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1. In troduction .

Th is  paper is an extension of a previous memoir on the  “ Colours in M etal Glasses 

and in M etallic Film s ; i t  is concerned w ith  th e  application of m athem atical analysis, 

akin  to  th a t  already there  developed, to the  explanation and coordination of the  

colours w hich certain  m etals are, under a g rea t v arie ty  of circumstances, capable ol 

causing.

(393.)

* ‘ P h il .  T ran s . ,’ A , 1904, vol. 203 , pp. 3 8 5 - 4 2 0 .

11 .10 .05
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2 3 8 M R. J . C. M A X W E L L  G A R N E T T

From  observations on gold and copper ruby  glasses, i t  has been shown* th a t  the  

first stage in th e  form ation of a crysta l o f those m etals is th e  small sp h e re ; and from 

observations on th e  grow th of su lphur crysta ls in CS2, Vo g e l s a n g ! arrived a t th e  

conclusion th a t  th e  small sphere is alw ays th e  first stage in th e  form ation of a crystal. 

H e rem arked, however, th a t  it  is by no m eans necessary th a t  each of th e  small 

spheres, formed as crystallisation commences, should give rise to  a separate  c ry s ta l : 

the  small spheres ten d  to  coagulate, form ing first rows and th en  groups of o ther and 

more complicated shapes, u n til th e  crysta l is u ltim ately  formed. To th e  in term ediate 

bodies he gives th e  nam e of crystallites.

T h at th e  spherical form of th e  nascent crysta l is governed by surface tension, was 

suggested  in th e  former p ap e r.| I f  th is  suggestion is correct, we should expect th a t 

w hen th e  conditions are no t th e  same in all directions, th e  spherical form of th e  

nascent crysta l will be replaced by an ellipsoidal form. In  particu lar, w hen a very 

th in  film of am orphous m etal is hea ted  u n til th e  molecules are sufficiently free to 

allow crystallisation to  commence, th e  nascent crysta ls m ay be expected to  he 

spheroids of th e  p lanetary  type, having th e ir  axes norm al to  th e  film. Mr. G. T. 

Be il b y § has observed such spheroids in th in  films of gold and silver.

Now it  will appear below th a t  m etals are no t only dichroic, exhibiting  one colour 

by reflected lig h t and, in th in  films, ano ther by tran sm itted  l i g h t ; b u t th a t  one and  the 

same m etal may, as its  physical condition is altered , show a g rea t varie ty  of colours by 

reflected ligh t, and a corresponding o ther series of tin ts  by tran sm itted  light. The 

u ltim ate cause of all these colours is to  be found in th e  s tru c tu re  of th e  molecule itself. 

Juxtaposition , however, causes one molecule to  affect th e  vibrations of another. 

Thus consider a substance composed of molecules of a given m etal separated  from 

each o ther by th e  aether or by any  o ther non-absorbing medium :|| th e  “ effective free 

period ” of th e  molecule of such a substance is dependent on th e  geom etrical arrange

m ent and density  of d istribu tion  of th e  molecules in question. The optical properties 

of the  substance will therefore depend on its  m icrostructure. The object of th is 

paper is to  obtain  inform ation concerning th e  ultram icroscopic s tru c tu re  of various 

m etal glasses, colloidal solutions, and m etallic films, by calculating optical properties 

corresponding to  certain  assum ed m icrostructures, and  by com paring th e  calculated 

properties w ith  those observed.

* Loc.cit. (pp . 3 8 8 -3 9 2 ) . W h en  w ritin g  th e  form er p a p er  h ere c ited  I  w as unaw are of V o g e l s a n g ’s

w ork.

t  H . V o g e l s a n g , “ Sur les C r ista llite s ,” * A rch iv es  N ^ er lan d a ises,’ V . (1 8 7 0 ), p, 1 5 6 ;  V I. (1 8 7 1 ), p. 2 2 3 ;  

V II . (1 8 7 2 ), pp. 3 8 -3 8 5 .

|  Loc. cit.,p. 392 . T h e  furth er su g g e stio n  th ere  m ade th a t in  th e  colou rless g o ld  g lass  th ere  are the

m olecu les  of g o ld  presen t is, as w ill appear b e low , p. 2 5 1 , erron eou s. I t  is  a lm ost certain  th a t in  the  

colou rless g la ss  a g o ld  salt is  in  so lu tio n , so th a t th e  h e a t in g  has first to  reduce th e  g o ld  and  th en  to  a llow  

th e  iso la ted  m olecu les  to  run to g eth er  in to  spheres.

§ ‘ H u rter M em orial L ectu re ,’ G lasgow , 1903 , p. 46.

|| A s, for exam p le, g la ss  in  a m eta l g lass , or w a ter in  a collo id a l solu tion .
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O N  C O L O U R S IN  M E T A L  G L A S S E S , ETC. 231)

The m icrostruc tu res to  be assum ed are suggested  by  th e  preceding rem arks on 

crystallisation . C alculations w ill be m ade for th ree  ty p es of m icrostructure, nam ely,

(1) am orphous— th a t  in w hich th e  m etal m olecules are d is tr ib u ted  a t random  ;

(2) g ran u la r— th a t  in  w hich th e  m etal molecules are  arranged  in spherical groups ;

(3) sp icular*— th a t  in w hich these sm all spheres are replaced by oblate spheroids. 

I t  will subsequen tly  appear th a t  w hen th e  su rround ing  non -absorbing m edium  is of 

refractive index u n ity , an  am orphous and  a g ran u la r m icrostruc tu re  produce th e  same 

colours.

In  order to  calculate  th e  optical co n stan ts— th e  refractive index and  th e  coefficient 

of absorption— w hich correspond to  any  given m icrostruc tu re , i t  is necessary to  know  

th e  values of th e  constan ts for some sta n d a rd  am orphous s ta te  of th e  m etal. N ow 

Be il b y I has show n th a t  th e  process of polishing a m etal surface causes th e  surface 

layer to  “ flow ” as a liquid, and  th u s  th e  polished surface is th a t  o f th e  m etal in th e  

am orphous s ta te . I t  follows th a t  th e  optical constan ts  w hich we are to  use as 

d a ta  for our calculations should, so far as possible, be those w hich have been 

determ ined  by m eans of reflection from th e  polished surface of th e  m etal in its  

norm al s ta te  according to  Dr u d e ’s|  m ethod, ra th e r  th a n  those obtained  by m eans of 

th e  lig h t tran sm itte d  th ro u g h  th in  prism s of th e  m etal, a fte r  th e  m ethod adopted by 

Ku n d t .

2. Expressions f o r  Optical Constants o f  M ed ia  con ta in ing  M eta l Am orphous or

G ranu la r

The optical properties of a homogeneous isotropic m edium  are determ ined w hen 

th e  values of th e  refractive index n  and  th e  absorption coefficient , w hich correspond 

to  lig h t of every  frequency, are known. W e proceed to  obta in  th e  values of n  and u k  

for a substance composed of molecules of m etal em bedded in an  isotropic non-absorbing 

m edium, th e  m icrostructu re being amorphous.

