer County c r y s ta ls  in  th e Natural 

H istory s e c t io n  o f  the B r it is h  Museum. %es@ c r y s ta ls  were 

s e le c te d  p rim arily  fo r  th e ir  s u i t a b i l i t y  fo r  In terfero m etr io  

s tu d ie s , b ein g  f r e e  from cracks, which would be l i a b l e  to  

extend in  the s i lv e r in g  p ro cess, and fr e e  from re -e n tr a n t in te r 

f a c ia l  a n g le s . Such re -en tra n t an g les occur in  twinned o iy s t a l s .  

According to  Gault^®*^  ̂ the m ajority  o f  Herkimer County c r y s ta ls  

are untwinned and th e  s ix  c r y s ta ls  could  th e r e fo r e  be considered  

to be a f a i r l y  r e p r e se n ta tiv e  s e le c t io n .  The s i x  R and s ix  r  

fa ces  o f each c r y s ta l  were stu d ied  under th e  m icroscope and by 

means o f  m ultip le-beam  in terfero m etry . The g en era l topograph

i c a l  fe a tu r e s  o f th e  rhombohedral fa c e s  were th e  same from one 

c r y s ta l to  another, and th e r e s u lt s  can th e r e fo r e  be p resented  

below w ith re fere n c e  to  the s ix  c r y s ta ls  as a whole.

The major rtiombohedral fa c e s  o f th e c r y s ta ls  

freq u en tly  showed tr ia n g u la r  l in e  markings when examined under 

the m icroscope. These markings are shown rin F ig . 13, which was 

taken a t a low m agn ifica tion  (xgO/J.A.® 0 .1 ) .  The tr ia d  a x is  i s  ’ 

v e r t ic a l  in  th e photograph, and th is  o r ie n ta t io n  i s  adopted in  

the p ic tu r e s  o f  rhombohedral fa c e s  shown la t e r .
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F ig , 14 i s  a m ultiple-beam  Interferogram  o f  th e  area

shown in  F ig , 13 , The d isp e r s io n  o f th e  fr in g e s  in  F ig , 14

has been a d ju sted  to  make th e fr in g e s  approxim ately p a r a l le l  

to  th e l in e  markings in  F ig . 13 . shape o f  th e tr ia n g u la r

fe a tu r e s  in  th e se  two f ig u r e s  i s  th e same, and F ig . 14 may be  

con sid ered  to  b e d erived  from F ig , 13 by making on ly  th ose  

l i n e  markings v i s i b l e ,  which are separated  in  v e r t ic a l  h e l^ it  

by in te r v a ls  o f  h a lf  a wavelength ( 273011).

I t  was found exp erim en ta lly  th a t th e  d isp e r s io n  o f

th e  fr in g e s  oould  be in v a r ia b ly  ad ju sted  to  make th e  fr in g e s   ̂

p a r a l le l  to  th e  corresponding l in e -m r k in g s  on th e  su r fa ce . 

This showed th a t , to  w ith in  th e  accuracy o f  measurement o f  

m ultiple-beam  fr in g e s ,  th e markings were p a r a l le l  to  contour  

l in e s  o f  the fa c e , and were contained  by s h e e ts , t^ lc h  were 

p a r a l le l  to  one another. A d e v ia tio n  o f  p a r a lle l is m  as sm all 

a s  one second o f  arc oould have been d e te c ted  as a correspond

in g  d is to r t io n  o f the tr ia n g u la r  fr in g e s .

Examination a t o th er  d isp e r s io n s  revea led  th a t the  

l in e  markings w r e  sm all su rface  s te p s . The h e i ^ t  o f  the  

s te p s  on any one fa ce  was not co n sta n t, b u t was g en er a lly  

o f  the order o f  a few hundred Â. As the sh e e ts  co n ta in in g  

each tr ia n g u la r  step  were p a r a l le l ,  the sh e e ts  c o n s is te d  o f  

p a r a l le l  la y e r s  o f varyin g  h e l ^ t .  I t  i s  n atu ra l to in f e r  th a t  

they were polym olecu lar "growth sh ee ts  », and th e s to p s  were 

the boundaries o f  the growth sh e e ts , or "growth fro n ts" .
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The growth fr o n ts  were arranged In sev e ra l con oen trlo

groups, and each group gave r i s e  to  a th re e -a ld ed  growth pyramid,

whose I n te r fa o ia l  a n g les  ranged between two and th ir ty  minutes

o f  arc . The h ig h e st  p o in ts  on the fa ce  were the ce n tre s  o f

each co n cen tr ic  group of growth fr o n ts . T his in d ic a te s  th a t

th ese  p o in ts  were the ce n tres  o f  i n i t i a t io n  o f  growth sh e e ts ,

which spread a t  regu lar  in te r v a ls  from them, and produced low -

an gle growth pyram ids. The v ic in a l  s id e s  o f  th e  pyramids were

thus produced by the su c c e ss iv e  s e r ie s  o f  u n ifo m ly  spaced
(8 )stepped growth s h e e ts . T his supports Bunn’s in te r p r e ta t io n  

o f  v ic in a l  fa c e s ,  d isc u sse d  in  Chapter 1 ,

3 . O r ien ta tio n  and Shane o f  Growth S h e e ts .

The o r ie n ta t io n  and shape o f  th e  growth sh e e ts  i s  

shown by the photomicrograph o f  th e fa ce  ( e .g .  F ig , 1 3 ) , The 

growth fr o n ts , however, are freq u en tly  too  c lo s e ly  spaced to  

be v i s ib l e  under the m icroscope over the ^ o l e  su rfa ce , end 

F ig , 13, in  f a c t ,  rep resen ts  a p a r t ic u la r ly  favourab le ea se .

In g en era l, i t  i s  th er e fo re  more conven ient to  deduce th e shape 

o f  th e growth sh e e ts  from th e m ultip le-beam  in terferegram  taken  

a t  the geographic d isp e r s io n  ( e .g .  F ig . 1 4 ) .

F ig , 10 i s  a schem atic re p r e se n ta tio n  o f  the shape and ‘ 

o r ie n ta t io n  o f  the growth sh e e ts  on a right-handed  c r y s ta l .

ABC i s  th e  growth fro n t which has spread from the in i t ia t in g  

cen tre  0 o f th e growth pyramid. The th ree  s id e s , AB, BO, CA
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are approxim ately , but not e x a c t ly , p a r a l le l  to  th e  correspond

in g  edges :îF, FS o f the fa c e . The corresponding diagram  

fo r  a le ft-h a n d ed  c r y s ta l  (P ig , 17) i s  ob ta ined  from P ig . 16 

by r e f le c t io n  o f  tha tr ia n g le  ABO about a  p lane normal to  PO, 

in  a righ t-handed  c r y s ta l  CA meets the prism  edge a t an angle  

o f  approxim ately +7®, and in  a le ft-h a n d e d  c r y s ta l  a t an  angle  

. o f  - ? • .  These two ca ses  are i l lu s t r a t e d  in  th e  photographs. 

F ig s . 18, 19 , The symmetry o f  th e  growth sh e e ts  f a i l s  to  -

conform e x a c tly  w ith  th a t o f  th e  boundary o f  th e  fa c e , owing 

to  the r e la t iv e ly  low l a t t i c e  symmetry o f  q uartz.

The s id e s  CA (F ig . 16) o f  th e  growth fr o n ts  freq u en tly  

a t ta in  a  h e ig h t o f  200% or more, and can e a s i ly  be seen  w ith  

the a id  o f  a xlO m agnifying le n s ,  and sometimes w ith  th e  naked 

eye. I t  i s  th e r e fo r e  p o s s ib le  to  determ ine th e  hand o f  th e  

c r y s ta l  by o b serv in g  whether th e  growth fr o n ts  CA meet th e  

prism edge o f  th e R face  in  a  p o s i t iv e  or n eg a tiv e  a n g le . In  

a S e le c t io n  o f  tw enty Herkimer County and B r a z ilia n  c r y s ta ls  

i t  was found p o s s ib le  to  determ ine th e hand o f  s ix te e n  c r y s ta ls  

in  t h is  way. The hand was checked in depend en tly  by e tch in g  ^  

methods.

I t  i s  in t e r e s t in g  to  compare t h i s  method w ith th e

two standard methods o f  determ ining th e hand o f  a quartz
(61)

c r y s ta l  by in sp e c t io n  (Dana ) . In the f i r s t  o f  th e se
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the hand i s  determined from th e p o s it io n  o f th e gen era l form, 

the trapezohedron |^Sl^lJ, and in  th e second method from th e

d ir e c t io n  o f  th e s t r ia t io n s  on tha s c a l^ h e d r a l  ^:ÛTl j fa c e s  

(se e  F ig s . 20 and 2 1 ). Thus both  methods depend upon th e  

development o f  fa c e s  which are absent in  the m ajority o f  c r y s ta ls
(57)

, and the growth fro n t method i s  th e r e fo r e  o f more general 

a p p lica tio n  than the two standard methods. In th e twenty  

c r y s ta ls  mentioned above, th e hand o f on ly f iv e  could be d a t-  

armined by the standard methods.

The p h y s ic a l in te r p r e ta t io n  o f th e observed tr ia n g u la r  

shapeof th e  growth sh eets  i s  th a t th e r a te  o f growth outwards 

from th e i n i t i a t in g  cen tre  0 (F ig . 16) depends on tha o r ie n tâ t !or 

^ , and goes through th ree minima as in c r e a se s  by 2ïï , The 

three d ir e c t io n s  o f minimum growth v e lo c i t y  are g iven  by th e

th ree d ir e c t io n s  OP, OQ, OR normal to the s id e s  AB, BC, OA
/

r e s p e c t iv e ly  o f the growth fr o n t . ’̂ The o v e r a ll  r a te  o f  spreading  

o f  the growth sh e e ts  i s  determ ined p r in c ip a lly  by th ese  three  

minimum growth r a te s ;  ju s t  a s , in  three dim ensions, th e  ra te  

o f growth o f  i t s  h a b it fa c e s , which are the s lo w est growing 

fac8% determ ine the ra te  o f  growth o f the c r y s ta l  as a whole. j

I t  w i l l  be conven ient fo r  fu r th er  re feren ce  to  denote th ese  |

three slow est growing d ir e c t io n s  by the symbols y  |

(F ig s . 1 6 ,1 7 ) . For a right-handed c r y s ta l  Oft i s  g re a ter  than I
OP, so th a t the r a te  o f  growth in  th e  d ir e c t io n  i s  g rea ter  I
than th a t in  th e  d ir e c t io n . The rev erse  i s  true fo r  a j

le ft-h a n d ed  c r y s t a l .
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4, H aights o f  Growth F ron ts.

Tha h e ig h ts  o f  th e growth fr o n ts  were measurad from 

m ultipla-bsam  F izsau  in tarferogram s o f  s u ita b le  d iso e r s io n .

F ig . £2 i s  an in terferogram , taken a t th e geographic d isp e r s io n , 

«àiioh shows an R fa ce  c o n s is t in g  o f a la r g e  growth pyramid, 

centred on th e h o r iz o n ta l prism edge, and two sm aller  pyramids; 

and F ig , 23 i s  an in terferogram  taken a t a s u ita b le  d isp e r s io n  

to  show the v a r ia t io n  o f  height* H, th e  |4 growth fr o n ts  o f  

the la rg e  pyramid lalth  th e ir  normal d is ta n c e , p, from th e  

i n i t ia t in g  ce n tre . H has been measured as a fu n ctio n  o f  p from 

F ig . £3, and the r e s u l t s  are p lo t te d  in  F ig . 24. The curve  

shows th a t H i s  i n i t i a l l y  l e e s  than 50% and In crea ses  ra p id ly  

with p towards a maximum va lu e Hp « 190%.

The corresponding H-p curve fo r  the <x growth fr o n ts  

i s  shown in  F ig . 25. This curve was obtained  in  a more in d ir e c t  

way than F ig . 24, as the o( growth fr o n ts  were too c lo s e ly  

spaced to  perm it an accurate d eterm ination  o f  H by d ir e c t  

measurement o f  the fr in g e s . In stead  H was deduced from the  

Separation o f  th e adjacent growth fr o n ts  and from th e pyramid 

grad ien t, determ ined from F ig . 22. Again th e M-p curve r i s e s  

s te e p ly  from near th e o r ig in  to  a h o r iz o n ta l asym ptote, H = Ho.

I t  was found th a t th e  Y growth fr o n ts  were, in  

gen era l, more irre jju la r  tiia.n th e x and  ̂ growth fr o n ts , and 

th e ir  h e igh t in creased  w ith p in  a more ir r e g u la r  manner. This 

19 i l lu s t r a t e d  by the F igures 26 and 27. F ig . 26 shows th at
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growth fr o n ts  hava spTOad downwards in  the T d ir e c t io n  from 

a l in e  o f th ree  i n i t i a t in g  ce n tre s  a t the upper l e f t  o f  th e  

f ig u r e , and F ig , £7 i s  an in terferogram  taken a t a s u ita b le  

• d isp e r s io n  to  show th e v a r ia t io n  with p o f  the h e ig h t H o f  th ese  

growth fr o n ts . The H-p curve (F ig . 28) has the same gen era l 

shape as the curves fo r  the and ^ growth fr o n ts , but th ere  

I s  a g re a ter  s c a t te r in g  o f the p o in ts  about the curve. The 

o r ig in  o f  the ir r e g u la r ity  o f  the Y growth fr o n ts  i s  probably  

connected w ith th e fa c t  th a t th ese  growth fr o n ts  t r a v e l  con sid 

erab ly  fa s te r  than th e  and  ̂ growth fr o n ts ,  (T his can be 

■ deduced from the d if fe r e n t  pyramid s lo n e s  in  th e  o< ,  ̂ , Y  

d ir e c t io n s .)  I t  has been observed, fo r  in s ta n c e , by Runn^®  ̂

th a t the gro%d:h fr o n ts  on c e r ta in  c r y s ta ls  become ir r e g u la r  as 

the growth r a te  in c r e a se s .

The gen era l r e la t io n  between H and p fo r  th e R fa c e s

o f ^ a r t z  i s  shown in  F ig . 89. For sm all v a lu es  o f  p ( < lO'^oms)

H i s  40% or l e s s  fo r  Harkimsr County c r y s t a ls ,  but fo r  c r y s ta ls

from other l o c a l i t i e s  i t  i s  o ften  as much as 100K. In sm all

c r y s ta ls  the curve extends to  a p o in t such as r , which co rre -

spends w ith th e edge o f  the fa ce; but fo r  la r g e r  c r y s ta ls  the

curve con tin u es beyond P and tend s to  approach the h o r iz o n ta l

asymptote H = Hg. Hq v a r ie s  between oom paràtively wide l im it s

-  100 i  to  10,000%, -  but i s  g en er a lly  o f th e order o f  sev e ra l

hundred %.u. On the R fa ce  e f  one c r y s ta l  o f  B r a z ilia n  quartz

the growth fr o n ts  were o f th e  same h e ig h t , 110%, fo r  a l l  v a lu es

o f  p. This oase was ex c ep tio n a l, and i s  considered  la t e r  in  

Chapter 7 .
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The form o f  the H-p curve In d ic a te s  th a t th e  

phenomenon o f "bunching", or th e ca tch in g  up o f growth fro n ts  

on one another during growth, i s  alm ost u n iv e rsa l in  quartz. 

The photograph in  F ig . 30 i l l u s t r a t e s  th e phenomenon w e ll .  ^

The growth fr o n ts  have spread in  th e o< (and ji ) d ir e c t io n s  from 

the low er h a l f  o f  the p ic tu r e , where they appear in  th e form 

o f  d ou b lets; and in  th e upper h a l f  o f the p ic tu r e  th e  rear , 

components o f  th e  d ou b lets  have caught up th e  fro n t components^! 

and produced s in g le  growth fr o n ts .  Ihe behaviour o f  the growth 

fro n ts  i s  made c le a r  in  th e accompanying p r o f i le  diagram, P ig .31.

The approach of H to  a maximum va lu e Hq in d ic a te s
!

th a t tha bunching p rocess does not con tin u e in d e f in i t e ly ,  but 

sto p s a f te r  the growth fr o n ts  have a tta in e d  a maximum h e l ^ t  

H@. ?e can co n sid er  the m olecular la y e r s  to  be in i t ia t e d  in  

groups co n ta in in g  n© = jjig  ̂ aj la y e r s  each, «tiers a i s  the 

m olecular h e ig h t . The la y e r s  in  each group tr a v e l across the 

fa ce  a t s u b t l y  d if fe r e n t  v e l o c i t i e s ,  so th a t the edges o f  

the fa s te r  la y e r s  behind catch  up the edges o f  the slow er  

la y e r s  in  fron t and produce bunched growth fr o n ts , whose u l t i 

mate h e ig h t i s  Hg. I

Tha bunching e f f e c t  i s  a well-known fea tu re  o f the  

growth o f  sev e ra l c r y s ta ls ,  e .g .  diamond. Bunn^®  ̂ observed i t  

on c e r ta in  io n ic  c r y s ta ls  by n o tin g  the in c r e a se  o f  v i s i b i l i t y  

o f tha growth fr o n ts  as they spread away from th e ir  in l t la t ir ^  

c e n tr e s . The o r ig in  o f  the bunching e f f e c t  i s  a t y e t  unknown, 

but a t e n ta t iv e  theory fo r  i t s  e x is ta n c e  in  quartz i s  f iv e n
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l a t e r  In S ection  4, Chapter 7 . ^

5. a teppad Nature o f Growth F ro n ts .

The q u estion  a r is e s  whether th e m olecular s ta r s  in  

each group o f n(=Hg -j- a) s te p s  c lo s e  up to  each oth er com pletely  

during th e  bunching p ro cess, and produce a growth fr o n t w ith  

a sharp v e r t ic a l  edge. To answer t h i s  i t  i s  necessary to  

measure th e an g le  Y" between th e  r i s e r s  o f  th e growth fr o n ts   ̂

and the upper p lane su rfa ces  o f  th e growth s h e e ts . I t  was 

found th a t 'p was o f  the order o f 1® o f  a rc . Thus, fo r  a 

growth pyrmiid o f grad ient 5 m inutes o f  arc , th e  m olecular stepi^ 

were i n i t i a l l y  700a apart: The groups o f n^ s te p s  then rap id ly  

c lo sed  to g e th er , so th a t the s u c c e ss iv e  m olecular s te p s  in  each 

group were approxim ately 60a ap art, but no l e s s  (P ig . 3 5 ).

I t  was p o s s ib le  to  show th a t p  was a r e la t iv e ly  

sm all an gle by c a r e fu l in sp e c t io n  o f th e  growth fr o n ts  w ith  

the a id  o f a hand le n s .  A s im ila r  con clu sio n  was obtained  by 

ob servin g  th a t the m ultiple-beam  fr in g e s  were in v a r ia b ly  con

tin uou s over the growth fr o n ts  ( e .g .  F ig . 2 7 ). «

A ccurate v a lu es o f p  were obta ined  by in te r fe r o 

m etrio measurement o f those growth fr o n ts  which were a t  l e a s t  

one wavelength h igh  and. ten wavelengths a p a rt. p  could not^, 

be measured a ccu ra te ly  on sm aller  growth fr o n ts , as the 

d ir e c t io n  o f th e fr in g e s  over the fr o n ts  could not be a ccu ra te ly  

determ ined, owing to  d if f r a c t io n  e f f e c t s  near the s te p s . In 

the in terferogram s shown in  F ig s . 32 and 33 th e growth fr o n ts
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ara p a r a l le l  to  th e  v e r t ic a l  a id es  o f  the p ic tu r e , and are  

more than one w avelength h ig h . P  can he measured from th ese  

p ic tu r e s  to  an aooura<qr o f 10^.

The r e s u l t s  o f  the measurement o f p  in  the th ree  

d ir e c t io n s  , Y of th e R fa c e s  o f c r y s ta ls  from sev e ra l

d if fe r e n t  l o c a l i t i e s  are g iven  in  th e  second, th ir d , and fourth  

columns o f  ta b le  1 .

Table I .

Type o f C ry sta l.

Herkimer County I .

Herkimer County I I

B r a z ilia n  I  

B r a z ilia n  II  

S yn th etic  C rysta l

The measurements o f  p  g iven  in  each row o f th e ta b le  

r e fe r  to  th e  v a lu e s  t f   ̂ growth

fr o n ts  o f the same growth pyramid. The ta b le  shows th a t p  

v a r ie s  s l ig h t ly  w ith  the o r ie n ta t io n  o f  th e growth fr o n t, so 

th a t < %Y  <  7̂   ̂ . To w ith in  th e accuracy o f the measure

ments 0 .1® ), th e  v a lu es  o f  , Y'y were th e  same fo r

th e  d if fe r e n t  n atu ra l c r y s ta ls .

The d ir e c t io n a l  v a r ia t io n  o f  p  can be observed in  y 

F ig . 34 w ithout d ir e c t  measurement by in terfero m etry . This

(Ây) P y

1-0 f t II

I-Û (-2- 1-0

( 0  13 II

0 )  1 1 —

û é  t O X  ~ —
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fig u re  i s  a photomicrograph of  th e  (3 and T growth fr o n ts  

m eeting in  tha d iagon a l " v ic in a l edge", i . e .  th e edge between  

the adjacent v ic in a l  fa c e s . Each growth fr o n t appears as a 

b righ t l in e  a t the edge o f  a broad dark band, and the width o f  

th is  band g iv e s  the la t e r a l  e x ten t o f  the growth fr o n t. The 

band w idths are s l ig h t ly  g re a ter  fo r  the Y  fr o n ts  compared 

with the p fr o n ts  o f  the same h e l^ i t .  I . e .  X p  ^ .

The low a n g le  type o f growth fro n t can be exp la ined  ^  

by con sid er in g  th e e f f e c t  o f  th e su rfa ce  d i f fu s io n  o f  adsorbed 

m olecules on th e  bunching p r o c e ss . Thera i s  ample e%)arlmental 

evidence fo r  th e e x is te n c e  o f  su rfa ce  d if fu s io n  in  growth from 

so lu t io n  (Berg^^®^, Bunn^®\ Humphreys-Owen^^^; and i t  was 

assumed in  the th e o r ie s  developed in  Chapter I I  th a t su rface  

d iffu s io n  p la y s  a v i t a l  r o le  in  c r y s ta l  growth.

I t  was shown in  th e l a s t  S ec tio n  th a t tha bunching 

p rocess in  quartz c o n s is t s  o f  th e gradual drawing to g e th er  during  

growth of th e m olecu lar s te p s  in  each group o f  n{ s»Hg f  a) s te p s . 

I f  y i s  th e mean sep aration  o f  th e s tep s  in  each group (F ig . 35), 

and Xg i s  the mean d is ta n c e  of d if fu s io n  o f  adsorbed m olecu les, 

the su rface  d if fu s io n  current to  each in d iv id u a l m olecular step  

w i l l  be independent o f y , provided th a t y »  2xg. But as y 

d ecreases and approaches th e va lu e  BXg, a c e r ta in  proportion  o f  

tha adsorbed m olecu les w i l l  be a b le  to  d if fu s e  to  more than one 

step , so th at com p etition  w i l l  occur between adjacent s te p s  fo r  

«he in corp ora tion  o f  the a v a ila b le  adsorbed m olecu les.

/
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The r e s u lt  o f  t h i s  com p étition  w i l l  he th a t  each step  incorpor

a te s  on the average few er adsorbed m olecu les, and the v e lo c i ty  

o f aaoh step , excep t the forem ost, w i l l  f a l l .  The forem ost 

step , however, s t i l l  has a r e la t iv e ly  la r g e  p lane area on i t s  

lower s id e  from which to  ’c o l l e c t '  adsorbed m olecu les, and i t s  

v e lo c ity  w i l l  be hardly a f f e c te d . Thus when y — 2xg, th e  

spacing o f  the forem ost step  and the step  «hioh i s  im m ediately  

behind w i l l  be ad ju sted , so th at the g r e a te r  v e lo c i ty  o f the  

step  behind, due to  the bunching e f f e c t ,  i s  e x a c tly  cou n ter

balanced by i t s  reduced v e lo c i t y ,  due to the su rface  d if fu s io n  

e f f e c t .  S im ila r ly , th e  spacing  o f a l l  th e  o th er  s te p s  in  the  

group of Hg s te p s  w i l l  be a d ju sted  u n t i l  each in d iv id u a l s te p ^  

a tta in s  th e same v e lo c i t y .

The su c c e ss iv e  s ta g e s  in  the above argument are  

i l lu s t r a t e d  in  F ig , % i a )  -  ( c ) .  I t  i s  in t e r e s t in g  to  note  

th a t  the bunching e f f e c t  a lo n e , o p era tin g  on a s e r ie s  o f molec

u la r  s te p s , w i l l  draw the s te p s  to g e th e r  to  form a v e r t ic a l  c l i f f  

o f  m olecules; and the su rface  d if fu s io n  e f f e c t  a lon e, op eratin g  

on a sharp m ultim oleoular s te p , w i l l  draw th e  in d iv id u a l molec

u la r  step s  out to  a ( t h e o r e t ic a l ly )  i n f i n i t e  d ista n ce  from each 

o th er .

The above argument i s  o f  gen era l a p p lic a tio n  to  

c r y s ta ls  «Mch grow by the spreading o f  m ultim oleoular la y e r s ,  

and such la y e r s  should th e r e fo r e  be o f  the low -angla typ e.

In  support o f t h i s  con clu sio n  Tolansky<®2)has observed
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low -angle s te p s  on mloa; and Verma^®®  ̂ has observed th a t  

m ultiple-beam  fr in g e s  were continuous over th e m ultim oleoular  

s tep s  on SiC, in & leatin g  th a t  th e se  s te p s  were a lso  o f  the  

low -angla ty p e .

I t  was p o s s ib le  to  e stim a te  the d iffe r e n o e  in  v e lo c i ty

o f  the f i r s t  and l a s t  s te p s  in  each group o f  n^ s te p s , a r is in g  ^

from the bunching e f f e c t  vhan y » 2 X g , by measuring the i n i t i a l

s lop e o f  the H -  p curve (F ig . 2 9 ). The v e lo c i ty  d iffe r e n c e

was o f the order o f  a few $ . Thus, provided th a t th e surface  

current o f adsorbed m olecu les towards the m olecular s tep s  in  

quartz i s  not con sid erab ly  l e s s  than the d ir e c t  so lu t io n  current, 

t h i s  d if fe r e n c e  o f v e lo c i t y  i s  counterbalanced by only a sm all 

decrease o f  y below  the c r i t i c a l  va lu e  y » 2xg. can th ere

fo re  assume th a t th e s te p s  in  each group move to g eth er  with  

uniform v e lo c i t y  when y «  £Xg, and the angle X  between the  

r is e r s  o f tha growth fr o n ts  and the p lane o f  the growth sh eets  

i s  g iven  by th e  equation?

“ - i -  (5 .1 )
2xg

where a i s  th e h e ig h t o f  a m olecular s te p . S u b stitu tin g  from 

ta b le  I the v a lu e  of X  ® %*» ob ta in  xg a 30a = 100%.

There i s  l i t t l e  experim ental ev idence fo r  the magnitude 

o f Xg fo r  c r y s ta ls  growing from th e vapour or so lu t io n , but v 

Frank^23) has deduced from the experim ental r e s u lt s  o f Volmer 

and dchultze^®^^ th a t Xg = 100a fo r  io d in e  c r y s ta ls  growing 

from the vapour a t 0*0;- and Oebrera( ®4) has deduced from
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tha r e s u lt s  o f  Olancey^®®^ th a t %g = 120a fo r  napthalsne  

raoleoules a t room tem perature. The va lu e o f  30a fo r  quartz I s  

ra th er  l e e s  than the v a lu es  fo r  Ig  and Hg, but t h is  i s  to  

be exp ected . For Xg I s  g iven  by the f o r m u l a ^ ;

Xj . cLeicj) Oi)/2l<l J  ( 5 . 2 )

where Wg' I s  the evap oration  energy from th e su rfa ce  to  the 

vapour and Ug i s  the a c t iv a t io n  energy fo r  su rfa ce  d if fu s io n .  

Compared w ith  Ig  and C^o H@, quartz h es a h igh er  tem perature 

o f growth T and probably a la r g e r  Ug, as i t  grows from so lu t io n  

and Og i s  th e r e fo r e  in crea sed  by th e s o lv a t io n  e f f e c t .  Thus, 

on the «h o le , 30a appears to  be a f a i r  estim ate  o f  Xg fo r  quartz*

Table I shows th a t ^ Xy < X^ , and from the above 

theory, u s in g  equation  ( 5 . 1 ) ,  th is  in d ic a te s  th a t (xgj^X xg)^

I t  i s  shown in  th e  next s e c t io n  th a t th e  m olecular b ind ing  

energy, , v a r ie s  in  a s im ila r  manner with o r ie n ta t io n , i . e .

^  f v  th er e fo re  deduce from equation  ( 5 . 2 )

th a t Wg* -  Ug in c r e a se s  as in c r e a se s , i . e .  Vg* in crea se s  

more ra p id ly  w ith than U g. Burton^ has shown by d ir e c t  

c a lc u la t io n  o f  and Ug as a fu n ctio n  o f  <jp th a t t h is  i s  

c e r ta in ly  tru e  o f  fa c e -ce n tred  cu b ic c r y s ta ls ,

6 . Curvature o f  Growth F ron ts.

K a l b ( a s s u m e d  th a t the v ic in a l  fa c e s  o f quartz were 

tr u ly  p lan e , a s  the goniom eter s ig n a l from each v ic in a l  fa ce  

was sharp and w e ll-d e f in e d . However, i t  can be shown by 

m ultiple-beam  in terferom etry  th a t t h i s  i s  on ly  approxim ately
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tru e , and th a t th er e  are two r e sp e c ts  In which the v ic in a l  

fa c e s  depart from th e  con d itio n  o f  b e in g  s t r i c t l y  p lane:

(a) The v ic in a l  fa c e s  p o sse ss  a c y l in d r ic a l  curvature, w ith  

radius o f curvature o f  the order o f sev e ra l m etres, A lo h  

a r is e s  from the s l i g h t  curvature o f  the boundaries o f th e  

growth s h e e ts ,

(b) The g rad ien t o f the growth pyramids, or th e  in c l in a t io n  o f  

the v ic in a l  fa c e s  to  the low -in d ex  p la n e , in c r e a se s  s l ig h t ly  

towards th e summit o f  the growth pyramid,

T o l a n s k y o b s e r v e d  b oth  th ese  e f f e c t s ;  but h i s  v 

ob servation s were con fin ed  to  a s in g le  R fa c e  o f  B r a z ilia n  

quart*, and he ^did n ot attem pt to  ex p la in  h is  r e s u l t s .  In 

th is  s e c t io n  the r e s u l t s  o f  the study o f  the f i r s t  e f f e c t  (a) 

are g iven , and in  th e  next s e c t io n  th e  e f f e c t  (b) i s  considered , 

The measurements o f th e curvature o f  the growth fr o n ts  i s  o f  

th e o r e t ic a l  im portance, a s  according to  foimiula (2 .1 2 )  th e  

curvature prov id es a measure o f  th e b in d in g  energy o f the  

m olecules in  th e m olecu lar step s  which c o n s t itu te  th e growth 

fr o n ts .

The rad ii o f curvature o f the growth fronts have 

been determined as a function of th e ir  normal distance p from 

the in i t ia t in g  centre, for the growth pyramids on several 

cry sta ls  from d iffe r e n t lo c a l i t i e s .  Tha r e su lts  fo r  the three 

growth pyramids shown in  the interferogram Fig. 22 are given
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in  tha cunrea F ig s . 36 end 37, p denotes the rad iu s o f  curv

ature o f th e c lo se-p ack ed  p o r tio n s  o f the growth fr o n ts  measured 

in  the th ree  d ir e c t io n s  v , jg , y , ç  has been determined  

to  an accuracy o f 10^ in  the d and  ̂ d ir e c t io n s , but to  a 

sm aller  degree o f accuracy in  th e  J  d ir e c t io n . ^ ) y  could  

not be accu ra te ly  measured as th e T growth fr o n ts  were irreg u 

la r  fo r  la rg e  p . T his ir r e g u la r ity  has a lready been d iscu ssed  

in  d ection  4 . The accuracy o f  + 10^ quoted above in c lu d es  the 

system atic  error id ilch  a r is e s  from th e assum ption th a t the  

fr in g e  d iso e r s lo n  was e x a c tly  th e geographic d isp e r s io n .