Consider th e n  a m edium  consisting of one substance A, in solution in ano ther C, so 

th a t  th e  molecules of each substance are d is trib u ted  a t random. L e t th e  num ber of 

molecules p resen t per u n it volume in th e  s tan d ard  am orphous forms of A and  C be 

respectively  and  9£c, and le t th e  num ber of molecules present per u n it volume of 

th e  composite medium be and  pc9?c respectively. W e shal

be constan t th ro u g h o u t th e  m ed iu m ; or, more precisely, we assume th a t  a length  

very  small com pared w ith  a w ave-length  of ligh t, can be found such th a t, for all 

values of r  g rea te r than r 0, th e  num ber of molecules of A  contained by a spherical 

surface s itu a ted  w holly w ith in  th e  m edium  having  a radius r  and its  centre being

* T h e  ca lcu la tion s for a sp icu la r m icrostru cture  are reserved  for su b seq u en t p u b lica tio n , see n ote  p. 241.

t  Loc. cit., L ord  R a y l e i g h  (R o y a l In s titu tio n  L ectu re on  P o lish , M arch, 1 9 0 1 ) a lso  h olds  th e  v iew  th a t 

th e process of p o lish in g  is a  m o lecu lar  one. 

t‘A n n . der P h y s .,’ X X X I X . (1 8 8 9 ).
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2 4 0 M R. J . C. M A X W E L L  G A R N E T T

situa ted  a t any  point, is independent of th e  position of th a t  p o in t; th u s |ir/aA9̂ Ar 3 

depends only on r  : and sim ilarly for C.

Suppose th a t  w hen electrom agnetic waves traverse  th is  medium, the  moments of 

th e  average molecule of A and C in th e  vic in ity  of th e  poin t (.r, , z) are

fA (t) = ( / a,, / a,, f i

Then fA and fc are both  proportional to  E', th e  electric force exciting  th e  average 

m olecule*; th u s

fa = M ',  =

The polarisation f ' (?) o f th e  compound m edium  is given by

f ' (?) =  g A9?AfA (?)+/xc9?cfc (O’

W ritin g  now E for E0 in th e  general equation f

E' =  E0+ f  TTf',
we obtain

E' =  E + f 7T (gA$ A0A +  E',

so th a t

f ' /A =  /L ^ a^a + gcffic^c Xi

1 -  |  7T (/AaSMa + ̂ cSMc)

B ut Ma x w e l l ’s equa tions for th e  composite m edium  are

. d i ' ( t), dE  i t j , ^

a? d t d t

w here c is th e  velocity of lig h t in  vacuo. These m ay he w r

N /2 C]^L — c curl H, = — c curl E, 
d t d t

when we p u t

^ /2~2 = 3 ^ (/*a9Wa +PcWcOc)................................... ( 1 )•

I f  now we w rite

N ' =  n ' ( l -LK f) 

th en  n ' and k ' are th e  refractive index and absorption coefficient of the composite 

medium.

B u t th e  same analysis will show th a t  if  N A =  ?iA( l — and N c =  ??c( l — i/cc),

w here nA, k a  and n c, k c  are the  optical constants of A and of C, then

§ £ = !  ■= and g ^ = | ^ c.

* Of. 1 P h il. T ra n s.,’ A , vo l. 203 , pp. 3 92 , 393. 

t  Loc. cit., eq u atio n  (9), p. 393.
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O N  C O L O U R S I N  M E T A L  G L A S SE S , E T C . 2 4 1

S u b stitu tin g  these  expressions in  equation  (1) we obtain

N ,2- l _  N A2—1 N c2—1

N '2+ 2  flAN A2+ 2  ^ c N c3+ 2 '

If, now, we suppose th a t  C is a tra n sp a re n t isotropic substance o f refractive index , 

and th a t  A  is a m etal, we have, by  o m ittin g  th e  suffix A  and  p u ttin g  /xc =  l —fx,

N /2- l  _  N 2- l  , ^ 2- l

N ,2+ 2  ^ N 2+ 2 + 1 F V + 2 ;
or,

N ,2- V _  N 2- r 2

N ,2 +  2 ^ N 2+ 2 ........................................................ [

W h en  fi is very  sm all th is  equation becomes

^ - ^  =  ( ^ + 2 ) ^ ^ ..................................................... ( 4 ) .

These equations give th e  optical constan ts o f th e  m etalliferous m edium  in th e  

am orphous s ta te . W h en  th e  m icrostruc tu re  is g ranu la r, these equations (3) and  (4) 

are, as has been a lready  show n,* replaced by

so th a t  w hen /x is sm all,

Com parison o f equations (3) and  (5) shows th a t  th e  optical properties of a 

m etalliferous m edium , contain ing  a g iven volum e proportion fx o f th e  m etal, v ary

according as th e  m etal is in sm all spheres or in a s ta te  of m olecular subdivision,

except w hen fx — 1. Thus w hen m etal is in solu tion in w ater or glass th e  colour of

th e  compound m edium  will change as crysta llisa tion  commences. W hen, how ever, 

v  =  1, th e  equations (3) and  (5) both  reduce to

N '2- l  _  N 2—1 (7)

N ra+ 2  ^ N 2+ 2 ....................................................U ; '

I t  follows th a t  th e  optical properties of a m etal in a s ta te  in w hich its  specific

* Loc. cit., eq u a tio n s (1 1 ) and (1 2 ), p. 3 94 . T h e  m a th em atica l tre a tm e n t o f th e  o p tica l prop erties  of 

m ed ia  c o n ta in in g  m in u te  m eta llic  e llip so id s , in stea d  of th e  spheres w h ich  g iv e  th e  granular m icrostru cture, 

is  u n d er  con sid eratio n , b u t, w ith  th e  e x c ep tio n  of th e  case w h ere in  th e  v o lu m e p rop ortion , /x, o f m etal is 

sm all, i t  is  n o t y e t  com p le te.

[Note added ls£ August, 1 9 0 5 .— T h e in v e st ig a tio n  o f th e  g en era l case (a n y  v a lu e  o f jtx) has n o w  been  

co m p leted . T h e  resu lts  for th e  case w h en  /x is sm all, w h ich , w h en  th is  m em oir w as com m u n icated  to  th e  

R o y a l S o c ie ty , w ere  g iv en  in  § 12, have  therefore  been  reserv ed  for su b se q u en t p u b licatio n  in  a m ore 

co m p lete  form .]

VOL. CCV.— A. 2 I

N '2-* ,2 N 2- V

N '2+ 2x2 mN2+2!/2 ....................
(5),

=  ....................
. . . .  (6).
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2 4 2 M R. J. C. M A X W E L L  G A R N E T T

g rav ity  has any  know n value, are unaltered  by a change in th e  m ic rostructure from 

am orphous to  granular.* Or, again, Professor R. W . Wood ’s  clouds of sodium 

vapour, f  for which v — 1 nearly, do no t change colour as condensation c

3. Formulae App licab le  only when the Volume P roportion  o f  M eta l is Sm all.

The volume proportion of m etal present in all th e  coloured glasses and colloidal 

solutions which we shall discuss below is small. W e proceed to  obtain, from 

equa tions (4) and (6) above, expressions for th e  optical constan ts of media, such as 

glass or w ater, holding in suspension m etal in th e  am orphous and g ranu lar states.