The graphs in  F ig s , 36, 37 show th a t the r a t io  of  

i s  con stan t to  w ith in  the accuracy o f the measurements o f  g . 

This was confirm ed in  the measurements on the o th er  c r y s ta ls ,  

and 13̂ e r e s u l t s  are g iven  in  Table I I ,  columns 2 - 4 .

Table I I ,

Kind o f C ry sta l, 

Herkimer County I Face 1
(e/fV

11 f go

20 u 1 3&' H ?  ;

10 Î IX l?s - (■(7

Face 2 is- ft (Î f 33 i i r

Face 3 a 22 l l o
" 7  i

Face 4 30 10 20 I-i l 110 1

Herkimer CountyllX Face 1 31 (0 1^ f 63 f ty

Face 2 IX tl f1 (•31 i f c  :

B r a z il II Face 1 a — \X) —

Face 2 I f IX 11 n ] (•ft ^
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Table I I  con tin u ed . 

Kind o f C ry sta l. (e/f> h (e/'f>)a (4 ) r

B r a z il I I I  Pace 1 53 II — I-31 --

Madagascar I  Pace 1 3X II 2 f (•30 (ZL

S yn th etic  1 Face 1 r 1 ? 3 11 L --

The constancy o f  ç/ b  i s  exp la in ed  by th e formula

(2. 12)!
I t

According to  t h is  forfnula I s  con stan t provided th a t  the

tem perature, T, o f  growth i s  co n sta n t. In n a tu ra l quartz i t  

la  only p o s s ib le  to  observe th e  growth sh ee ts  which were la id  

down towards th e  end o f  growth, and i t  i s  th e r e fo r e  not un

reasonable to  assume th a t T was con stan t in  t h i s  p er iod .

The above formula w i l l  not ex p la in , however, the  

v a r ia t io n  o f  from one growth pyramid to  another on the 

same face  ( e .g .  Herkimer County c r y s ta l  I ,  Pace 1 in  ta b le  I I ) .  

Furtheij the form ula g iv es!

( 5 . 3 )

where Tn^t» &"d Tgyn are th e tem peratures o f growth o f natural 

and sy n th e tic  c r y s t a ls .  S u b stitu tio n  o f  th e  v a lu es o f  

and from ta b le  I I  and the va lu e Tgy^ = 360*0 (Part IV)

in  ( 5 . 3 )  y ie ld s  th e  r e s u lt  Tnat = 8O“0 -  i3o*&  This
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(66)
estim ate  o f  f^ a t ra th er  low er than the estim ate  o f Ingerson  

o f = 100*0 -  180*0, ob ta in ed  by a l iq u id  in c lu s io n  method.

The only a d d it io n a l fa c to r  which can g iv e  th e anomalous 

r e s u lt s  fo r  fa c e  I  o f Herkimer County c iy a ta l  I appears to  be 

the su p ersa tu ra tio n , <r , I f  form ula ( 8 . 12 )  i s  m odified  to  the  

form;

where f  (<rj i s  an unknown fu n ctio n  o f  O' , the r e v ise d  formula 

can be te s te d  exp erim en ta lly  as fo l lo w s .

The va lu e  o f cr v a r ie s  from one growth pyramid to  

another o f the same c r y s ta l ,  but i s  con stan t fo r  the d if fe r e n t  

growth fr o n ts  e# ot ,  ̂ ,  y  o f  th e same growth pyramid.

Thus the r a t io s :   ̂ V & 7^/^

ihifl-f] ̂ <"•=>
/ r  / P \  1 / r A

and

are , from formula ( 6 , 4 ) ,  equal to :  

^  and i l l

«here , wy are the energi e s  of form ation o f Frenkel

M nks in  th e  of ,  ̂ , Y  ®'̂ ®P o r ie n ta t io n s . The r a t io s  ( 5 . 5 )  

and ( 5 . 6 )  should th er e fo re  be co n stan t, and th e  f ig u r e s  in
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columns 5 and 6 of  ta b la  TI show th a t t h i s  i s  approxim ately tru * . 

The f ig u r a s  in  th e se  columns g iv e;

W  ̂ ; W y. 1 (-31 / • ( t j  (S .’T’)

For a face-centred  cubic cry sta l w = -^, where f  i s  the
(23)m olecular b in d in g  energy « For quartz we can w rites

0.'- t i -  (5.0)  y ' '
2.

where b i s  a co n sta n t, which i s  only s l i g h t ly  l e s s  than u n ity  

as q«^r^z i 3 a  r e la t iv e ly  oloe-paoked s t r u c t u r e C o m b i n i n g  

( 5 , 7 )  and ( 6 , 8 )  we obtain;

fd ’■ f /Î  ̂ ‘Pr ' < ’ ( ' 7

Thus the m olecu les are more t ig h t ly  bound a lon g  the of o r ien ta tio n

than a lon g  the  ̂ and. y  o r ie n ta t io n s . This i s  in  accordance 

w ith th e  co v a len t nature o f tha b in d in g  in  quartz.

An independent estim a te  o f  th e  r a t io  i s  obtained

in  th e next s e c t io n , and found to  agree s a t i s f a c t o r i ly  with the

va lu e  g iven  in  ( 5 . 9 ) ,  Further, i t  i s  shown in  the next chapter, «

devoted to  the r fa c e s  o f n a tu ra l quartz, th a t th e r a t io  o f the ^

mean b in d in g  en er g ie s  of th e R and r  fa c e s , ca lc u la te d  from

( 5 , 4 )  and the measurements o f  fjk , I s  approxim ately equal to  the
/ \

r a t io  c a lc u la te d  d ir e c t ly  from th e l a t t i c e  stru ctu re  •

P r o f i le  o f th e  Qrvô nth Pyramids *

fhe in crea se  o f grad ien t o f th e growth pyramids towards 

the pyramid summit can be seen d ir e c t ly  in  th e interferogram , '



F ig . 27. The p o s it io n  o f  the summits o f the pyramids on th is  

f&ee are shown by the in terferogram  F ig . 26, taken a t the  

geographic d isp e r s io n . In  F ig . £7 tha v e r t ic a l  fr in g e  «Aiibh i s  

second from th e  r i ^ t  i s  s tr a ig h t  in  the low er h a lf  o f the  ̂

p ic tu r e , in d ic a t in g  th a t th e pyramid g rad ien t i s  uniform here; 

but the change in  d ir e c t io n  o f  th e  fr in g e  near the pyramid 

summit in d ic a te s  an in c r e a s in g  g ra d ien t. A s im ila r  e f f e c t  i s  

shown in  F ig . 23, in  which the pyramid summit l i e s  on th e h o r i

zon ta l prism edge.

The pyramid grad ien t can be measured most con ven ien tly  

by means o f  th e  m ultiple-beam  in terferogram  taken at th e geo

graphic d isp e r s io n , e .g .  F ig . 38. The fr in g e s  g iv e  the p o s it io n s  

of growth fr o n ts , lA ioh are separated  in  v e r t ic a l  h e igh t by 

in te r v a ls  o f  2730A ( x ) s  and th e r e fo r e  the lo c a l  grad ien t i s  

in v e r se ly  proportioned  to  th e h o r iz o n ta l d is ta n c e  between  

su c c e ss iv e  f r in g e s .  In F ig . 39 th e  p r o f i l e  o f  th e pyramid in  

F ig . 38 in  th e o( d ir e c t io n  has been obtained  by p lo t t in g  the  

number, n, o f  th e  fr in g e , counted from th e  i n i t ia t in g  cen tre  0, 

a g a in st i t s  normal d is ta n c e , p , from 0 . Tp̂ e pyramid grad ien t 

©, i s  con stan t ( = @@) fo r  p]> Po» where po = 0.£5cm s. ; and 

9 >«0 Tor p <'po»

The gen era l shape o f th e n -  p curve was s im ila r  to  

F ig . 39 f o r .c r y s t a ls  from se v e r a l d if f e r e n t  l o c a l i t i e s .  Thus 

the n -  p curve fo r  the la r g e  pyramid in  F ig , 22 i s  as shown 

in  F ig . 40.



70.

Now © iB dsterm lnad by two fao top s;

(a ) “Bhe v e lo c i t y ,  v , o f ,th e growth fr o n ts  as they spread  

across the fa c e .

(b) The r a te . I ,  a t  «hlch  the growth sh e e ts  are in i t ia t e d  

a t th e cen tre  0 .

Thus the grad ien t i s  s teep  i f  i  i s  la rg e  and v i s  

r e la t iv e ly  sm all; f è r  I sm all and v r e la t iv e ly  la r g e  th e  

v ic in a l  s id e s  o f  th e pyramid make a sm aller  angle w ith  the  

c lose-p ack ed  R plan®. As e  i s  con stan t fo r  p po, both  v and I  

are con stan t fo r  the growth sh e e ts  whose boundaries are grea ter  

than a d is ta n c e  pQ fi*om o . The in c r e a se  o f  © fo r  p pj, must 

be due e ith e r  to  an in crea se  o f 1 or a d ecrease o f  v , or both . 

% exp ect, however, on th e o r e t ic a l  grounds v to  be reduced near 

0 ; fo r  I t  i s  here th a t th e growth fr o n ts  have th e ir  g r e a te s t  

curvature (a s  ^lj>is  c o n sta n t) , and the r a te  o f  evaporation  o f  

m olecules from them Is  th e r e fo r e  r e la t iv e ly  la r g e . The formula 

g iv in g  the dependence o f growth fr o n t v e lo c i t y ,  Vp, on i t s  

ra d iu sjcu rva tu re , r , has been quoted in  chapter 2s

(l- T ?  (2.11)

where v^ i s  the v e lo c i t y  o f  the s tr a ig h t  step  and r^ the s iz e  

of the c r i t i c a l  n ucleu s, i . e .  th e sm a lle s t  tw o-dim ensional 

nucleus i&iioh tends to  grow ra th er  than to  shrink . For poly

gonal growth rf r e n ts , r  i s  re : 1 ac@d by the normal 'd istan ce, p, 

o f  the growth fr o n t from the i n i t i a t i n g  cen tre .

/
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( 2 . 1 1 )  R i v e s  t h e  d e p e n d e n c e  o f  v o n  p .  B u t  I n  o r d e r  

t o  c a l c u l a t e  t h e  p y r a m i d  g r a d i e n t ,  G,  we r oue t  a l s o  f i n d  t h e  

d e p e n d e n c e  o f  I  ( I n i t i a t i o n  r a t e )  o n  p .  We h a v e  s e e n  t h a t  I  I s  

c o n s t a n t  f o r  p > p ^ ,  a n d  l e t  u s  a s s u m e  t h a t ;  I t  I s  a l s o  c o n s t a n t  

f o r  p < P q > e x c e p t  a t  t h e  e n d  o f  g r o w t h  ( p = 0 )  when  i t  s u d d e n l y  

f a l l s  t o  z e r o .  T h i s  I s  r a t h e r  a  d r a s t i c  a s s u m p t i o n ,  w h i c h  a t  

b e s t  c a n  o n l y  b e  a p p r o x i : n a t e l y  t ^ u e .  B u t  i t  I s  thf> s i m p l e s t  

a s s u m p t i o n  w h i c h  c a n  b e  m a d e ,  a n d  i t  i s  i n t e r e s t i n g  t o  w o r k  o u t  

i t s  c o n s e q u e n c e s .

F r o m  ( 2 . 1 1 )  we h a v e  :

^  ■- (>' j )  ; ( 5 . 1 0 )

a n d  f r o m  t h e  a s s u m p t i o n  t h a t  j  i s c o n s t a n t  f o r  p > 0 :

I oc r  ■ '=•” >
b

' " h e r e  y i s  t h e  v e r t i c a l  h e i g h t  o f  t h e  g r o w t h  s h e e t s  b-»low t h e  

p y r a m i d  s u m m i t ,  a n d  t h e  t i m e  t  i s  r e c k o n e d  f r o m  t h e  p o i n t  o f  

i n i t i a t i o n  o f  t h e  g r o w t h  s h e e t .

C o m b i n i n g  ( 6 . 1 0 )  a n d  ( 5 . 1 1 ) :i V '
w h e r e  C i s  a  c o n s t a n t ;  a n d  i n t e g r a t i n g :

jt 'i' fo Uj [ji- ô) '   ̂ ' ( 6 . 1 2 )

T h i s  i s  t h e  t h e o r e t i c a l  e q u a t i o n  o f  t h e  p y r a m i d  p r o f i l e  

i n  t e r m s  o f  t h e  r e c t a n g u l a r  c o o r d i n a t e s  p  a n d  y .  The  t h e o r e t i c a l  

c u r v e  i s  s h o w n  i n  P i g .  4 0  a n d  h a s  t wo  a s y m p t o t e s :  y  ~ Ggp a n d  

p  = The  f i r s t  a s y m p t o t e  c o r r e s p o n d s  w i t h  t h e  o b s e r v e d  f a c t
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t h a t  e  = c o n s t a n t  (= 9 ^ )  f o r  l a r g e  p .

Tn c o m p a r i n g  t h e  o b s e r v e d  a n d  t h e o r e t i c a l  p y r a m i d  

p r o f i l e s  i t  i s  c o n v e n i e n t  t o  u s e  t h e  d l f f e r < = n t 1 a l  f o r m  o f  ( 5 . 1 2 ) ;

^  A ( ,  fo
“ 0*0 \  ̂ f ( 5 . 1 5 )

The v a r i a b l e s  ^  a n d  p c a n  b e  m e a s u r e d  d i r e c t l y  f r o m  t h e  

m e a s u r e d  p - y  c u r v e  ( e . g .  F i g .  5 9 ) ;  a n d  i f  t h e  t h e o r y  i s  c o r r e c t ,  

t h e  f u n c t i o n  [j-  6o p l o t t e d  a g a i n s t  p  ' " i l l  g i v e  a  s t r a i g h t

l i n e ,  w h i c h  p a s s e s  t h r o u g h  t h e  o r i g i n .  T h i s  g r a p h  h a s  b e e n  

p l o t t e d  f o r  t h e  (/ a n d  s l o p e s  o f  t w e n t y  g r o w t h  p y r a m i d s  on 

c r y s t a l s  f r o m  s e v e r a l  d i f f e r e n t  l o c a l i t i e s .  I t  w a s  n o t  p l o t t e d  

f o r  t h e  7  e l o p e s ,  o w i n g  t o  t h e  i r r e g u l a r i t y  o f  t h e  Y  g r o w t h  

f  r o n t s .

The  g r a p h  o f  Jy j  ) ]  a g a i n s t  p f o r  ,

t h e  (X s l o p e  o f  F i g .  5 9  i s  s h o w n  i n  F i g .  4 1 :  t o  w i t h i n  t h *  

a c c u r a c y  o f  t h e  m e a s u r e m e n t s  I t  i s  a  s t r a i g h t  l i n e  p a s s i n g
j_

t h r o u g h  t h e  o r i g i n .  The  s l o p e  o f  t h e  l i n e  i s  e q u a l  t o  r© >

f r o m  e q u a t i o n  ( 5 . 1 5 ) ;  a n d  t h i s  g i v e s  t h e  v a l u e
~2

r ^  = ( 0 . 9  ~  0 . 1  ) x  1 0  c m s .

The  r e s u l t s  o b t a i n e d  f o r  t h e  o t h e r  g r o w t h  p y r a m i d s  a r e  

s u m m a r i s e d  i n  F i g .  4 2 .  Tn e i g h t  c a s e s  t h e  f  j  — r r a p h  was  

a  s t r a i g h t  l i n e  f o r  t h e  w h o l e  r a n g e  i n  w h i c h  p  c o u l d  b e  

m e a s u r e d .  T h e s e  p y r a m i d s ,  i n c l u d i n g  t h e  o n e  s h own  i n  F i g .  5 8 ,  

w i l l  b e  d e n o t e d  C l a s e  I  p y r a m i d s .  Tn t h e  m a j o r i t y  o f  t h e  

r e m a i n i n g  c a s e s  ( C l a s s  IT p y r a m i d s )  t h ^  g r a p h  w a s  l i n e a r  o v e r
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a  c e r t a i n  p o r t i o n  o n l y ,  c o r r e s p o n d i n g  t o  t h e  h i g h e r  v a l u e s  o f  p ;  

a n d  i n  two c a s e s  ( C l a s s  I T T )  t h e  g r a p h  w a s  e n t i r e l y  n o n - l i n e a r .

T h e s e  r e s u l t s  i n d i c a t e  t h a t  t h e  i n i t i a t i o n  r a t e ,  I ,  

f e l l  t o  z e r o  m o r e  s u d d e n l y  f o r  C l a s s  I  t h a n  f o r  C l a s s e s  I I  a n d  

I I I ,  s o  t h a t  t h e  t h e o r y  f o r  t h e  s h a p e  o f  t h e  p y r a m i d  p r o f i l e  

i n  t e r m s  o f  p  a n d  y  i s  s u b s t a n t i a l l y  c o r r e c t ,  e x c e p t  f o r  s m a l l  

v a l u e s  o f  p .  I n  p a r t i c u l a r ,  f o r m u l a  ( 2 . 1 1 )  g i v e s  a  s a t i s f a c t o r y  

r e l a t i o n  b e t w e e n  t h e  v e l o c i t y  o f  a  s t e p  a n d  i t s  r a d i u s  o f  

c u r v a t u r e .

I n  t a b l e  ITT t h e  v a l u e s  o f  r ^  a r e  t a b u l a t e d ,  a s

m e a s u r e d  f r o m  t h e  

o f  C l a s s  I .

s r a p h s  o f  t h e  s r o w t h  p y r a m i d s

Table TIT

K i n d  o f  C r y s t a l ( rO-  '

H e r k i m e r  C o u n t y I F a c e 1 3 J K 10* 7-7 % 'O'-* f 2 2.

F a c e 2 . - 0 1* (0 — —

F a c e 5 3 1  X io~̂ 2i'x 1»'̂

H e r k i m e r *  C o u n t y I I F a c e 1 2 ' 0 X (0 ** ---

F a c e 2 7-0 X f f *  (0'̂

H e r k i m e r  C o u n t y TIT F a c e 1 M x 0 y. (0 ^ 1 ss-

B r a z i l i a n  I F a c e 1 l-i X lo'̂ T4- X 1 3 1

B r a z i l i a n  TT F a c e 1 11% o-i K l-l^

A r k a n s a s  T F a c e 1 é î X 10'* 4 r  X fo"^ (3%
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( T q ) ^  a n d  ( r q )  ^ r e f e r  t o  t h e  d i s t a n c e s  f r o m  t h e  e d g e  t o  

t h e  c e n t r e  o f  t h e  c r i t i c a l  n u c l e u s  i n  t h e  a n d  ,S
I

d i r e c t i o n s  ( F i g .  4 2 ) ,  Tf  g r o w t h  t a k e s  p l a c e  b y  a  d i s l o c a t i o n ,  

r a t h e r  t h a n  a  n u c l é a t i o n ,  m e c h a n i s m ,  ( r ^ ) ^  a n d  ( r ^ ) ^  a r e  

d e f i n e d  a l t e r n a t i v e l y  a s  t h e  m i n i m u m  d i s t a n c e s  o f  a  s c r e w  

d i s l o c a t i o n  f r o m  t h e  cx , ^ f a c e  e d g e s ,  f o r  w h i c h  g r o w t h  w i l l  

t a k e  p l a c e .

Tn t h ^  f o u r t h  c o l u m n  o f  t a b l e  T"^T t h e  r a t i o

( r@)^  ; ( r ^ ) ^ i s  t a b u l a t e d .  "^he f i g u r e s  r i v e  t h e  a v e r a g e

v a l u e ;  ( r ^ ) ^  : ( r ^ ) ^  = 1 . 5 4  . F r o m  f o r m u l a  ( 2 . 6 ) :

,  t 6
'  KTk " '

t h i s  r a t i o  l a  e o u a l  t o  f u / 'P̂  » w h e r e  ^  a r e  t h e

m o l e c u l a r  b i n d i n g  e n e r g i ‘=»s i n  t h e  g/ , p o r i e n t a t i o n s .  We h a v e

a l r e a d y  d e d u c e d  i n  S e c t i o n  6 t h a t  ^  = /-^/ , s o  t h a t  t h e

t wo  v a l u e s  a r e  i n  g o o d  a g r e e m e n t .

I n  c h a p t e r  VIT t h e  v a l u e  o f  r ^  i s  d e d u c e d  f o r  t h e  

g r o w t h  p y r a m i d  o f  o n e  c r y s t a l  ( B r a z i l i a n  c r y s t a l  k) b y  t h e  

m e t h o d  I n d i c a t e d  i n  t h i s  s e c t i o n ,  a n d  a n  i n d e p e n d e n t ,  b u t  

l e s s  a c c u r a t e ,  e s t i m a t e  i s  o b t a i n e d  b y  a n o t h e r  m e t h o d .  whe 

t wo  v a l u e s  a r e  o f  t h e  s ame  o r d e r .

/
8 .  l o c a l i s a t i o n  o f  I n i t i a t i n g  C e n t r e s .

Th e  s u m m i t s  o f  th  ̂ g r o w t h  o y r a m i d s  a r e  t h e  p o s i t i o n s  a t  

w h i c h  new i z r o w t h  s h e e t s  a r e  i n i t i a t e d .  T f  t h e  s ame  i n i t i a t i n g
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cantrea are a c t iv e  throughout th e growth o f th e  whole c r y s ta l ,

they w i l l  probably be c lu s te r e d  round the cen tre  o f  th e f in a l ly

developed  fa c e s . Mo such c lu s te r in g  was observed on natural

quartz c r y s ta ls ,  and I t  th erefo re  appeared th a t the I n i t ia t in g  
%

cen tres  were In d iv id u a lly  a c t iv e  fo r  on ly  r e la t iv e ly  short 

p eriod s In th e h is to r y  o f growth o f  the c r y s t a l .  I t  I s  shown 

In Part IV th a t th is  was c e r ta in ly  tru e  fo r  sy n th e tic  quartz  

c r y s ta ls .

For th is  reason I t  was d i f f i c u l t  to  a rr iv e  at any 

gen era l co n c lu sio n s  concerning th e  lo e s l is a ^ io n  o f th e  in i t i a t in g  

c e n tr e s . But two I so la te d  o b serv a tio n s , (a ) and (b) ,  can be 

mentioned -

(a ) The I n i t ia t in g  ce n tre s  had a d i s t in c t  tendency to  develop  

along an edge (F ig s . 22, 44) ob a t  a co m er  (F ig . 26) o f  th e , 

fa c e . T his was a ls o  c h a r a c te r is t ic  o f  the r fa c e s  o f  n a tu ra l 

c r y s ta ls  and the R fa c e s  o f  sy n th e tic  c r y s ta ls .

T his r e s u l t  cannot be exp la ined  by e ith e r  the two- 

dim ensional n u c léa tio n  theory or the d is lo c a t io n  theory, fo r  

both p r e d ic t  n u o lea tlo n  a t  th e c e n tr e s , ra th er  than th e edges 

and corn ers, o f the fa c e . Thus accord ing to  Kossel^®®^ the  

energy o f  form ation o f  a tw o-dim ensional nucleus I s  l e a s t  a t  

the cen tre  o f  the fa c e , and accord ing to  Frank^®®  ̂ d is lo c a t io n  

l in e s  are under te n s io n  and tend to  emerge normal to th e fa ce  

I . e .  towards the fa c e  cen tre . A p o s s ib le  exp lan ation  o f the  

edge and co m er  n u c léa tio n  in  quartz I s  obtained  by con sid erin g
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thü e f f e c t  o f adsorbed im p u r itie s  on th e  growth p r o c e ss . These 

adsorbed m olecu les w i l l  e i th e r  be pushed a lon g  th e fa ce  by the  

expanding growth s h e e ts , or grown over, by the sh e e ts  and 

in corp orated  In th e  l a t t i c e  as im p urity . In  the former case  

th e fo r e ig n  m olecu les w i l l  be pushed to  th e edge o f  the fa c e ,  

and th ere  becomes trapped by th e sh e e ts  expanding from th e  

ad jacent fa c e . In  t h i s  trapped p o s it io n  th ey  can behave as  

n u c le i fo r  th e In cep tio n  o f  new la y e r s .  There I s  th e fu r th er  

p o s s ib i l i t y  th a t th e  m olecu les are pushed a lon g  th e  edge to  the  

corner o f the fa c e , and In t h is  ca se  corner n u o lea tlo n  w i l l  occur

(b) The I n i t ia t in g  ce n tres  were freq u en tly  lo c a l i s e d  In s tr a ig h t  

l in e s  (F ig s . 26, 4 5 ) . The o r ie n ta t io n  o f  th e se  s t r a l ^ t  l in e s  

w ith  r e sp e c t to  a f ix e d  d ir e c t io n  ( e .g .  prism ed ge) was found 

to  vary over a wide range o f an gle; but In sev era l cases th e  

l in e  had an o r ie n ta t io n  In th e r e la t iv e ly  narrow range 38“-  42* 

from th e  prism edge ( e .g .  F ig . 2 6 ),

T his tim e th e phenomenon can be In terp reted  on th e  

b a s is  o f  th e  d is lo c a t io n  th eory , fo r  groups o f  d is lo c a t io n s  

are a sso c ia te d  w ith 'lin ea g e*  and 'mosaic* boundaries, and so 

w il l  o fte n  occur In  s tr a ig h t  l i n e s .  G r lff ln (7 o )  has shown 

exp erim en ta lly  th a t l in e a r  arrays o f  screw d is lo c a t io n s  occur  

In n atu ra l b e r y l. The in te r p r e ta t io n  assumes th e e x is te n c e  o f ^  

screw d is lo c a t io n s  In  the quartz l a t t i c e .  Evidence fo r  t h i s  I s  

g iven  in  a l a t e r  ch ap ter (chapter 7 ) .

The 3 8 - 4 2  range in  quartz can be exp lained  i f  we
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con sid er  the e f f e c t  on growth o f  th e  p a r t ia l  o leavage p a r a l le l  

to th e  (lOTl) p la n e s . Tolansky and B a r d . e l h a v e  Induced  

l im ite d  s l ip  In t h i s  p la ce  by means o f p le x o -e le c t r lo  s t r e s s ,  

and I t  th e r e fo r e  seems p o s s ib le  th a t I t  can a ls o  be produced 

during growth by the s t r e s s e s  ?diloh are a sso c ia te d  w ith th e  

growth p ro cess  i t s e l f .  Svldenoe fo r  th e occurrence o f  s l i p  

during growth I s  g iven  in  chapter 7 , and a ls o  in  F ig , 46, ahloh  

18 a m ultlpla-beam  p ic tu r e  o f th e  n a tu ra l prism  fa c e  o f  a ^

Herkimer County c r y s t a l .  The fr in g e s  show th a t s l i p  has taken  

p la ce  in  se v e r a l narrow zones, (marked by arrow s), and th e  

d ir e c t io n  o f  th e s l i p  i s  p a r a l le l  to  th e  l in e  o f  in te r s e c t io n  

o f  the fa ce  w ith a major rhombohedral p lan e . According to  the  

d is lo c a t io n  theory l im ite d  s l ip  p a r a l le l  to  th e se  p lan es w i l l  

g iv e  r i s e  to  a l in e a r  array of screw d is lo c a t io n s  on th e  R fa c e , 

and th e d ir e c t io n  o f  th e  array i s  a t 41“ to  th e  prism edge.
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Chapter VI,

Oail£RAL TOPO&RAPHIGAL F SATURES OF r  FACES.

1 . In tro d u ctio n .

The gen era l topography o f  th e minor rhombohedral 

fa c e s  i s  very  s im ila r  to th a t o f  the R fa c e s .  I t  can again  be  

d escr ib ed  in  terms o f  low growth pyramids, which are produced 

by th e  su c c e ss iv e  spreading o f  tr ia n g u la r  la y e r s  from a sm all 

number o f  I n i t ia t in g  c e n tr e s . The p ro p e r tie s  o f  th ese  growth 

la y e r s  and pyramids w i l l  be d escrib ed  In a s im ila r  way as was 

adopted fo r  th e  R fa c e s ;  but th e d e sc r ip t io n  w i l l  be much more 

b r ie f ,  a s  the g en era l p r in c ip le s  u n d erly in g  th e growth p rocess  

( la y e r  d e p o s it io n , bunching e t c . ) apply In e x a c t ly  th e  same way. 

Only d if fe r e n c e s  In behaviour o f  th e  two k ind s o f  rhombohedral 

face  w i l l  be exp la in ed .

2. geometry o f  Growth Fronts.

F ig s . 47 and 48 are raultlple-beam  Interferogram s  

o f  th e minor rhombohedral fa c e s  o f  two right-handed  Herkimer 

County c r y s t a ls .  The d isp ers io n  la  th e  normal geographic ^  

d isp e r s io n , so th a t th e  fr in g e s  have th e  same shape as th e  

growth fr o n ts .  The growth fr o n ts  are tr ia n g u la r , but are more 

ir r e g u la r  and p o sse ss  a g re a ter  curvature than th e growth fr o n ts  

on th e  R fa c e s .

An in terferogram  (geographic d isp e r s io n ) o f  a l e f t -  

handed c r y s ta l  I s  shown In F ig . 49, The o r ie n ta t io n  o f th e  

growth fr o n ts  w ith  resp ect to  th e  fa ce  edges I s  approxim ately
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th e same fo r  right-handed  as fo r  le ft-h a n d ed  c r y s ta ls ,  and, 

u n lik e  In th e oase o f  the R fa c e s , th e hand cannot be determ ined  

from th e  growth sh ee t o r ie n ta t io n . N ev erth e less , comparison o f  

P ig s . 47 and 49 shows Immediately th a t th e hand can be determ ined  

from th e d ir e c t io n  o f  the v ic in a l  edge running upwards from the 

summit o f  the growth pymmld. T his method o f  determ ining the  

hand o f  an r  fa ce  was f i r s t  n oted  by Kalb^S).

I t  was shown In the p reced in g  chapter th a t th e Burton 

formula; , -, \

f a l l s  to  g iv e  a r e l ia b le  va lu e o f  ^ or T from th e measurement 

of ,  but th a t i t  w i l l  g iv e  an in d ic a t io n  o f  th e r e la t iv e  

change o f th e b ind ing  energy, j> , w ith  o r ie n ta t io n . I t  was 

concluded th a t th e form ula must be ap p lied  In the m odified  form;

'  / ^ K ^ ^ ] x 5 . 4 )

where j'f^) i s  an unknown fu n ctio n  o f th e  su p e r sa tu r a tio n ,.

The r a t io s  , were measured on sev e ra l

c r y s ta ls  in  the th ree  d ir e c t io n s  , j '  (P ig . 47a) o f

minimum growth r a te , and the r e s u l t s  are tab u la ted  in  ta b le  IV. 

Table IV

I ,p .  o f  O r j . f l .  ( ( / i l ,  f»  4

Herkimer County I  Pace 1 ^ ^

Pace 2  là~ (3 ^

Face 3 1̂  — 4

a
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Tabla IV continued .

Type o f  O ry sta l.

Herkimer County I I I  Pace 1 

B r a z ilia n  I I Pace 1 17 l i  ^

Face Z l i  'Y H ^

B r a z ilia n  I I I  Pace 1  ̂ "

Comparison w ith ta b le  I  shows th a t  the g val ues  are con sid 

erably l e s s  f o r  th e  r  fa c e s  compared w ith  th e  R fa c e s . This 

can be in te r p r e te d  by th e above form ula (5 .4 )  as In d ic a tin g  th a t

t o  >  t o

#ier@ to * are the mean m olecular b in d in g  en er g ie s  o f the  

m olecu les in  the R, r  p la n e s .