L et N " =  n" ( l  — lk")denote th e  optical constan ts of th e  compound m

th e  m etal is in the  am orphous s ta te — in tru e  solution. Then, replacing N ' by N " in 

equation (4), we have

=  N " - V  =  ( 2 + ^ ) f ^ = | 2 =  (2 +  , V ( a ' - 2 ly8'), say.

E q uating  real and  im aginary  parts, we find th a t

, _ n " ( l  - k"1)-*? _{»2(k2+1)}2+»2(k2-1 )(> /2- 2 ) - 2 i*2 'I 

“  (2 +  » V  {re2(/c2- l ) - 2 } 2+ 4raV  I

B' = n 'V  = ra2*(»>2+ 2 ) r
(2 + v2) p  { n 2 ( K 2 —  1) — 2}2+ 4 w V

From  (8) we have

n"2 (1 - k"2) = v2 +  (2 + v2)pa', n ' V  =  (2 +

so th a t, neglecting p 2, we obtain

nf,K" =  (2 + v2) jv . p/3', n"  =  {1 +

The corresponding values of N ' =  n '(1 — th e  op

m etal is in th e  granu lar s ta te , have already been obtained. 1 They are reproduced 

here for convenience of reference : th u s

n 'k ' — 3 p v (3 ,n ' =  v { \ + ^ . p a ) .
where

_  {»2(k2+ l)} 2-  {w2(/c2—1)} v2- 2 v > o   ______ 3»’V k_______  , n x

{ra2(/c2— 1)—2 i^J2+ 4»V ’ P  {n2(/c2—1)—2t'2}2+ 4 n V 2 ' v h

* F o r  exam p le , th e  ta b les  g iv en  in th e  p rev iou s paper ( ‘ P h il. T ra n s.,’ A , 1904 , p. 4 06 ), an d  th e  curves 

show n ( loc. cit.,pp. 4 1 1 -4 1 4 ) , as w e ll as th e  tab les  an d  curves  g iv en  in  § 10 o f th e  p resen t com m unica

represent optica l properties of th e  m ed ia  as /x d im in ish es from  u n ity  to  zero, w h eth er  th a t d im inu tion  is 

associated  w ith  th e  form ation  of sm all spheres or w h eth er  th e  m eta l retains its  am orphous sta te th ro u g h o u t  

th e  change in  /x.

t  B rit. A ssoc ., C am bridge, 1904.

J Loc. cit.,§ 5 , pp. 394 , 3 9 5 .
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O N  C O L O U R S I N  M E T A L  G L A S S E S , ETC. 2 4 3

Thus, w hen lig h t o f w ave -leng th  X traverses a th ickness of a m etalliferous
UnKn 7l' K.1

m edium, th e  in te n s ity  of th e  lig h t is reduced in th e  proportion* K or e~ind~

according as th e  m etal is in tru e  so lution or in  spherical aggregates.

Suppose now th a t  tw o k inds of m onochrom atic lig h t, of w ave-lengths Xx and  X2, are, 

by  trav e rs in g  a d istance d  in an  absorb ing m edium , reduced  in in te n s ity  by  and 

e~K%d respectively . T hen th e  absorbing m edium  reduces th e  proportion of th e  in te n 

sities of th e  tw o k inds o f lig h t in th e  ra tio  e~{Kl~K2)d, w hich is a function of d. T hus 

th e  t in t  o f a coloured m edium , view ed by  tra n sm itte d  lig h t, depends on its  thickness, f  

W e shall, how ever, speak of tw o absorb ing m edia as possessing th e  same colour w hen, 

w hatever be th e  values of Xx and  X2, th e  ra tio  K x : K 2 is th e  same for e ith er m edium  ; 

for, if  su itab le  th icknesses o f such m edia be chosen, th e  lig h t tra n sm itte d  by them  will 

be o f precisely th e  same tin t.

Since, therefore, i t  appears from equations (8) and  (9) above th a t  th e  ra tio

(u "k"IX)A=Ai : ( . Y / X U

is independen t of v , it  follows th a t  a m olecularly subdiv ided m etal produces th e  

coloration (by tra n sm itte d  lig h t) in all non-dispersive tra n sp a re n t isotropic “ solvents,” 

irrespective of th e ir  refractive indices. J Thus, neg lecting  th e  sm all dispersion, a 

borax bead and  a glass bead, each contain ing a m etal in solution, will be of th e  same 

co lo u r; b u t so soon as crysta llisa tion  of th e  m etal begins, so th a t  p a r t of th e  m etal is 

in  sm all spheres, th e  beads w ill cease to  be of th e  same colour, since th e  ra tio

(nV /X )A=Ai: (nY /X )A=A,

is no t independen t of v.

4. N um er ica l Values o f  O ptical Constants o f  M eta l , &c.

Consider any  tra n sp a re n t isotropic non-dispersive m edium  of refractive index 

contain ing e ith er molecules or small spheres of a m etal, th e  optical constants of 

which, for lig h t of w ave-length  X, are n and  th e  partic les of m etal being so 

d is tribu ted  th a t  th e re  are m any of them  to  a w ave-length  of ligh t. The 

“ absorptions,” wV/X and  n'V '/X, of th e  compound m edium  can be easily determ ined 

by m eans of equations (9) and  (10), w hen th e  values of a, a', ft', are know n for 

lig h t of w ave-length  X. These values can be calculated by  m eans of equations (11)

*  Cf. ‘ P h il . T ra n s .,’ A , 19 0 4 , p. 395 .

t  T h us, for ex a m p le , a th in  sh eet of g o ld  ru b y  g la ss  w ill  appear pink, a con sid erab le  a m o u n t of b lue  

l ig h t  b e in g  tra n sm itted , w h ereas a th ick  sh ee t of th e  sam e g la ss  w ill appear deep  a lm o st lik e  a copper  

ruby. A g a in , b y  in crea sin g  th e  d ep th  o f a s ilv er  sta in  on  g la ss , w e  g e t  a ll gra d a tio n s in  colou r from  

canary yellow th ro u g h  amber to  red.

|  T h is, then , m u st b e th e  colou r of th e  va po ur  of th e  m eta l p ro vid ed  th a t  th e  m olecu les  are m onatom ic, 

or, a t least, do n o t d isso c ia te  w h en  th e  m eta l is vapourised . W e  sh a ll term  it  th e  “ vap ou r  co lo u r.”