In  order to  e stim a te  the r a t io  ■fp. ; 4  ̂ from formula 

(5 .4 )  i t  I s  n ecessary  to  determ ine the average v a lu es  o f  

fo r  a number o f  growth pyramids on th e R and r  fa c e s  of th e  

same c r y s ta l;  and to  asmme th a t th e  unknown term i s ,  on

the average, the same fo r  a l l  th e  growth pyram ids. The value  

o f  to  ! t o  o a lo u la ta d  in  t h i s  way i s  g iven  in  column 5 o f  

ta b le  IV, and lea d s to  the r e s u lt  ;

= 1.&)
t o

An independent method o f  c a lc u la t in g  to * to  

been in d ic a te d  by Saksena . Saldana c a lc u la te d  th e c leavage  

en erg ie s  o f  th e  R, r  p lan es by f in d in g  th e  number o f 81-0 bonds 

per u n it  area idiloh cro ss  th ese  p la n e s . HI a r e s u l t s  are g iven
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in  th e  fo llo w in g  t a b le ,  which i s  quoted from h is  o r ig in a l  paper#. 

Table y .

Number o f  Bonds
Type of p la n e . Equation o f  P lane, cut p er u n it  area.

r  (In v erse  Khombohedron) x-i- i A  - 3 3
/Î  I-1

2 ?

l - f s '  3/f

a (Primary Rhombohadron) 2 g ' / /  Y
V3 f ' l

I S f

The ta b le  shows th a t th e  number of bonds cut p er

u n it  area  have any one o f th ree  v a lu e s , corresponding to  th ree

d if f e r e n t  p o s it io n s  o f  the I n te r s e c t in g  p lena w ith re sp e c t to

th e  atome in  the u n it  c e ll*  Saksena was concerned in  c a lc u la t in g

the c leavage e n e r g ie s  o f  the R, r  p la n es and assumed th a t t h is

was g iven  by the sm a lle s t  number in  column 3, th u s lea d in g  to

Oleavage Energy R p lane ,  i
Cleavage Energy r  p lane 3 .

For our p resen t purpose, however, we req u ire  th e b in d in g  energy,

ra th er  than the o leavage energy, o f  the R, r  p la n es, and th e

b ind ing  energy i s  more l ik e ly  to  be g iven  by th e  average number

in  column 3, On t h i s  assum ption Saksena*s f ig u r e s  g iv e :

i n  = 1 .3 5  J
t o

This I s  on ly  in  f a i r  agreement w ith  th e  va lu e o f  1 ,2 0  quoted
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above from th e  measurements o f C jj> , but th e  d iscrepancy 1# 

hardly su r p r is in g  In  view  o f  th e  approxim ations made In  both  

d eterm in ation s.

I t  i s  w e ll  known th a t  th e R fa c e s  o f  quartz are in  

g en er a l, more developed than th e  r fa c e s  (F ig . 1 2 ) . Saksena 

( l o e . o i t . ) has attem pted to  ex p la in  t h i s  on th e b a s is  o f  th e  

(c a lc u la te d )  sm a ller  su rface  energy per u n it  area  o f  th e R fa c e s ,  

compared w ith  th e r  fa c e s .  This co n c lu sio n , however, i s  in co rr

ec t as th e  h a b it o f  quartz, and o f  c r y s ta ls  in  g en era l, i s  d e ter 

mined by th e  r e la t iv e  r a te s  o f  growth o f  th e d if f e r e n t  fa c e s ,  

and not by eq u ilib riu m  c o n s id e r a tio n s . This p r in c ip le  was c lea r ly  

s ta te d  by % lla rd  Glbbs^'^^^ as lon g  ago as 1878. Thus th e  

g rea ter  development o f  the R fa c e s  o f  quartz in d ic a te s  th a t  they  

grow a t  a slow er r a te  than the r  fa c e s . R e c a llin g  form ulae 

(£ .6 )  and (2 .1 0 ) ,  which g iv e  th e dependence o f  growth r a te  on the  

b in d in g  energy fo r  growth from tw o-dim ensional n u c le i (2 .5 )

or d is lo c a t io n s  (2 .1 0 )  and remembering th a t  the m olecular step s  

on the R, r  fa c e s  are o f  equal h e l ^ t ,  we ob ta in :

t o  ^  t o

This i s  the same r e s u l t  as ob ta ined  p rev io u sly  from the  

measurements o f •

3 . Other P ro p er tie s  o f  Growth F ron ts.

The bunching e f f e c t  on the r  fa c e s  la  shown by the  

in tarferogram s, F ig s . 50 and 51. F ig . 50 I s  taken a t th e normal 

geographic d isp e r s io n  and shows th e shape o f th e  growth pyramid.
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and F ig . 51 I s  taken a t a  su ita b le  d isp e r s io n  to  show th e  ^  

In crease  o f  h e ig h t o f th e growth fr o n ts  in  the A ' and  ̂

d ir e c t io n s , as th ey  recedefrom  th e  pyramid summit.

Examination o f sev e ra l o th er  Herkimer County c r y s ta ls  

rev ea led  th a t the bunching was g en er a lly  more severe than  

In d icated  by F ig . 51. Thus In  F ig s . 49 and 52 the growth fr o n ts  

sh o r tly  a f t e r  i n i t i a t i o n  are on ly  sev era l m olecu les h ig h , but 

on moving away from the i n i t i a t i n g  cen tre  they c lo s e  to g eth erv -  

to  form h igh  and ir r e g u la r ly  shaped bunched growth fr o n ts .  The 

growth fr o n ts  on th e  R fa c e s  are on ly  r a r e ly  as h igh  and Irreg 

u la r  in  o u t l in e  as th ose  shown in  th e se  two f ig u r e s .

Examination o f  F ig . 52 shows th a t th e  ir r e g u la r ity  o f  

th e growth fr o n ts  appears to  be connected ^dth the in h ib it in g ^  

a c tio n  o f th e  edge o f  th e fa ce  on th e spreading o f  th e la y e r s .

The growth fr o n ts  have been delayed  a t  c e r ta in  p o in ts  a lon g  the  

fa ce  edge on th e l e f t ,  and th e la y e r s  have subsequently  surroun

ded th e se  p o in ts  and formed sh allow  d ep ress io n s . A s im ila r  

example o f  t h i s  e f f e c t  i s  shown along th e  fa c e  edge on th e  l e f t  

o f F ig . 47.

An exp lan ation  o f  th e e f f e c t  I s  th a t Impurity m olecules  

are pushed to  th e edge o f th e fa ce  by the expanding la y e r s  and 

become trapped th e r e . They can than cause a delay In the ra te  

o f spreading o f  th e  growth la y e r s  e i th e r  d ir e c t ly ,  or in d ir e c t ly  

by g iv in g  r i s e  to  l a t t i c e  im p erfection s a t the fa c e  edge. I t  I s  

odd, however, th a t no evidence fo r  th is  kind o f behaviour
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d isco v ered  on the numerous R fa c e s  s tu d ied , apart from the  

In d ir e c t  ev idence from i n i t i a t i o n  o f  growth sh e e ts  a t  the face  

edge, (S e c tio n  8 , Chapter 5 ) .  In p a r t ic u la r  the R fa c e s  adjac

ent to  th e r  fa c e s  in  F ig s . 47 and 52 showed no tr a c e  o f the  

e f f e c t .

Another phenomenon observed on the r  fa c e s  was 

^  'k in k in g ' o f  th e growth fr o n ts  a lon g  th e v ic in a l  edge between  

the to T  ̂ d ir e c t io n s .  This i s  i l lu s t r a t e d  in  F ig s , 47 and 

50. In  o th er  o a ses  ( e .g .  F ig . 48) th e  growth fr o n ts  were q u ite  

smooth a lon g  th is  v ic in a l  edge. The eq u ilib riu m  shape o f  the 

growth fr o n ts  i s  determ ined by the co n d itio n  o f  minimum fr e e  

energy per u n it  le n g th . Hence, a l th o u ^  th e o r ig in  o f  th e  

kink ing  la  unknown, i t s  p resence shows th a t the shape o f  th e  

growth fr o n t I s  determ ined by k in e t ic ,  ra th er  than eq u ilib riu m , 

c o n s id e r a tio n s .

Owing to  th e  gen era l I r r e g u la r ity  o f  th e  growth fr o n ts  

i t  was not p o s s ib le  to  make p r e c is e  measurements o f the an gle  

between th e r i s e r s  and upper p lane su rfa ces  o f th e growth sh eets, 

N ev erth e less , the multlpl&rbeam fr in g e s  were continuous over the  

growth fr o n ts  and X- appeared to  be o f  the same order as fo r  the  

R fa c e s .  I f  the th eory  given in  Chapter 5 fo r  ex p la in in g  th e  

low va lu e o f  X i s  co r r e c t , t h is  in d ic a te s  th a t the mean 

d is ta n c e s  o f d i f fu s io n  o f adsorbed m olecu les on th e R and r  

fa c e s  are o f th e  same order.
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4 , iT O pertlea o f Orowth pyram ids.

I t  was found th a t th e pyramid grad ien t in crea sed  in  

the neighbourhood o f  th e pyramid summit, in  the same 'my as fo r  

the ii f a c e s .  Measurements in d ic a te d  th a t in  gen eral th e  equatlcn 

o f  the pyramid p r o f i l e  in  terms o f th e  rec ta n g u la r  co -o rd in a te s  

p and y (F ig . 41) was approxim ately th e  th e o r e t ic a l  equation;

|3 + r„ ^  f (5 .1 2 )

where r© (th e  rad iu s o f  th e  c r i t i c a l  n u cleu s) was o f  th e order 

o f  3x10"^om9. I t  was not p o s s ib le ,  however, to  check th e  th eo r

e t i c a l  equation  to  th e same degree o f  accuracy as fo r  th e  R 

fa c e s , owing to  the g rea ter  ir r e g u la r ity  o f  th e  growth fr o n ts .

In a few  oases th e equation  (5 .1 2 )  was e n t ir e ly  d is 

obeyed, and one such case I s  i l lu s t r a t e d  in  F ig . 53, The summit 

of one o f the growth ^rramids on t h is  fa c e  appears to  be lo ca te d  

at th e  low er le ft -h a n d  corner o f  the fa c e . The grad ien t o f  t h is  

pyramid i s  e x c e p tio n a lly  sm all in  th e  neighbourhood o f  i t s  

summit, and in c r e a se s  fu r th er  away from the summit. % e pyramid 

i s  30 f l a t  near the fa ce  corner th a t th e m ultlple-beam  fr in g e s  

have in  part spread out to  form s e n s i t i v e - t in t  fr in g e s . This 

was th e  most p lane area o f  th e  numerous rhombohedral fa c e s  

examined in  th e cou rse  o f  t h is  work.

The phenomenon o f edge n u o lea tlo n , or th e lo c a l i s a t io n  

of pyramid summits a lon g  th e fa c e  edge, i s  shown in  F ig . 54,

This phenomenon was p rev io u s ly  observed on the major rhombohedml 

fa c e s  (Chapter V), and th e  same arguments fo r  i t s  occurrence  

apply as were g iven  in  th a t chanter.



Chapter V II,

TOPOGRAPHICAL FEATURES OF SELECTED GRISTAI..S.

1 , Clr o u la r  Growth S h e e ts .

In th e  p rev iou s two ch ap ters the gen era l top ograp h ica l 

fe a tu r e s  o f  th e rhombohedral fa c e s  o f n a tu ra l c r y s ta ls  have 

been d escr ib ed . The p resen t ch ap ter I s  concerned w ith a des

c r ip t io n  o f  p a r t ic u la r  top ograp h ica l fe a tu r e s  shown only by a  

few s e le c te d  c r y s t a ls .

Examination o f over th ir ty  Herkimer County c r y s ta ls  

showed th a t th e  growth sh e e ts  on the rhombohedral fa c e s  were 

In variab ly  o r ie n ta te d , i . e .  tr ia n g u la r . This was a lso  tru e  o f  

the c r y s ta ls  from th e  o th er  l o c a l i t i e s ,  w ith  th e exoeotion  o f  

th e B r a z ilia n  c r y s t a ls ,  ^ i c h  o c c a s io n a lly  p o ssessed  c ir c u la r  ^  

growth s h e e ts .  Thus F ig . 55 i s  a F izeau p ic tu r e  showing th e  

p resence o f  numerous pyramids o f approxim ately c ir c u la r  symmetry 

on the R fa c e  o f a B r a z ilia n  quartz. These c ir c u la r  pyramids, 

or growth con es, have p rev io u sly  been observed by G riffin^  

on the R fa c e s  o f  q uartz. We can in fe r  th a t th e  growth sh ee ts  

are c ir c u la r , a lth ough  th e In d iv id u a l growth fr o n ts  could  not 

be re so lv e d  under th e  m icroscope. Growth cones have been ob

served on se v e r a l c r y s t a ls ,  and were d is t in g u ish e d  by th e  

fo llo w in g  fe a tu r es:

( ! )  The grad ien t o f  the cones was con sid erab ly  la r g e r  than the  

grad ien t o f th e o r ie n ta te d  growth pyramids o f  o th er  c r y s ta ls .
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(11) The cones were sometimes surmounted by a sharp protuberance 

e a s i ly  v i s i b l e  under th e m icroscope (F ig . 10; a ls o  G riffin ,^

T his was q u ite  d if fe r e n t  from th e  gradual in c r e a se  o f  grad ien t  

o f  o r ie n ta te d  growth pyramids near th e  pyramid summit. Ibe  

l a t t e r  was not v i s i b l e  under th e m icroscope, and could  on ly  be  

d ete c ted  by In terferom etry . !

In a la r g e  aggregate o f  c r y s ta ls  embedded in  th e  same 

m atrix growth cones had developed on th e R and r  fa c e s  o f  a l l  

the c r y s t a ls .  T his in d ic a te d  th a t  th e  co n d itio n  fo r  c ir c u la r  

symmetry was connected  w ith  th e  ex tern a l co n d itio n s  o f  growth 

( e .g .  tem perature and su p a rsa tu ra tlo n ).

As th e  c ir c u la r  growth fr o n ts  could not be r e so lv e d  

under th e  m icroscope l i t t l e  d ir e c t  Inform ation concerning th e ir  

behaviour could be ob ta in ed . I t  w i l l  be seen in  Part IV, how

ever, th a t c ir c u la r  growth sh e e ts  develop  on sy n th e t ic  cry sta l# /  

grown u M er c e r ta in  known c o n d itio n s , and th e c lr o u la r  growth 

fr o n ts  are o c c a s io n a lly  v i s ib l e  under the m icroscope. Further  

d isc u ss io n  o f  t h i s  typ e o f  behaviour w i l l  th er e fo re  be d eferred  

u n t i l  Part IV.

2. B r a z ilia n  O rvsta l A.

M olecular s tep s  were not observed on quartz, and the
\y

fa i lu r e  to  do so was probably connected w ith  th e fo llo w in g  

reasons:
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(a ) The s te p s  were too  sm all (3%) to  be d e tec ted  with th e  

a v a ila b le  p h a se -co n tra st equipment.

(b) Owing to  the bunching o f  th e  s te p s  in to  groups, th e d ista n »  

between ad jacent s te p s  in  a group ( 200%) was too  sm all to  a llow  

of la t e r a l  r e s o lu t io n  under th e  m icroscope.

N ev e r th e le ss , th e  growth fr o n ts  on the R face  o f  one 

c r y s ta l  (B r a z ilia n  A) were a l l  o f  uniform h e i ^ t  (ilO K ), and i t  

was p o s s ib le  in  t h i s  case to  tr a c e  th e polym olecu lar growth 

fr o n ts  round th e i n i t i a t i n g  cen tre  and to  determ ine # ie th e r  th e  

fr o n ts  were o f  c lo se d  or s p ir a l  form. F ig . 56 i s  a photomicro

graph o f  th e growth fr o n ts  in  th e  o( d ir e c t io n . They are sllghUr 

ir r e g u la r ; and as th e  d ir e c t io n  o f d ecrea sin g  s lo p e  i s  v er tlo a U r  

downwards In th e  photograph, c a r e fu l in sp e c tio n  In d ic a te s  th a t  

the I r r e g u la r ity  I s  probably due to  depos i t io n  o f  ( fo r e ig n ) __ 

m aterial  a lon g th e  s tep j|_ a fter  growth had stopped. The growth 

fr o n ts  ware uniform ly spaced, so th a t  th e n atu ra l fa c e  behaved  

as an ech elon  g r a t in g . Two d if fr a c te d  sp ectra  could be observed  

w ith w hite l i g h t ,  and from the angular p o s it io n s  o f  th ese  spectna 

an approximate h e ig h t o f  th e  growth fr o n ts  o f  100 -  150% was 

c a lc u la te d . More accu rate  measurement by F izeau fr in g e s  (F ig .

87) and fr in g e s  o f  equal chrom atic order (F ig . 58) gave 

H « 110% + 5%. T his l a t t e r  va lu e was c a lc u la te d  from the  

measurement of th e  su rface  an gle between the adjacent v ic in a l  

fa c e s .
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F ig , 59 i s  a photomicrograph o f  the growth fr o n ts  

near th e  summit o f  th e  growth pyramid. The photograph i s  not 

good, a s  the ir r e g u la r ity  o f  th e growth fr o n ts  i s  p a r t ic u la r ly  

raartcsd In  t h i s  r e g io n , but c a r e fu l tr a c in g  o f the growth fr o n ts  

round the i n i t i a t in g  cen tre  r e v e a ls  th a t they are in  the form 

o f  a s p ir a l  w ith two sep arate  branches. The accompanying 

diagram. F ig , 60, has been drawn from F ig . 59, and i l lu s t r a t e s  

the behaviour more c le a r ly .

The s p ir a l  growth fro n t in d ic a te s  th a t  growth has 

taken p la c e  from a group o f  screw d is lo c a t io n s  w ith  combined -, 

Burgers vector^^® ), noimial to  th e  fa c e , equal to  280%. S im ilar  

m ultiffloleoular growth s p ir a ls  have been observed by Forty^^^  

on cadmium io d id e .

An estim a te  o f r©, th e  s iz e  o f  th e  c r i t i c a l  n u cleu s,

can be obtained from formula (2 .1 8 ) :
S

S i (l* s s )

g iv in g  th e  r e la t io n  between r^ and the pyramid g rad ien t, ©, fo r

the case  o f growth from S d is lo c a t io n s  in  a l i n e  o f  len g th  L.
& CL/ -V

S u b stitu tin g  © a 1 ,6  X 10“  ̂ rad. and L 4 2 .1 0 “ ^ems.
'A.

from F ig . 59 g iv e s :

Û  ' ^  ^  (0 r f X /0 •

V

An Independent estim a te  o f r^ was ob ta ined  from the  

pyramid p r o f i le  by th e  method g iven  In S ectio n  7 o f  Chapter V. 

This estim a te  was ro = ( l . 1 + 0 , 2 )  x 10 ^cms. The two v a lu es
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o f rq are th ere fo re  In s a t is fa c to r y  agreement, and i t  Is

im portant to  note th a t on ly one o f th e e stim a tes  depends upon

th e assum ption of a d is lo c a t io n  mechanism of growth. The 

d is lo c a t io n  theory th e r e fo r e  not on ly account^for th ea p lra l  

nature o f  the growth fr o n ts , but a lso  accounts fo r  the observed  

pyramid g ra d ien t, 6 (g iv en  by form ula (2 .1 8 )  w ith  r©, L and 

Sa known ),

A rou^i estim ate  o f th e su p arsa tu ratlon , d  , o f  

growth fo r  B r a z ilia n  c r y s ta l  A can be ob ta in ed  by applying the  

. formula ( 2 . 6 ) :   ̂ Â  ̂ / ,

'  i t o .  ■ t o  ’ ^  '

to jf fe u b s tltu tln g  ^  = 4, a * 3 , 3Â and r^ = 10"toms, g iv e s  O'

This i s  a very  sm all va lu e  fo r  th e  su p arsatu ration , but i t  must 

be remembered th a t i t  i s  th e v a lu e  which p r e v a ils  a t th e end 

o f growth, and i s  th e r e fo r e  probably near th e c r i t i c a l  va lu e  

a t which growth s to p s .

I t  has on ly  been p o s s ib le  to  ob ta in  co n c lu s iv e  

evidence o f  growth from screw d is lo c a t io n s  in  the case o f  th is  

s in g le  c r y s ta l .  I f  we assume, however, th a t a l l  natu ral orysta]#  

grow by a s im ila r  mechanism, the bunching e f f e c t  can be tentatiüe- 

ly  exp la in ed  as fo llo w s .

The main fa c to r  o f  the bunching p rocess on the R fa c es

are;

(1 ) The growth fr o n ts  sh o r tly  a f t e r  I n i t ia t io n  are In general 
l e s s  than 50% h igh .

A
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(11)  These growth fr o n ts  spread a cro ss  the fa c e  a t s l ig h t ly  

d if f e r e n t  v e l o c i t i e s ,  so th a t th e  f a s t e r  on *  catch  up th e  

slow er ones in  fro n t and produce bunched s te p s ,

( i i i )  The bunching p rocess  cea ses  a f t e r  th e s te p s  have a t ta in 

ed a maximum h e i ^ t  H©, which i s  g en er a lly  o f  th e  order o f  a 

few hundred %.U.

( i l l )  in d ic a te s  th a t th e m olecular la y e r s  are  

in i t ia t e d  in  groups, each g ro u p .con ta in in g  »© = H©  ̂ a la y e r s .  

Thus th e  i n i t i a t i o n  o f fr e sh  m olecular la y e r s  appears to  be a 

p e r io d ic  p ro cess , and t h i s  r u le s  out th e  p o s s ib i l i t y  o f  bunching  

a r is in g  from th e d e p o s it io n  o f  a uniform la y e r  o f  Impurity over  

the fa c e  during growth.

The p e r io d ic  i n i t i a t i o n  o f la y e r s  fo llo w s  n a tu ra lly  

from the d is lo c a t io n  th eory , ap p lied  to  growth from a la rg e  

number o f  screw d is lo c a t io n s , a l l  o f  th e  same hand. In  F ig . 52 

a group o f f iv e  d is lo c a t io n s  o f  th e  same hand i s  represen ted  

by A, B, Q. . .  and t h e ir  a sso c ia te d  m olecular s te p s  by AA',

BB', CC' . . ,  Ihe growth p rocess c o n s is t s  o f  a r o ta tio n  o f  the 

m olecular s tep s  round th e c e n tr a l d is lo c a t io n  group and i s  thus 

a p e r io d ic  p r o c e ss . The s u c c e ss iv e  grot^ s o f  f iv e  s te p s  which 

are produced a t each su c c e ss iv e  r o ta tio n  are rep resen ted  by 

A", B“, C * . . . ,  A"',  3% O " ' . . .  The d lslo -o a tlo n s A, B, C. . .  

w i l l  be In gen era l non-unlform ly spaced, so th a t the step s  

w ith in  each group w i l l  a ls o  be non-unlform ly spaced, although  

the groups th em selves w i l l  be eq u a lly  spaced ap art. Am th e
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m o l p c u l a r  l a y e r s  s p r e a d  a c r o '^ s  t h e  f a c e  t h e  d i f f e r e n c e s  i n  

s p a c ln f y  w i t h i n  e a c h  R roup  w i l l  l e a d  t o  d i f f e r e n c e  i n  s t e p  

v e l o c i t y  w i t h i n  t h e  srroup,  t h e  r e a s o n  h e i n f r  t h a t  more s o l u t e  

w i l l  d i f f u s e  throuf^h t h e  s o l u t i o n  t o  t h e  r e a r  s t e p s  o f  r e l a t 

i v e l y  c l o s e l y  s p a c e d  s t e p s  t h a n  t o  t h e  f r o n t  s t e p s .  Thus In

Flp*. 62 t h e  s t e p s  w i l l  b u n c h  t o M t h e r  I n t o  c r o u p s  o f  f i v e  

( F i g .  6 2 b ) .  In  t h e  g e n e r a l  c a s e  t h e  s t e p s  w i l l  b u n c h  t o g e t h e r  

i n t o  g r o u p s  o f  n ' m o l e c u l a r  s t e p s ,  w h e r e  n ’ i s  t h e  number o f  

d i s l o c a t i o n s  a t  t h e  i n i t i a t i n g  c e n t r e ,  w h i c h  ‘ c o o p e r a t e ’ w i t h  

on e  a n o t h e r ,  I . e .  a r e  s e p a r a t e d  f r o m  o n e  a n o t h e r  by  d i s t a n c e s  

o f  l e s s  t h a n  2 r ^ .

3 .  B r a z i l i a n  C r y s t a l  B.

T h i s  w as  a n  e x c e p t i o n a l l y  l a r g e  a n d  w e l l - d e v e l o p e d

c r y s t a l  a n d  th ^  f a c e  o f  p a r t i c u l a r  i n t e r e s t  was a m a j o r

rhombohp»dral  f a c e ,  a p p r o x i m a t e l y  5 0  s o .  cm s .  i n  a r e a .  F i g .  6 3 a

i s  a p h o t o g r a p h  o f  a s m a l l  a r e a  o f  t h i s  f a c e ,  s h o w i n g  t h e

and  g r o w t h  f r o n t s  w h i c h  h a v e  s p r e a d  f r o m  an I n i t i a t i n g

c e n t r e  b e l o w  t h e  f i g u r e .  The to f r o n t s  a r e  c o n t i n u o u s ,  b u t

t h e  to f r o n t s  a r e  d i s c o n t i n u o u s  a l o n g  t h e  d i a g o n a l  b l a c k  l i n e .

The c o r r e s p o n d i n g  t w o - b e a n  i n t e r f e r o g r a m ,  ^ i g ,  6 3 b ,  show s  t h a t

t h i s  l i n e  i s  a  s t e p  on t h e  s u r f a c e ,  w h o s e  h e i g h t  v a r i e s
o

b e t w e e n  0 a n d  950A,. The l i n e  m akes  an a n g l e  o f  40^ w i t h  t h e

-y p r i s m  e d g e  o f  t h e  f a c e  an d  i s  t h e r e f o r e  w i t h i n  1'̂  of t h e  l i n e
/

o f  i n t e r s e c t i o n  o f  t h e  f a c e  w i t h  a n  a d j a c e n t  R p l a n e .

I t  i s  w e l l  known t h a t  t h e  R p l a n e s  o f  q u a r t z  a r e
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1 p l a n e s  o f  p a r t i a l  c l e a v a g e  a n d  we c a n  c o n c l u d e  t h a t  t h e
. i

d i a g o n a l  s t r a i g h t  l i n e  i n  F i g .  6 3 a  i s  a  s l i p  l i n e .  ’M oreover ,  

t h e  s l i p  l i n e  t e r m i n a t e s  on  t h e  s u r f a c e  a t  b o t h  e n d s .  The  

t e r m i n a t i o n  o f  t h e  l i n e  a t  t h e  l o w e r  end i s  shown more c l e a r l y  

i n  t h e  p h o t o g r a p h  P i g .  6 3 c .  The t e r m i n a t i o n  a t  t h e  u p p e r  <=̂ nd 

h a s  l e d  t o  s e v e r a l  g r o w t h  f r o n t s  t e r m i n a t i n g  on t h e  s u r f a c e .  

The p o i n t s  on t h e  s u r f a c e  w h e r e  t h e  s l i p  l i n e  t e r m i n a t e s ,  and  

t h e  p o i n t s  w h e r e  t h e  s l i p  s t e p  c h a n g e s  h e i g h t ,  m u st  mark t h e
XT
to' p o i n t s  o f  e m e r g e n c e  o f  s c r e w  d i s l o c a t i o n s .

I t  a p p e a r s  t h a t  t h e  s l i p  o c c u r r e d  t o w a r d s  t h e  end o f  

g r o w t h ,  a s  o t h e r w i s e  t h e  s l i p  s t e p  w o u l d  h a v e  b e e n  f i l l e d  in  

b y  t h e  e x p a n d i n g  s h e e t s .  F i g .  6 3 a  s h o w s  t h a t  c r o s s - l i n k i n g  

o f  t h e  g r o w t h  f r o n t s  h a s  t a k e n  p l a c e  i n  t h e  d i r e c t i o n  shown  

by  t h e  a r r o w ,  a s  a r e s u l t  o f  s l i p .

I f  l i m i t e d  s l i p  h a d  t a k e n  p l a c e  a n  a p p r e c i a b l e  t im e  

b e f o r e  t h e  en d  o f  g r o w t h ,  t h e  l i n e  o f  s c r e w  d i s l o c a t i o n s  a l o n g  

t h e  s l i p  d i r e c t i o n  w o u ld  h a v e  a c t e d  a s  i n i t i a t i n g  c e n t r e s  f o r  

f u r t h e r  g r o w t h .  T h i s  i s  t h e  e x p l a n a t i o n  o f  l i n e a r  o c c u r r e n c e  

o f  i n i t i a t i n g  c e n t r e s  i n  a  d i r e c t i o n  a t  40® t o  t h e  p r i s m  e d g e ,  

w h i c h  w a s  p r e v i o u s l y  g i v e n  i n  S e c t i o n  6 ,  C h a p t e r

"^he g r o w t h  f r o n t s  i n  F i g s . 6 3 a  an d  c a r e  a p p r o x i m a t e l y
o

3 2 0 0 A h i g h ,  i . e .  t h e y  a r e  s e v e r a l  t i m e s  h i g h e r  t h a n  t h e  s l i p  

s t e p ,  a l t h o u g h  t h e y  a p p e a r  t o  b e  l e s s  v i s i b l e .  The r e a s o n  f o r  

t h i s  r e d u c e d  v i s i b i l i t y  i s  t h a t  t h e  g r o w t h  f r o n t s  a r e  o f  t h e

X
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l o w - a n g l e  t y p e  ( s e e  S e c t i o n  5 ,  C h a p t e r  V ) ,  w h e r e a s  t h e  s l i p  

l i n e  I s  p r e s u m a b l y  an a b r u p t  s t e p .

The two c r y s t a l s ,  B r a z i l i a n  A a n d  B, a r e  t h e  o n l y  

n a t u r a l  c r y s t a l s  f o r  w h i c h  d i r e c t  e v i d e n c e  f o r  t h e  e x i s t e n c e  

o f  s c r e w  d i s l o c a t i o n s  h a s  b e e n  o b t a i n e d .

4 ,  A r k a n s a s  C r y s t a l  A.

A m i n o r  r h o m b o h e d r a l  f a c e  o f  t h i s  c r y s t a l  s h o w e d  an  

I n t e r e s t i n g  p h e n o m e n o n ,  w h i c h  h a s  a l s o  b e e n  o b s e r v e d  o n  s e v e r a l  

o t h e r  c r y s t a l s .  U n d e r  t h e  n a k e d  e y e  t h e  f a c e  h a d  a  r i p p l e d  

a p p e a r a n c e ,  g i v i n g  t h e  i m p r e s s i o n  o f  t h e  p r e s e n c e  o f  g r o w t h  

f r o n t s ,  a t  l e a s t  a  w a v e l e n g t h  h i g h .  M i c r o s c o p i c  o b s e r v a t i o n  

s h o w e d ,  h o w e v e r ,  t h a t  t h e s e  ' g r o w t h  f r o n t s '  w e r e  a c t u a l l y  g r o u p s  

o f  g r o w t h  f r o n t s ,  w i t h  a p p r o x i m a t e l y  t w e n t y  f r o n t s  i n  e a c h  

g r o u p .

F i g .  6 4  i s  a  p h o t o m i c r o g r a p h  o f  t h e  r  f a c e ,  s h o w i n g

t h e  g r o w t h  f r o n t s  w h i c h  h a v e  s p r e a d  f r o m  t h e  p y r a m i d  sum m it  on

t h e  r i g h t .  N e a r  t h e  sum m it  t h e  i n d i v i d u a l  g r o w t h  f r o n t s  can

o n l y  j u s t  b e  d e t e c t e d ,  w h e r e a s  t h e  g r o u p s  o f  g r o w t h  f r o n t s

a r e  c l e a r l y  v i s i b l e .  T h i s  r e g i o n ,  m a rk e d  A I n  F i g .  6 4 ,

c o r r e s p o n d s  t o  t h e  r a u l t l p l e - b e a m  p i c t u r e  F i g .  6 6 .  The g r o w t h

f r o n t  d i r e c t i o n  I n  F i g .  6 6  i s  a p p r o x i m a t e l y  v e r t i c a l ,  a n d  t h e

p i c t u r e  s h o w s  t h e  d i v i s i o n  o f  t h e  g r o v / t h  f r o n t s ,  w h i c h  a r e
o

I n d i v i d u a l l y  l e s s  t h a n  lOOA h i g h ,  i n t o  t h r e e  s e p a r a t e  g r o u p s .  