2 I 2
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2 4 4 M R  J . C. M A X W E L L  G A R N E T T

and (8), w hen the  quan tities n  and  u k  have been determ ined  for th e  lig h t in question 

by direct experim ent on th e  m etal in th e  s tan d ard  am orphous sta te . It. S. Min o r * 
has made such experim ental determ inations, for various k inds of monochromatic ligh t, 

from th e  polished surfaces of silver and  copper. H is values of n  and uk  for silver 

and copper, toge ther w ith  th e  num erical values of a ,  a ' ,  ft', and of certain  o ther 

functions as calculated for various values of , are show n in Tables II. and III . The 

values of n  and  u k , for X =  '630 and  X =  '589 only, have also been de

DRUDEf from th e  polished surface of g o ld ; b u t values of n  and  t ik  for o ther values of 

X have been obtained by Ha g en  and Ru ben s  J from gold prism s deposited on glass. 

Since how ever th e  s ta te  of th e  m etal in th e  prism s is no t known, these la tte r  values 

cannot be depended upon for our purpose ; § b u t as a rough estim ate of th e  values of 

a, ft, a', ft', &c., m ay be formed by th e ir  means, th e  num erical values of these quantities 

have been ca lcu la ted ; th e  resu lts  are shown, to g e th e r w ith  all th e  observed values of 

n and u k , in Table I. The w ave-length  X of th e  lig h t will th ro u g h o u t be m easured 

in thousand ths of a m illim etre.

A ll the  calculated num bers given in Tables I., I I ., and  I II . have been carefully 

checked w ith  a “ B runsviga ” machine. I  believe th a t  in no case does an error 

am ounting to  1 per cent, survive in these Tables, w hich m ust accordingly supersede 

those given in th e  former com munication. || * * * §

*  R  S. M i n o r , ‘ A n n . der P h y s .,’ v o l. X ., 1 90 3 .

t  ‘ P . D r u d e , ‘ P h y s ik . Z e its c h r ./  J a n u a ry , 1 900 .

t R u b e n s , ‘ W ied . A n n .,’ v o l. X X X V I I .,  1 889 .

§ I t  w ill appear in  th e  sequ e l th a t on  th is  accou n t th e  o p tica l p rop erties  o f s ilv er  g la sses and of co lloid al 

so lu tio n s of s ilv er  are m uch m ore a ccu ra te ly  rep resen ted  b y  our ca lcu lation s than  is th e  case w ith  g o ld  

ruby g lasses  and  co llo id al so lu tio n s of g o ld .

|| Loc. cit., p. 3 96 .
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O N  C O L O U R S TN M E T A L  C L A S S E S , E T C . 2 4 5

Ta b l e  I .— Gold.

* ........................... {

• 6 5 6 2

(C ).
• 6 3 0 0

• 5 8 9 2

(D ).

•5 2 6 9

(E ).

•4 5 8 4  

/ F  +  G \  

V 2

U K ................................ 2 - 9 1 * 3-  1 5 f 2 - 8 2 f 1 - 8 6 * 1 - 5 2 *

n ................................ •3 8 * * 3 1 1 • 37  f •5 3 * •7 9 *

G lass "1

v =  1 -5 6  J  ' -11

a 2 - 5 0 2 - 2 7 2 - 6 5 -  -8 3 -  -46

P •4 7 9 •251 •5 8 4 1 - 0 6 8 •5 5 2

a 2 +  4c/32 

A4
3 8 - 6 3 3 4 * 4 4 6 9 - 5 7 6 8 - 1 3 3 2 - 4 2

n"K" _  (V2 + 2)P

vA
•47 •3 0 •5 8 4 - 4 7 5 - 6 3

t
|

J
.

II 1 C
O 

1 C
O

3 - 4 2 1 - 8 6 4 - 6 4 9 - 4 9 5 - 6 3

G lass "1

v =  1 - 5 J * ‘ ‘

TIK

/xX a
2 - 3 3 1 - 3 0 3 - 1 2 8 - 9 7 5 - 1 7

W a ter  a t  19° C. 1 
v =  1 • 3 3 3 3  j

n k _  3

fiX A
1 - 2 9 3 •7 6 6 1 - 6 8 7 9 - 9 0 6 6 - 0 3 4

V a cu u m  v = 1 *0 \  
(V a p o u r  colou r) J *

n' k _ 3/3 

ju.A A
•3 3 8 •2 1 4 •41*7 3 - 1 9 1 4 - 0 1 9

*  R u b e n s . t  D r u d e .
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T a b l e  I I I .— Copper.

X . . . •3 4 6 7 •3 9 5 •4 5 0 •5 0 0 •5 3 5 •5 5 0 •5 7 5 •5 8 9 2 •6 3 0

U K  . .  . 1 - 4 6 6 1 - 7 6 3 2 - 1 4 9 2 - 3 4 1 2 - 2 7 6 2 - 2 3 3 2 - 4 2 8 2 - 6 3 0 3 - 0 1 2

n . . . 1 - 1 9 0 1 - 1 7 3 1 - 1 3 1 1 - 0 9 8 1 - 0 0 4 •8 9 2 •651 •6 1 7 •5 6 2

G lass  1 
v =  1 - 5 6  J  * *

1

t

P •4 3 5 •5 6 0 •6 8 3 •701 •781 •891 1 - 1 1 4 •8 9 0 •4 6 5

ii”k"

fJiX
4 - 6 0 2 3 - 8 3 8 2 - 6 7 7 2 - 0 5 0 2 - 1 0 2 2 - 2 0 8 1 -571 1 - 1 1 5 •5 9 3

U K

jxX
5 * 8 7 5 6 - 6 6 1 7 - 1 0 7 6 - 5 5 9 6 - 8 2 9 7 - 5 7 9 9 - 2 7 9 7 - 0 6 5 3 - 4 5 3

G lass  "1

V =  1 * 5 /  * *

n' k 

fJbX
5 - 797 6 - 4 2 0 6 - 5 6 8 5 - 8 9 7 6 - 1 8 0 6 - 8 9 0 7 - 6 3 4 5 - 6 9 9 2 - 7 5 9

V a c u u m  =  1 '  

(V ap ou r  colour) \
w V

fJbX
1 - 1 0 4 •921 •6 4 2 •4 9 2 •5 0 4 •5 3 0 •4 0 4 •2 6 8 •1 4 2

W e have now to  compare th e  observed optical properties o f various m edia coloured 

by gold, silver, and  copper w ith  those corresponding properties w hich, according to  

th e  Tables I., I I . ,  and  I I I . ,  w ould be exh ib ited  by  th e  m edia if  th e  colouring agen t 

w ere th e  m etal itself, in  e ith er th e  m olecularly subdiv ided or th e  g ran u la r sta te .