F u r t h e r  away f r o m  t h e  p y r a m i d  su m m it  i n  F i g .  6 4  t h e  i n d i v i d u a l
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g r o w t h  f r o n t s  a r e  m ore  v i s i b l e ,  a n d  t h e  c o r r e s p o n d i n g

I n t e r f e r o g r a m  F i g .  6 5  s h o w s  t h a t  t h e  g r o w t h  f r o n t s  a r e  now  
o

a t  l e a s t  200A h i g h .  The p y r a m id  p r o f i l e ,  shown i n  F i g .  6 7 ,  

h a s  a r i p p l e d  o r  u n d u l a t i n g  f o r m .

I t  a p p e a r s  t h a t  t h e r e  w e r e  two I n d e p e n d e n t  p e r i o d i c  ^

p r o c e s s e s  I n  o p e r a t i o n  d u r i n g  t h e  g r o w t h  o f  t h i s  f a c e .  The

f i r s t  ( b u n c h i n g  p r o c e s s )  g a v e  r i s e  t o  t h e  g e n e r a t i o n  o f

m o l e c u l a r  g r o w t h  l a y e r s  i n  g r o u p s ,  a n d  t h e  l a y e r s  i n  e a c h  g r o u p

s u b s e q u e n t l y  b u n c h e d  t o g e t h e r  i n t o  g r o w t h  f r o n t s  a p p r o x i m a t e l y  
o

20CA h i g h .  The s e c o n d ,  o f  l o n g e r  p e r i o d ,  g a v e  r i s e  t o  a  

g r o u p i n g  o f  t h e  b u n c h e d  g r o w t h  f r o n t s ,  s o  t h a t  t h e  c o m b i n e d  

h e i g h t  o f  t h e  g r o u p s  o f  g r o w t h  f r o n t s  w as  o f  t h e  o r d e r  o f  on e  

w a v e l e n g t h .  T h i s  s e c o n d  p r o c e s s  l e d  t o  t h e  u n d u l a t i n g  n a t u r e  

o f  t h e  p y r a m i d  p r o f i l e .  I t  I s  p o s s i b l e  t h a t  I t  w a s  c o n n e c t e d  

w i t h  a  p e r i o d i c  v a r i a t i o n  o f  t h e  s u p e r s a t u r a t i o n  a t  t h e  

I n i t i a t i n g  c e n t r e .



Chapter VIII

PHI3M FAG28 AND FACES OF TWINNED CRYSTALS.

The p r i s m  f a c e s  o f  n a t u r a l  c r y s t a l s  a r e  u s u a l l y  l e s s
U

w e l l - d e v e l o p e d  t h a n  t h e  r h o m b o h e d r a l  f a c e s ,  a n d  a r e  n o t  v e r y  

s u i t a b l e  f o r  s t u d y  w i t h  s e n s i t i v e  i n t e r f e r e n c e  t e c h n i q u e s .  

F u r t h e r m o r e ,  t h e  f a c e s  a r e  f r e q u e n t l y  s t r i a t e d  i n  a  d i r e c t i o n  

p e r p e n d i c u l a r  t o  t h e  t r i a d  a x i s ,  a n d  a  h e a v i l y  s t r i a t e d  f a c e  $ s  

t o o  r o u g h  f o r  d e t a i l e d  s t u d y .

An in te r fe r o m e tr ie  survey o f f i v e  prism  fa ces  o f  a 

c r y s ta l from the Rhone G lacier  was undertsçken by G r iffin (

G r iff in  observed bunching o f s tep s; and a lso  what he termed

I su rface "buckling", i . e .  a v a r ia t io n  of h e ig h t o f  th e  bunched ^
\

step s  a long th e ir  len g th , lea d in g  to  a b u ck lin g  o f  the su rfa ce .

B uckling has been observed on a Madagascar c r y s ta l ,  the  

step  h e ig h t varying  Between 500% and 1200Â in  a l in e a r  d ista n ce  

of 5mms. The p resence o f b u ck lin g  in d ic a te s  th a t th e su c c e ss iv e  

 ̂ p lanes o f growth la y e r s  are not s t r i c t l y  p a r a l le l .  I t  was shown 

in  Part 2, Chapter V th a t th ere was no evidence fo r  a s im ila r  

d is to r t io n  o f  th e growth la y e r s  on th e rhombohedral fa c e s .  Thus 

the more p e r fe c t  development o f the rhombohedral fa c es  may be 

connected w ith  th e  absence o f la y e r  d is t o r t io n .

I n v e s t ig a t io n  o f  sev e ra l prism fa c e s  o f B r a z ilia n  

and Madagascar c r y s ta ls  revea led  th a t the growth fr o n ts  had the  

shape o f a p ara lle logram  (P ig . 68) .  The two o p p osite  s id e s
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AB and CD, perpandlcu lar to  th e tr ia d  a x is ,  wera oonsldarably  

lon ger than the o th er  two a id e s . These fa c t s  are i l lu s t r a t e d  

by the photom icrograph. P ig . 69, o f  a Madagascar c r y s ta l .  The 

upper h o r iz o n ta l l i n e  i s  the boundary between the adjacent prim  

fa c e s  and th e low er h o r iz o n ta l l i n e  i s  a Dauphlne tw in boundary. 

Growth sh ee ts  have spread from th e se  two boundaries, and formed 

numerous te tra h ed ra l growth pyramids centred  on th e boundaries. 

This fa ce  appeared to  be s t r ia t e d  when viewed w ith the naked

/
The e lo n g a tio n  o f  th e growth fr o n ts  in  a d ir e c t io n  

p erp en d icu lar to  th e  tr ia d  a x is  in d io n te s  th a t th e growth ra te  

on th e  prism  fa c e  i s  g re a ter  in  a d ir e c t io n  p erp en d icu lar than  ̂

p a r a l le l  to  t h i s  a x i s .  'Hiis d i f f e r e n t ia l  growth ra te  le a d s  to  

a r e la t iv e ly  steep  grad ien t in  th e tr ia d  a x is  d ir e c t io n  (F ig . 

6 8 . ) .  Thus the lo n g , steep  r id g e s , or s t r ia t io n s ,  which oan be 

seen by eye are the o p p o site  s id e s  o f  te tra h ed ra l growth 

pyramids, and a r is e  as a r e s u lt  o f  the d if f e r e n t  growth ra te  

p a r a l le l  and p erp en d icu lar to  th e tr ia d  a x is .

F ig . 70 i s  a photograph o f  the te tra h ed ra l pyramids 

on a second c r y s t a l .  This fa c e  was more sev e re ly  s tr ia te d  than 

the one showh in  F ig . 69, and again  in d ica ted  th a t the str ia tiorfi 

were due to  the development o f  te tra h ed ra l growth pyramids.

I t  i s  g e n e r a lly  b e lie v e d  however, th a t the prism
‘J

s t r ia t io n s  on quartz a r is e  in ste a d  from an “o s c i l la t o r y  develop

ment* o f  adjacent prism and rhombohedral fa c e s . This i s  the
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“o s c i l la t o r y  com bination theory" (Daks, F laaner and ^Ison^^® )).
I

This theory req u ires  the angle o f  in c l in a t io n  between th e s i de  

o f the s t r ia t io n  and the prism  p lane to  be 38", whereas in t e r -  

ferom etric  measurement showed th a t i t  was a t most 7" fo r  th e  

face  shown in  F ig . 69 , Further, o b serv a tio n s on sy n th e tic  c r y s t

a ls  showed th a t th e growth fr o n ts  on th e prism fa c e s  were in  

general c ir c u la r , and th a t no s t r ia t io n s  could  be seen . Tliare 

appears to  be no reason  why th e  symmetry o f th e  growth sh e e ts  

should a f f e c t  th e development o f  s t r ia t io n s  accord in g to  th e  

o sc illa to r y -c o m b in a tio n  th eory .

Thus, a lthough  th ere i s  con sid erab le  e v i d e n c e ^ f o r  

the o s c i l la t o r y  development o f  rhombohedral and prism  fa c e s  on 

some c r y s t a ls ,  i t  appears th a t t h i s  i s  not the co rrec t reason  

fo r  the development o f  s t r ia t io n s  on w ell-d eve lop ed  c iy s t a l s .

I t  can be concluded th at s t r ia t io n s  occur in  most n atu ra l 

c r y s ta ls  as a r e s u l t  o f  the development o f  te tra h ed ra l growth 

pyramids, and th a t o c c a s io n a lly  th e s tr ia te d  appearance i s  

accen tu ated  by the o s c i l la t o r y  development o f  adjacent fa c e s .

y  O bservations on twinned R and r  su rfa ces (Dauphine 

and B r a z ilia n  tw in s) showed th a t th e  sep arate  twinned p o rtio n s  

grew independently  from separate ce n tres  o f  i n i t i a t io n .  The 

growth sh e e ts  from one twinned p o rtio n  spread to  th e tw in  

boundary but no fu r th e r . I t  has been su ggested  by Miers^®'^^ 

th a t th ere  i s  a sm all r o ta tio n  o f  th e  l a t t i c e  o f  one twinned
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p o r t i o n  w i t h  r e s p e c t  t o  t h e  l a t t i c e  o f  t h e  n e i g h b o u r i n g  p o r t i o n ,  

b u t  no  e v i d e n c e  f o r  t h i s  was o b t a i n e d  f r o m  t h e  s e v e r a l  t w i n n e d

c r y s ta ls  examined. Thus i t  was found th at when the m u ltip le -
; Co

beam  f r i n g e s  w e r e  a d j u s t e d  p a r a l l e l ^ t h e  g r o w t h  f r o n t s  o f  o n e  

t w i n n e d  p o r t i o n  o f  t h e  r h o m b o h e d r a l  f a c e  , t h e y  w e r e  a l s o  

p a r a l l e l  t o  t h e  gro^rbh f r o n t s  o n  t h e  r e m a i n d e r  o f  t h e  f a c e .

L o c a l i s a t i o n  o f  i n i t i a t i n g  c e n t r e s  a l o n g  t h e  t w i n  

b o u n d a r y  was  f r e q u e n t  ( F i g s .  7 1 ,  7 2 ) .  T h i s  i s  a  w e l l - k n o w n  

f e a t u r e  o f  t h e  g r o w t h  o f  s e v e r a l  t w i n n e d  c r y s t a l s  ( e . g .  f l u o r i t e )  

The t w i n  b o u n d a r y  i s  a  f a v o u r a b l e  p o s i t i o n  f o r  i n i t i a t i o n  o f  

g r o w t h  s h e e t s  a s  ( a )  t h e  b i n d i n g  e n e r g y  i s  s m a l l e r  a t  t h e  

b o u n d a r y  s t e p ,  a n d  ( b )  i m p u r i t i e s  t e n d  t o  b e  tr@.pped a t  t h e  

b o u n d a r y .



Chantar IX.

ÜE3DS WITH S1.ÎÂLL AMOUNT OF SYNTHSTIC GROWTH.

1 .In tro d u ctio n .

The f i r s t  su e o e ss fu l attem pts to grow la r g e  sy n th e tic  

quartz c r y s ta ls  were reported by Bpezia^’'’®) a t th e b egin n in g  o f  

th is  cen tu ry . S pezla  used a s i lv e r - l in e d  bomb con ta in in g  a 

so lu t io n  o f  sodium m e ta s l l io a te . In the upper part o f  the bomb 

he p laced  a s i l v e r  b ask et co n ta in in g  fragm ents o f broken quartz, 

and ju s t  below  t h i s  he suspended the seed c r y s ta ls  o f  natural 

quartz. "Oie tem perature was 3S)"C in  th e upper part o f  th e  

bomb, and f e l l  to  2OO“0 in  the low er p a r t. The quartz fragments 

were d isso lv e d  a t th e  h igh er  tem perature, and r e -d e p o site d  on 

the seed  c r y s ta ls  a t  a s l ig h t ly  low er tem perature, ih e  r a te  o f  

growth was o f the order o f  lorn, in  100 days.

! During th e 1939 -  45 war Naoken in  Germany developed

a d if f e r e n t  tech n iq ue employing v itr e o u s  s i l i c a  as the n u tr ien t  

m a te r ia l. In  th e  nei#ibourhood of the c r i t i c a l  p o in t o f  water 

v itr e o u s  s i l i c a  i s  about ten  tim es more so lu b le  In water than 

o( -  quartz. Thus i t  i s  p o s s ib le  to  ob ta in  growth under I so 

thermal co n d itio n s  by producing a so lu t io n  which I s  undersat

urated w ith  re sp ect to  th e v i t r e oua s i l i c a  and supersaturated  

w ith  resp ect to  the seeds o f n atu ra l quartz. In t h is  method 

the r a te  o f  growth la  at f i r s t  rapid; but then d ecreases 'and 

ev en tu a lly  f a l l s  to  zero, owing to  c r y s t a l l i s a t io n  o f  v itr e o u s

/!
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s i l i c a  in  s i t u .  For t h is  reason  th e tem perature-grad lent 

method o f  Spezla  i s  now g en er a lly  p referred ; and fu rth er  

p rogress in  growing sy n th e tic  quartz has been reported by
(77 )

Van P r a a ^ ' , and by workers a t th e  G. 3 .0 .  L aboratories, 

E n g l a n d a n d  th e  B e ll  Telephone L ab oratories, U.S.A.  

idio have developed  S p e z la 's  o r ig in a l  tech n iq u e .

The su rfa ce  topography o f  se v e r a l sy n th e t ic  c r y s ta ls  

grown a t th e G.E.C, L aboratories by th e  tem perature-grad lent 

method has been stu d ied  In te r fe r o m e tr io a lly . 1‘ha c r y s ta ls  

examined were o f  two typ es;

(a) -Saturai seed  c r y s ta ls  w ith  a sm all amount (se v e r a l wave

le n g th s)  o f  sy n th e tic  growth.

(b) aeed c r y s ta ls  w ith sev era l oms, o f  sy n th e tic  growth.

The r e s u l t s  on the (a )  c r y s ta ls  w i l l  be d escrib ed  in  t h is  

chapter, and on th e (b) c r y s ta ls  in  Chapter X.

2. Surface Topography and Thickness o f  S y n th e tic  Growth.

S ix  (a) c r y s ta ls  were in v e s t ig a te d . They p ossessed  

d if fe r e n t  average th ick n e sse s  o f  sy n th e tic  growth from a sm all 

fr a c t io n  o f  a w avelength to  approxim ately ten  w avelengths. The 

seeds were th in  la y e r s  out p a r a l le l  to  the major rhombohedral 

fa c e , and were ground on both  s id e s .

F ig . 73 I s  a m ultiple-beara in terferegram  o f  the seed  

w ith the sm a lle s t  amount o f sy n th e tic  growth. Several
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1/  I s o la te d  n u o le i o f  sy n th e t ic  growth have developed on the  

o r ig in a l ground su rfa ce , ixhloh i s  represen ted  by th e broad

p V  s tr ia te d  f r in g e s .  The sm all tr ia n g u la r  markings are etch  p i t s ,

which were probably formed a t th e  end o f  growth. The fr in g e s  

are not a t  th e  geographic d isp e r s io n  and th er e fo r e  do not g iv e  

the tru e  shape o f th e  sy n th e tic  n u o le i, or  pyramids.

The next sta g e  o f growth i s  rep resen ted  by F ig . 74,

idiich i s  an in terferogram  taken in  tra n sm itted  l ig h t  o f  a seed

with an average th ick n e ss  o f  s y n th e t ic  growth o f  h a lf  a wave

len gth  (2500Â). The I s o la te d  n u c le i in  F ig . 73 have developed  

in to  pyramids se v e r a l w avelengths h igh , and growth has taken
V

p lace  in  a d d itio n  from numerous sm aller  n u c le i over th e  remain

der o f  th e fa c e . The e x is te n c e  o f  th e se  sm aller  n u c le i i s  

revea led  by the o r ie n ta t io n  o f  th e background fr in g e s . The 

fr in g e s  are appix)xlmately o r ie n ta te d  In th ree  d ir e c t io n s ,  

corresponding to  th e d ir e c t io n  o f  the th ree s id e s  o f  th e growth 

pyramids.