The sim plest of th e  optical properties to  observe and  to  m easure is th e  absorption of 

lig h t by  th e  medium. A lthough  th e  absorptions of colloidal solutions o f various 

m etals, and  even of suspensions of m etals in gelatine, have already  been m easured for 

several values of th e  w ave-length , X, of ligh t, no such m easurem ents of th e  absorption 

of glasses coloured by m etals appear to  have y e t been m ade.* O wing, however, to  

th e ir  perm anence, such m edia seem ed likely  to  yie ld  th e  su rest inform ation as to  th e  

chemical and physical n a tu re  of th e ir  colouring agents. The absorptions of a series 

of glasses coloured w ith  gold, silver, and  copper have therefore been m easured for me 

a t  th e  N ational Physical L aboratory , under th e  supervision of Mr. F. J . S e l b y . The 

silver glasses consisted of a silver s ta in  on one side of a colourless glass, th e  refractive 

index of which was, for sodium ligh t, equal to  v =1*579. The gold ruby  glasses 

were flashed on to  colourless glass. B oth th e  silver and  gold glasses were, to  

ensure p u rity  of m aterials, specially prepared a t  th e  W hitefria rs  Glass W orks by

* E x c e p t  tw o  g o ld  glasses, th e  absorption  curves  for w h ich  are g iv e n  b y  Z s i g m o n d y  ( ‘ L i e b . A n n . , ’ 

vol. 301, pp. 4 6 - 4 8 ) .
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2 4 8 MR. J. C. M A X W E L L  G A R N E T T

Mr. H . J. P o w e l l , to  whom I  am m uch indebted  for th e  trouble  he has taken  on 

m y account. The copper ruby  glass used was th e  ordinary  commercial flashed glass.

The absorptions of th e  various glasses are indicated  by th e  curves m arked A u (A) 

and A u (B) in fig. 2, A g (B) in fig. 4, and  Cu (X) in fig. 7 ; th e  ordinates representing 

th e  q u an tity  K , w here e~K represen ts th e  p roportion of lig h t 

tran sm itted  by th e  glass a fte r allowance has been m ade for reflections, and the 

abscissae representing  th e  corresponding values of X. The scales on which A u (A) and 

A u (B) are represented are such th a t  K  has th e  same value for bo th  a t  th e  D  line 

(X =  *589).

The following are th e  values of K  m easured a t  th e  N ational Physical L aboratory 

for th e  respective glasses :—

T a b l e  I V .

G lass . . A u  (A ). A u  (B ). A g ( B ) . C u (X ).

X. K . K . X. K . X. K .

•6 9 8 •0 8 0 •6 9 6 0 •6 9 8 •3 0 0
•6 9 6 •1 1 3 — •6 6 4 0 •6 6 4 •3 7 8
•6 6 4 •1 5 4 •1 4 0 •6 0 6 •0 6 3 •6 3 4 •5 6 3
•6 0 6 •3 2 4 •4 0 6 •5 6 2 •1 1 2 •6 0 6 1 -0 3 8
•5 6 2 •8 7 8 1 -5 3 2 •5 2 8 •2 1 0 •5 8 4 2 -4 9 6
•5 5 3 1 -4 0 0 2 -1 7 5 •5 0 0 •3 8 4 •5 7 3 3 -3 0 9
•5 4 4 1 -9 9 0 3 - 0 0 6 5 •4 7 8 •8 0 9 •5 67 3 -4 8 4
•5 3 7 2 -4 8 7 3 - 7 4 8 5 •4 5 8 1 -3 6 3 •5 6 2 3 -4 8 4
•5 2 8 2 -5 5 1 4 - 0 5 0 •4 4 2 2 - 5 1 4 •5 4 4 3 -0 9 1
•5 1 4 2 * 1 2 2 3 - 2 2 4 •4 3 6 2 - 8 9 4 •5 2 8 2 -9 5 2
•5 0 0 1 -4 9 5 2 -3 4 4 •4 2 9 3 -0 0 3 •5 1 4 2 -9 8 5
•4 7 8 1 -0 3 0 1 -6 2 8 •4 2 2 2 -2 2 5 •5 0 0 3 -0 2 3
•4 5 8 •9 5 4 1 -4 5 6 •4 0 6 1 -5 2 0 •4 7 8 3 -2 7 0
•4 4 2 •981 — — — •4 5 8 3 -4 8 4

— — — — — •441 3 -7 8 9

— — — — — •4 3 6 3 -8 0 7

5. D iffusions o f  Gold. The N a tu re  and  F orm  o f  the Suspended  Particles.

The present section will be concerned w ith  th e  colours produced by diffused 

particles of gold. The values of th e  expression nV/p,X for =  1‘5, =  1'3333, and

v =  1 given in Table I. are p lo tted  in fig. 1. The curves shown in th a t  figure have 

been draw n to  pass through  th e  p lotted  points, th e  coordinates of th e  maxim um for 

each curve being determ ined by assum ing n  and  to  vary  continuously for values 

of X in term ediate  betw een the  abscissae of th e  p lotted  points on either side of those 

maxima. According to  th e  rem arks in th e  preceding section, these curves m ust not 

be regarded as accurate ly  representing  th e  absorption of gold spheres in glass, of 

gold spheres in w ater, and of gold vapour (or gold spheres in  ) respective ly ;

they  should, however, enable us to  form a fair estim ate  of th e  absorption in question .*

* S ee fo o tn o te  §, p. 244 .
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O N  C O L O U R S I N  M E T A L  G L A S SE S , E T C . ‘2 4 9

F ig .  1. G o l d — c a lc u la te d  v a lu e s  o f ,
A

(1 )  S p h eres  (or m o lecu les )  in vacuo, 1 • 0 : . . .

(2 )  S p h eres  in  w ater  a t  19° C., v =  1 - 3 3 3 3  : —

(3) S p h eres  in  g lass, v = 1 • 5 :

C a lcu la ted  va lu es  are sh o w n  th u s  : © .

F ig . 2 .  G o l d .

(1 )  K , o b serv ed  for g o ld  ru b y  g la ss  A u ( A ) : _ __ __ _

(2 )  K , o b serv ed  for g o ld  ru b y  g la ss  A u ( B ) : ---------

O b serv ed  v a lu es  : © .

(3 )  ca lcu la ted  for g o ld  sp h eres  in  
A

g la ss , r =  1 • 5 : ............

C a lcu la ted  v a lu e s : x  .

Y O L . C C V .— A . 2  K

F
ig

. 
1.
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2 5 0 M R. J . C. M A X W E L L  G A R N E T T

In  fig. 2 th e  g raph  of u 'k '/X for glass (v =  1 5 ) , show n by  a broken line in fig. 1, is 

again  re p re se n te d ; b u t here on such a scale as to  have th e  sam e o rd ina te  a t  X =  *589 

as th a t  of th e  g raphs of th e  observed absorptions o f A u (A ) and  A u (B). The 

calcu lated  and  observed curves resem ble one an o th er in hav ing  a m inim um  in th e  red  

and  a m axim um  in th e  green, a lth o u g h  th e  ca lcu lated  m axim um  occurs a t  about 

' X =  *550, w hile th e  observed m axim um  falls a t  X =  '533. Also bo th  calculated  and  

observed absorptions fall from green  to  blue, w hile th e  d o tte d  curve in  fig. 1 shows 

th a t  th e  absorptions produced by  m olecularly  d iv ided  gold  will increase from green  

to  blue, hav ing  a m axim um  a t  abou t X =  *475. These resu lts  th en , so far as th e y  go, 

are in accordance w ith  th e  suggestion, p u t forw ard in  th e  fo rm er m emoir, th a t  

th e  colouring ag en t o f gold  ru b y  glass consists p rim arily  of diffused spheres of gold, 

a lthough  some d iscrete m olecules m ay also be presen t. The follow ing is th e  evidence 

w hich has accum ulated  to  show  th a t  a gold ru b y  glass contains m inu te  spheres ot 

gold, m any to  a w ave-leng th  o f lig h t, and  th a t  i t  is to  th ese  sm all gold spheres th a t  

th e  p ink  colour of th e  glass is p rim arily  due :—

(1 )  T h ere  are p artic les , p r esu m a b ly  o f g o ld , v is ib le  in  a ll sp e c im en s o f g o ld  ru b y  g la ss  in  w h ich  th e

colou r h a s b een  d e v e lo p ed .*

(2 )  W h e n e v e r  th ese  p a rtic les  are o f d ia m e te r  le ss  th a n  1 0 ~ 5 cen tim . t h e y  are sp h er ica l in  sh a p e .f

(3 ) S i e d e n t o p f  a n d  Z s i g m o n d y  s ta te  J : “ I t  is  o n ly  in  th e  case o f g la sse s  th a t  th e  p a rt ic les  are

so  d en se  th a t  th e y  ca n n o t b e f u lly  se p a ra ted  u n d er  th e  m icro sco p e .” In  o th er  w o rd s, w h en ev er  

th ere  are m a n y  sm a ll sp h eres  to  a  w a v e -le n g th  o f l ig h t , th e  g la ss  is  ru b y .

(4 )  W e  h a v e  ju s t  seen  th at, w ith in  th e  lim its  o f e x p e r im en ta l error, th is  r u b y  co lo u r  is th a t  w h ich

w o u ld  b e p rod u ced  b y  sm a ll sp h eres  (b u t n o t  b y  m o le cu les ) o f g o ld , m a n y  to  a w a v e -le n g th , 

em b ed d ed  in  th e  g la ss .

(5 )  T h e  p o la r isa tio n  o f th e  con e  o f l ig h t  e m it te d  b y  th e  p a rt ic les  in  th e  p a th  o f a b eam  o f w h ite  l ig h t  

tra v er sin g  a n y  o f th e  th ree  ru b y  g la sse s  e x a m in e d  b y  S i e d e n t o p f  a n d  Z s i g m o n d y § is th a t  

w h ich  w ou ld  b e p o sse sse d  b y  th e  co n e  o f l ig h t  e m it te d  b y  sm a ll sph eres  o f m eta l em b ed d ed  in  

th e  g lass. F u rth er , th e  co lo u r  o f th e  co n e  o f l ig h t  in  th e  case o f th e se  th r ee  g la sse s  w as green, 

w h ile  i t  h as  b een  sh o w n  in  th e  fo rm er paper|| th a t  th e  in te n s ity  o f l ig h t  o f w a v e -le n g th  A 

e m itte d  b y  sm a ll sp h eres  o f g o ld  em b ed d ed  in  th e  g la ss  is  p r o p o rtio n a l to  ( a 2 +  4/32)/A 4, and , 

a c co rd in g  to  T a b le  I . ab ove , th is  e x p r e ss io n  for  g o ld  sp h eres  in  a g la ss  o f re fra ctiv e  in d e x

v — 1 * 56  has a m a x im u m  in  th e  n e ig h b o u r h o o d  o f A =  • 5 6 0 , i.e., in  th e  y e llo w ish -g re en .

W e conclude th e n  th a t  th e  colouring ag en t o f gold  ru b y  glass is m etallic gold,IT th e  

m ajor portion of w hich is in th e  form of sm all spheres.

The irregu lar blue and  purp le  w hich often appear, in stead  o f th e  ru b y  a t  which th e  

glass m anufactu rer aims, can be explained as ind icated  in th e  appendix  to  th e  form er * * * §

* S i e d e n t o p f  a n d  Z s i g m o n d y , ‘ A n n . d er P h y s . ,’ J a n u a r y , 1 90 3 .

t  Cf. form er paper, ‘ P h il . T ra n s.,’ A , 1 9 0 4 , p. 3 91 .

X Loc. cit., p. 27.

§ S ee  th e ir  tab le rep rod u ced  a t  p. 39 7 o f th e  form er paper a n d  d iscu ssio n  fo llo w in g  i t  on pp. 3 9 8 -4 0 1  

( ‘ P h il. T ra n s.,’ A , 1 9 0 4 ).

|| Loc. cit., p. 4 00 .

N o t  aurousoxide, as sta te d  in th e  tex t-b o o k s  on g la ss  m ak ing .
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paper. W e have a lready*  seen th a t  if  gold  g lass w hen firs t m ade in th e  furnace be 

rap id ly  cooled, th e  glass rem ains colourless. In  order to  ob ta in  ru b y  glass, th e  m olten 

glass m u st be le ft in  th e  annealing  oven an d  m ain ta ined  a t  a h igh tem p era tu re  for 

about th re e  days. I f  th e  g lass is too v io len tly  h ea ted  or is k e p t too long a t a high 

tem pera tu re , i t  becomes tu rb id , reflects brow n lig h t, and  develops firs t an am ethystine  

and  th e n  a blue t in t  by  tra n sm itte d  ligh t. B u t i t  now appears th a t  th e  gold  cannot, 

as p rev io u sly t suggested , be in  so lu tion in th e  colourless glass w hen firs t h e a te d ; for 

if  m etallic gold  w ere in tru e  so lution in  th e  glass i t  w ould have th e  vapour colour 

ind icated  b y  th e  d o tte d  curve in  fig. 1. T he gold  m u st therefo re  be g radually  reduced 

d u rin g  th e  annealing  process. So long as th e  g lass rem ains h o t enough to  adm it of

m olecular m ovem ent, th e  m olecules o f gold go to g e th e r  to  form spheres, and  these
*

sm all spheres te n d  to  coagu late  in to  c ry sta llites .J  I f  th e  glass cools before th e  

coagulation of th e  sm all spheres, a gold  ru b y  glass is obtained. If, how ever, some of 

th e  sm all spheres have coagulated  in to  c ry sta llites , th e  density  of w hich exceeds '6 

of th a t  o f norm al gold,§ these  c ry s ta llites  w ill reflect lig h t w hich is p redom inantly  

yellow  or red.|| The glass w ill th u s  reflect brow nish  l ig h t ;  and  since th e  more 

refrangib le ray s are  less reflected th a n  those o f longer w ave-length , th e  red  end of th e  

absorption curve will, ow ing to  th e  crysta llites , be raised  re la tiv e  to  th e  blue. The 

glass will th u s  appear b luer th a n  w hen no coagulation has occurred. F u rth e r, as 

these  cry sta llites  m ay be of dim ensions com parable w ith  a w ave-leng th  of ligh t, th ey  

destroy  th e  optical co n tin u ity  of th e  m edium  and  produce tu rb id ity . N ow  th e  blue 

colour of a go ld  glass is alw ays associated w ith  tu rb id ity  an d  a brow n appearance by 

reflected lig h t, so th a t  th e  form ation of c ry sta llites  of gold in th e  glass accounts for 

th e  irreg u la r blue and  purp le colours wThich gold  glass som etim es exhibits.H

Diffusions of gold partic les in w a te r— th e  so-called “ colloidal so lutions ” of gold—  

have been p repared  by  F a r a d a y ##, Zs ig mo n d y ,f t  and St o e k l  and  Va n in o ^, who * * * § **

*  Loc. cit., p. 3 9 2 .

t  Loc. cit., p. 3 9 2 .