F ig , 75 la  a photomicrograph o f  a c r y s ta l  with s l ig h t ly  

more s y n th e t ic  growth. One pyramid has spread over a r e la t iv e ly  

large area o f  th e fa c e , and growth sh e e ts  edges oan be d etec ted  

on t h i s  pyramid. The o u t lin e s  o f  th e  pyramids and o f  th e growth 

sh eets  are not o f  th e same shape, in d ic a t in g  th a t the o r ig in a l  

ground su rface  o f  th e  seed  was not e x a c tly  p a r a l le l  to  th e  

/ ( lO H )  l a t t i c e  p lan e .
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I t  appears from F ig s . 73 -  75 th a t two typ es o f  growth 

pyramids develop  In th e  i n t l t l a l  s ta g e s  o f  sy n th e tic  growth.

Type A pyramids are developed f i r s t  and grow f a s t e r  than th e type 

B pyramids, which are more numerous and d evelop  la t e r .  As growth 

proceeds th e A pyramids spread over th e vdiole fa ce  and cover

the B pyramids, which are thus rendered in a c t iv e .  F ig s . 76 and
an d

77 are the photomicrograph (w ith  o b liq u e  illu m in a tio n )^ co rre s

ponding tra n sm issio n  m ultiple-beam  in terferogram  o f  a c r y s ta l  

with an average th ic k n e ss  o f s y n th e t ic  growth o f  1 .5  m icrons.

The A pyramids have extended over th e  whole fa c e , and th ere  i s

now no tr a c e  o f th e  pyramids o f  typ e B.

In ter fero m etr lc  o b serva tion s oan shed no fu r th er  

l l # i t  on th e d is t in c t io n  between th e  A and B pyramids, and fo r  

the p resen t one can only sp ecu la te  on the reason fo r  t h i s

d is t in c t io n .  I t  i s  p o s s ib le  th a t the A pyramids developed from

y^screw d is lo c a t io n s ,  whereas th e  B pyramids grew by two-dimension» 

a l  n u c lé a tio n . This su ggestion  accounts fo r  th e  development o f  

the A pyramids f i r s t  and a lso  fo r  th e ir  more rapid  growth, as 

the a c t iv a t io n  energy fo r  growth from a tw o-dim ensional nucleus  

i s  con sid erab ly  la r g e r  than th a t fo r  growth from a screw d is 

lo c a t io n  (Chapter I I ) .

I t  w i l l  be shown in  th e next chapter th a t seed  

c r y s ta ls  w ith  se v e r a l oms. o f  sy n th e t ic  growth grow from a 

r e la t iv e ly  sm all number o f  n u o le i -  o f  the order o f lO /sq .cm .

Thus in  the growth o f  sy n th e tic  c r y s ta ls ,  the d en sity  o f



102.

growth n u c le i I s  h igh  ( 10^/@q.om.) In the e a r ly  s ta g e s  o f  I
v

growth, but ra p id ly  f a l l s  as th e B pyramids become in a c t iv e ,  

and f a l l s  even fu r th e r  u n t i l  e v e n tu a lly  growtn con tin u es from 

only a sm all p rop ortion  o f  the o r ig in a l  A pyramids. A fa c to r ,  

which w i l l  lead  to  t h i s  p ro g ress iv e  d e -a c t iv a t io n  o f  growth 

n u c le i, i s  i l lu s t r a t e d  by the diagram. F ig . 78 a, b . Imagine 

two growth pyramids P and 1 (P ig . 78a) shown in  p r o f i le  and whose 

g ra d ien ts  are ©p and 6q. Let 3p and 3^ be th e summits o f  th e  

pyramids. In g en era l the su p ersa tu ra tion  w i l l  vary over th e  

1/ su rface  and th e growth sh e e ts  w i l l  spread at d if fe r e n t  v e l o c i t 

i e s  from Sp and Sq. Let us suppose th a t  the growth sh ee ts  from 

3p spread f a s t e r  than those from Sq, so th a t ev en tu a lly  th e  

boundary o f  pyranald P reaches th e  p o s it io n  (F ig . 78b ), %en 

Il th is  occu rs, growth cannot con tin ue from Q u n le ss  ©p I f
V

m olecular s te p s  cannot spread from % as t h e ir  rad iu s o f  

curvature w i l l  be sm aller  than th e rad iu s o f th e c r i t i c a l  

n ucleu s, r^.

P ig , 79 i s  a photomicrograph o f  the H fa ce  o f a 

c r y s ta l w ith  O.OEmms. of sy n th e tic  growth. The sy n th e tic  la y er  

Was d ep o sited  a t  a com paratively la r g e  growth r a té , and the ^  

sy n th e tic  su rface  i s  l e s s  w ell-d ev e lo p ed  than th a t shown, fo r  

in sta n c e , in  F ig , 76 . In F ig , 79, a r a d ia l s tru c tu re  can be 

seen , which has spread from th e  summit of each growth pyramid. 

As the pyramid summits are the i n i t i a t i n g  cen tres  fo r  growth, 

th is  r a d ia l s tru c tu re  appears to  be the tw o-dim ensional counter

part o f  th e lin e a g e  stru ctu re  p o stu la ted  by Buerger: according

H
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to Buergar^®®^ many c r y s ta ls  develop  a lin e a g e  s tru c tu r e , which 

ra d ia te s  outwards from th e nucleus o f  growth.

>1 1 .



Chapter X.

LARGS SYNTHETIC CRYSTALS.

The second type (B) o f  sy n th e tic  c r y s ta l  stu d ied  

were th o se  ^ i c h  p o ssessed  a con sid erab le  th ic k n e ss , o f  the  

order o f sev e ra l mms. o f  sy n th e tic  growth. The major rhombo

h ed ral fa c e s  o f  th e se  c r y s ta ls  were stu d ied  by two-beam and  ̂

m ultlple-beam  in ter fero m etry . S evera l photographs shown In th is  

chapter were taken on r e p lic a s  o f the R fa c e s , u sin g  the u ltr a 

v io le t  p erspex  technique d escr ib ed  in  Chapter IV. The r  and 

m fa c e s  o f  th ese  c r y s ta ls  were in  gen eral se v e r e ly  etched , 

and the growth fe a tu r e s  were alm ost o b lit e r a te d . Consequently 

the R fa c e s  on ly  were examined.

F ig . 80 i s  a photomicrograph, taken w ith  ob liq u e  

i l lu m in a tio n , and F ig . 81 a two-beam in terferogram  of ty p ic a l  

areas on an R fa c e . The-growth pyramids have approxim ately  

c ir c u la r  symmetry, i . e .  they are growth cones, and at th e  

summit o f th e cone th ere  i s  a d is t in c t  protuberance. In  

a d d itio n  to  the la r g e  growth cones th ere  are a much g rea ter  

number o f sm all con es, # ilo h  oan e a s i ly  be seen in  F ig . 80.

They lead  to  the r ip p led  appearance o f  th e  fr in g e s  in  F ig . 31.

The p resen ce o f growth cones in d ic a te s  th a t the g r o # i  

V. sh ee ts  are c ir c u la r . I t  i s  on ly  ra re ly  th a t the growth fr o n ts  

 ̂ oan be observed under th e m icroscope. Photographs o f th e  

growth fr o n ts  are shown in  F ig s , 82 — 84, and in  each case
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the c ir c u la r  fr o n ts  appear to  spread from an I n i t ia t in g  cen tre  

which l i e s  c lo s e  to  th e  fa ce  edge.

I t  I s  d i f f i c u l t  to  account fo r  the development o f  k- 

c ir c u la r  sh ee ts  on th ese  o ir /s ta ls  in  co n tra st to  the o r ien ta ted  

sh ee ts  on th e  s y n th e t ic  c r y s ta ls  o f  type A, as both k inds o f  

c r y s ta l  grew at d if f e r e n t  con cen tra tio n s but a t approxim ately  

the same tem perature, 360*0. According to Burton, Frank and 

y  C a b r e r a t h e  growth sh ee ts  w i l l  be c ir c u la r  i f  Xg >  x©, where 

X, i s  th e  mean d is ta n c e  o f  d if fu s io n  o f  adsorbed m olecu les and 

Xq th e mean d is ta n c e  between Frenkel k inks; and p olygonal i f  

*s '̂ 0 expect Xg and x^ to  vary w ith  tem pérature, b ut to

be independent o f th e  su p ersa tu ra tion . A p o s s ib le  exp lan ation  

of th is  d i f f i c u l t y  i s  th a t the su rfa ce  d if fu s io n  current in  the  

growth o f the B c r y s ta ls  ••■’as r e la t iv e ly  unimportant compared 

with th e  d ir e c t  d if fu s io n  current through the so lu t io n . In th is  

Y case , even i f  x@ -< Xq, we w i l l  expect th e growth sh ee ts  to  be 

c ir c u la r .

The steep  r i s e  in  grad ien t o f  th e  growth cones in  the  

neighbourhood o f  t h e ir  summit in d ic a te s  th a t th e r a t io :

ra te  o f  i n i t i a t io n  o f  growth sh ee ts  
r a te  o f  spreading o f  growth sh e e ts

in crea se s  suddenly towards the end o f growth. The supersatura

t io n  o f th e  so lu t io n  r i s e s  a t the end o f growth, shen the h eat

ing current I s  sw itched  o f f  and the so lu t io n  b eg in s to c o o l.  

According to  the d is lo c a t io n  theory o f  g r o w t h ^ t h e  above 

r a t io  i s  p ro p o rtio n a l to  the su p ersa tu ra tion , and the theory
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w i l l  th e r e fo r e  account fo r  th e observed nature o f  the summits 

o f  th e growth con es.

A s im ila r  exp lan ation  w i l l  apply to  th e  development 

o f  protuberances on th e summits o f  th e  growth cones o f  n atu ra l 

c r y s ta ls  (S e c tio n  1 , Chapter V II). N atural c r y s ta ls  w i l l  cease  

growing e ith e r  # ie n  th e  so lu t io n  i s  exhausted, or  when th e  

m etastab le l im i t  fo r  growth i s  a tta in e d . I f  th e  tem perature o f  

growth suddenly f a l l s ,  th e  su p ersa tu ra tion  w i l l  r i s e  and th e  

pyramid grad ien t in c r e a se , u n t i l  th e  m etastab le  l im it  i s  reached.

An attem pt was made to  v e r i f y  th e p r e d ic t io n  o f  the  

d is lo c a t io n  theory th a t the grad ien t o f th e  growth pyramids i s  

p rop ortion a l to  th e  su p ersa tu ra tion . The g ra d ien ts  o f  the  

pyramids on s ix  c r y s ta ls  grown a t  d i f f e r e n t  su p ersa tu ra tio n s  

were measured, and th e r e s u lt s  in d ica ted  th a t the grad ien t  

in creased  w ith su p ersa tu ra tio n . I t  was not p o s s ib le  to  ob ta in  

a p r e c ise  r e la t io n s h ip  between g ra d ien t and su p ersa tu ra tion , as 

(a) the c a lc u la t io n s  o f  the auparsaturation  were on ly  approxi

mate, and (b) th e grad ien t of th e  in d iv id u a l growth pyramids on 

the same fa ce  were not th e  same, and i t  was th e r e fo r e  n ecessary  

to  take a mean v a lu e . Furthermore, i t  i s  p o s s ib le  th a t th e  

su p ersatu ration  varied  over th e  su rface  o f the growing c r y s ta l ,  

in  s p it e  o f  th e e f f i c i e n t  s t ir r in g  provided by con vection  

currents induced by th e  tem perature g ra d ien t.

As growth fr o n ts  could ra r e ly  be d e tec ted  on th e  

fa ces  o f  the sy n th e tic  c r y s ta ls ,  they must be in  general o f
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sm aller h e ig h t than th e growth fr o n ts  on n atu ra l c r y s t a ls .

Thus, I f  bunching occu rs, the u lt im a te  h e ig h t Hq o f  the growth 

fr o n ts  on the s y n th e t ic  B c r y s ta ls  i s  l e s s  than that on n atu ra l 

c r y s ta ls .  This i s  to  be expected  on th e theory o f  bunching  

given  in  S ec tio n  £, Chapter V II. The su p ersa tu ration  fo r  the  

growth o f  the B c r y s ta ls  was o f  th e  order o f 3^, and th er e fo re  

con sid erab ly  h igh er  than the va lu e o f  1/ 10^ p rev io u sly  estim ated  

on n a tu ra l c r y s t a ls .  Thus th e rad iu s o f  th e  c r i t i c a l  n u cleu s,

I  r© ( =  ^ j / l ^  T(T ) i s  sm aller fo r  th e  B c r y s ta ls ;  and th e corres

ponding number of screw  d is lo c a t io n s , which are w ith in  a 

I d ista n c e  2 H r© o f each o th er and can co -op erate  w ith  one 

another and produce a bunched growth fr o n t, i s  th erefore  l e s s .

F ig . 85 i s  a two-beam in terferogram  o f th e  fa ce  shown 

in  F ig . 8 4 . I t  shows th a t the c ir c u la r  growth fr o n ts  in  F ig .84 

are se v e r a l w avelengths h l ^  and o f  th e  low -an gle  ty p e . The 

angle Y /betw een th e  r is e r s  o f  the growth fr o n ts  i s  o f th e  order 

o f 10” ^ rad ians o f  a rc . Applying the formula ( 5 .1 ) :

n r
we o b ta in  %g » 50a. This i s  ra th er  h ig h er  than the value  

Xg w 30a, which was p rev io u sly  estim ated  fo r  sev era l natural 

c r y s ta ls .

S evera l s te p s  in  F ig . 84 appear to  term inate on the  

su rface and th is  i s  confirm ed by F ig . 85 . In sev era l oases  

c ir c u la r  p i t s  are lo c a te d  a t  th e p o in ts  o f  term ination  o f  th ese  

s te p s . These p o in ts  must rep resen t the p o in ts  o f  emergence
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i / o f  screw d is lo c a t io n s  o f e x c e p tio n a lly  la r g e  (^ 1 0 % ) Burgers 

v e c to r .

A la r g e  growth cone I s  shown In th e Interferogram ,

F ig , 86, to g e th er  w ith  numerous sm a ller  con es. A s im ila r  

development o f  sm all growth cones has a lready been noted in  

F ig . 8 0 . The h e l ^ t  o f  th e  sm all cones in  F ig . 86 i s  a few  

w avelengths, and t h i s  i s  th e  same h e ig h t as the protuberance 

at the summit o f  th e  la rg e  i^ram ld. I t  th e r e fo r e  appears th a t  

the protuberance and the sm all cones were developed sim ultan

eously  a t the and o f  growth, a f t e r  the su p ersa tu ration  began 

to r i s e .  Thus, a lthough  growth i n i t i a l l y  tak es p la ce  from a 

la rg e  number o f  n u o le i and most o f  th e se  subsequently  become 

in a c t iv e , the d e n s ity  of growth n u c le i r i s e s  again  i f  the super

sa tu ra tio n  o f  th e  so lu t io n  i s  In creased .

A f in a l  p o in t o f  in t e r e s t  on th e sy n th e tic  B c r y s ta ls  

i s  I l lu s t r a t e d  by th e  two-beam in terferegram s P ig s . 87 and 88, 

Steps have developed on th e se  fa c e s  p a r a l le l  and c lo se  to  the  

edges o f  the fa c e . The presence o f  th e se  s te p s  in d ic a te s  th a t  

the growth fr o n ts  have been p a r tly  h e ld  up along l in e s  p a r a l le l  

to the fa ce  ed ges. These l in e s  may have o r ig in a lly  marked the 

p o s it io n  o f  the fa c e  edges, and in  th is  case  the o b stru ction  to  

the spreading o f th e sh ee ts  could  have a r ise n  from the presence  

o f  im p u r itie s  trapped along the fa ce  edge. The h o ld in g  up o f  

sh ee ts  has been so severe  in  F ig . 87 th at the edges f a l l  away 

in  a concave su rfa ce , which oan e a s i ly  be observed w ith th e  

aid  o f  a m agnifying le n s .
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