J In  th e  case o f cop p er ru b y  g la sse s  th e  p ro cess co n t in u es u n t il  a c tu a l cr y sta ls  o f copper are form ed , 

b u t  I h a v e  n o t seen  g o ld  c ry sta ls  in  a g la ss , a lth o u g h  i t  is p rob a ble th a t  th e y  are o cca sio n a lly  form ed.

§ K i r c h n e r  a n d  Z s i g m o n d y  ( ‘ A n n . d er  P h y s . ,’ X I I I . ,  1 9 0 4 , p. 5 9 1 )  e stim a te  th a t  a c lu m p  of g o ld  

p a rtic les  in  a b lu e  g o ld -g e la tin e  p repa ratio n  co n ta in s  a t  lea st  5 0  p er cen t, o f g o ld . S e e  b elow , p. 25 4 .

|| S e e  fig. 12, b e lo w .

U T h e  b lu e  a n d  v io le t  [p u rp le] co lou rs o f th e  g la sse s  D  a n d  E  in  S i e d e n t o p f  an d  Z s i g m o n d y ’s  tab le  

(see  ‘ P h il . T ra n s.,’ A , 1 9 0 4 , p . 3 9 7 ), as w e ll  as th e  red, y e llo w  a n d  b row n  colou rs o f th e  con e  o f l ig h t  

e m itte d  b y  th em , are th u s ex p la in ed . S t o k e s  (R o y a l In s t itu t io n  L ectu re , 1 8 64 , ‘ C ollec ted  W o r k s ,’ 

v o l. IV ., p. 2 4 4 ), w ith o u t  e n te r in g  in to  th e  q u es tio n  w h y  g o ld  g la ss  o r d in a r ily  tra n sm its  p in k  lig h t , sa y s  

th a t , i t  b e in g  th e  p ro p e rty  o f g o ld  to  tra n sm it b lu ish  lig h t , th e  m eta llic  g o ld  in  su sp en sion  causes th e  b lue  

appearance.

* *  F a r a d a y , B ak er ian  L e ctu re  for 18 5 7 , p r in te d  in  ‘ P h il . T ra n s.’ for 1857 , and  rep r in ted  in h is  

‘ R esea rch es in  C h em istry  and P h y s ic s .’ R eferen ce s  w ill  be m ad e  to  th e  p a ges  o f th e  rep r in t.

f t  Z s i g m o n d y , ‘ L i e b . A n n .,’ v o l. 301 (1 8 9 8 ) , p. 29 , a n d  ‘ Z eitschr. f. E lec tro ch em .,’ vo l. IV ., p. 5 46 .

I t  S t o e k l  an d  V a n i n o , ‘ Z eitschr. f. P h y s. C h em .,’ X X X . (1 8 9 9 ), p. 98,

2  K  2
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2 5 2 M R. J . C. M A X W E L L  G A R N E T T

precip ita ted  th e  gold from its  ch loride by  m eans of various reducing  a g e n ts ; and  by 

B r e d ig * and  la te r  by  Eh r e n h a f t , t  w ho used a gold  te rm in a l for an electric arc 

w hich w as caused to  sp a rk  u n d er w ater.

A ll these  p reparations exh ib ited  a g rad u a l change in colour from red  th ro u g h  purple 

to  b lu e ; th is  change w as g re a tly  accelerated  by  th e  in troduction  of a trace  o f sa lt 

in to  th e  w ater. Zs ig mo n d y ^ gives th e  absorp tion  curves of a num ber of “ so lu tio n s” 

o f gold. St o e k l  and  Va n in o § m easured  th e  absorp tions o f a  red  suspension con

ta in in g  a know n volum e proportion  o f gold. L astly , Eh r e n h a f t || has m ade careful 

m easurem ents of th e  absorptions o f “ co llo ida l” gold. The curves p lo tted  from his 

m easurem ents o f th e  red  “ so lu tio n s” resem ble th e  continuous curve show n in fig. 1. 

A gain, Eh r e n h a f t  statesIT th a t  th e  absorp tion  band  o f a gold suspension w hich 

possessed a beau tifu l red  colour began a t  X =  *560 and  a tta in e d  a m axim um  a t 

X =  *520, w hile th e  so lu tion w as alm ost tra n sp a re n t in  th e  u ltra-v io let. N ow  th e  

m axim um  of th e  calcu lated  absorption  curve for spheres of gold in w a te r (v = 1*3333) 

occurs a t  X =  *533.## A gain , th e  d o tte d  curve in fig. 1, w hich will rep resen t th e  

absorption produced by  a tru e  so lution of gold, does no t sufficiently  agree w ith  th e  

m easured absorptions to  ad m it of th e  gold being  in  tru e  so lu tion in  th e  w ater. These 

resu lts  suggest th a t  th e  coloration is due to  diffused spheres f t  of gold, a lthough  some 

discrete  gold m olecules m ay  also be p resen t.

* B r e d i g , ‘ Z e itsch r . f. P h y s . C h em .,’ X X X I I . ,  p . 12 7 .

t  F . E h r e n h a f t , ‘ A n n . d er P h y s . , ’ X I .  (1 9 0 3 ), p. 4 8 9 .

|  Z s i g m o n d y , ‘ L i e b . A n n . , '  v o l. 301  (1 8 9 8 ) ,  pp . 4 6 - 4 8 .

§ Loc. cit., p. 1 08 . F o r  a d iscu ssio n  o f th e ir  r e su lts  see  b e lo w  (fo o tn o te , p . 2 5 3 ).

|| Loc. cit., pp. 5 0 5 , 5 0 6 .

U Cf., ta b le  g iv e n , loc. cit., p . 5 0 7 .

* *  T h u s th e  d ifferen ces in  w a v e -le n g th  b e tw e e n  th e  o b se rv ed  m a x im u m  a b so rp tio n  o f g o ld  ru b y  g la ss  and  

of th e  ca lcu la ted  m a x im u m  for g o ld  sp h eres  in  g la ss  =  1 • 5 ), a n d  b e tw e e n  th e  o b serv ed  m a x im u m  for  

co llo id a l g o ld  a n d  th e  c a lc u la ted  m a x im u m  for  g o ld  sp h eres in  w a ter , are r e sp e c t iv e ly  * 0 1 7  a n d  *013, and  

th e se  d ifferen ces are o f th e  sa m e s ize .

f t  E h r e n h a f t  a lso  su p p o sed  th a t  th e  g o ld  w as p r esen t in  th e  form  of sm all s p h e r e s ; b u t  h e  p ro ceed ed  

to  d efine th e  a v era g e  s ize  of th e se  sp h eres  (a n d  a lso  o f th o se  o f A g , P t , & c., in  th e  “ co llo id a l ” so lu tio n s of 

th e se  m eta ls) b y  m ean s o f J . J . T h o m s o n ’s  eq u a tio n  c o n n e c tin g  th e  rad iu s o f a  co n d u c tin g  sp h ere w ith  

th e  w a v e -le n g th  co rresp o n d in g  to th e  free  p er io d s o f its  v ib r a tio n , th is  w a v e- len g th  b e in g  a ssu m ed  to  be  

th a t  o f th e  a b so rp tio n  m a x im u m . K i r c h n e r  a n d  Z s i g m o n d y  ( ‘ A n n . d er  P h y s . , ’ 1 9 0 4 , p. 5 7 5 ) , h o w ev er , 

p o in t o u t th a t  th e re  is  n o  co n n ectio n  b e tw ee n  s ize  o f p a rtic les  a n d  th e  a b so rp tio n  o f l ig h t  prod u ced  b y  

th em , a n d  th is  w e  h a v e  seen  to  b e th e  case, p r o v id e d  th e re  are m a n y  p a r tic les  to  a w a v e - le n g th ; a lso  th e  

v e r y  sm a ll s ize  (if  sp h erica l, th e ir  a v era g e  d ia m eters  w o u ld  b e  7 fj./i) o f th e  p a r tic les  o f g o ld , th e  g o ld  co n ten t  

o f w h ich  Z s i g m o n d y  m ea su red  w o u ld  req u ire  th e  a b so rp tio n  m a x im u m  to  be in  th e  u ltra -v io le t. 

K i r c h n e r  a n d  Z s i g m o n d y  a d d  th a t  i t  w o u ld  o n ly  be p o ssib le  to  g e t  a la rg e  en o u g h  lin ea r  d im en sio n  to  

g iv e  a free p er io d  if  th e  p a rtic les  w ere  n o t iso -d im en sio n a l, a n d  th e y  co n c lu d e  th erefo re  th a t  th e  g o ld  

p artic les  m u st be in  th e  form  of le a v e s  or o f r o d s ;  b u t  th e y  d o  n o t  reco n c ile  such  a form  w ith  th e  

p olar isatio n  and  g r een  co lou r  o f th e  con e  o f l ig h t  e m it te d  b y  th e  sm a ller  p a r tic les . S in ce , h o w ev er, w e  

fin d  th a t  th e  sm all-sp h ere  h y p o th e s is  a cco u n ts  for  th e  o b ser v ed  p h en om en a , w e  m u st a gree  w ith  

E h r e n h a f t  th a t  th e  p a rtic les  are sp h erical, a lth o u g h  w e  c a n n o t  a d m it th a t  th e  a v era g e  d ia m eter o f th e  

spheres is  corre la ted  to  th e  w a v e -len g th  o f th e  l ig h t  m o st  ab sorb ed .

 D
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This view  enables us to  explain  th e  change of colour from red  to  blue, by  th e  

coagulation o f th e  sm all spheres, ju s t  as in  th e  case o f th e  glasses coloured by g o ld ; 

th e  sim ultaneous developm ent of a brow n reflection and  a  tu rb id  appearance is a t  

th e  sam e tim e explained. T he follow ing quo ta tio n s m u st suffice to  describe th e  

phenom ena in  ques tion.

Fa r a d a y  observes th a t

“ A  g r a d u a l ch a n g e  g o e s  o n  a m o n g st  th e  p a r tic le s  d iffu sed  th ro u g h  th ese  flu ids, e sp ec ia lly  in  th e  cases  

w h ere  th e  g o ld  is  a p p a r e n tly  a b u n d a n t. I t appears to consist of an aggregation. F lu id s  a t  first clear, or 

a lm o st  clear, to  o r d in a r y  o b se r v a tio n , become turbid ; b e in g  le f t  to  s ta n d  fo r  a fe w  d a y s, a d e p o s it  fa lls .”*

W h en  common sa lt, or any  o th er substance w hich dissociates in  w ater, was added 

to  th e  flu id

“ . . . T h e  sa lt  d iffu sed  g r a d u a lly  th r o u g h  th e  w h o le , fir st tu r n in g  th e  g o ld  i t  cam e in  co n ta ct  w ith  

b lu e , a n d  th e n  c a u s in g  i t s  p r e c ip ita t io n .!

“ S u ch  r e su lts  w o u ld  seem  to  sh o w  th a t  th is  b lu e  g o ld  is  a g g r e g a te d  g o ld , g o ld  in  la rg er p artic les  

th a n  b e fo r e .” !

A gain

“  T h e  su p e r n a ta n t  flu id  in  sp ec im en s th a t  h a d  s to o d  lo n g  a n d  d e p o s ite d  w as a lw a y s ru b y  . . . th ere  

w a s e v e r y  rea so n  to  b e lie v e  th a t  th e  g o ld  w a s  th e re  in  sep a ra te  p a r t ic le s , a n d  th a t  su ch  sp ec im en s afforded  

cases  o f e x tr e m e  d iv is io n . ”§

O bservations m ade by  subsequen t physic ists agree  w ith  those of Fa r a d a y . Thus 

Zs ig mo n d y  w rites

“ In  e v e r y  case th e  b r ig h t  red  co lou r [o f  su sp e n sio n s  o f g o ld  in  w a ter ] ch a n g ed  to  b lu e  on  th e  a d d itio n  

of s a l t ; and  d ec o lo ra tio n  o f th e  u p p er  p a r t o f th e  liq u id  sh o w ed  th a t  p r e c ip ita tio n  has th e n  b e g u n .”j|

A gain , St o e k l  and  Ya n in o , who exam ined a large num ber of suspensions o f gold 

in w ate r p repared  by  m any different m ethods, s ta te  th a t

“ W h en  th e  p a rt ic les  [of g o ld ]  are v e r y  sm a ll . . . th e  flu id  ap p ears red -y e llo w , ruby-red . W h en , 

h o w ev e r , th e  p a rtic les  in crea se  in  s ize , th e  red  a n d  y e llo w  ra y s are q u ite  cu t o ff a n d  th e  tr a n sm itte d  lig h t  

co n sists  o n ly  o f b lu e  a n d  v io le t  ra ys, th e  flu id  a p p ea r in g  b lu e -v io le t .”^  * * * §

*  ‘ R esea rch es in  P h y s ic s  a n d  C h em istr y ,’ p. 4 14 .

t  W e  m a y  su p p o se  th a t  b y  fr ic tio n  a g a in s t  th e  w a ter  th e  g o ld  sph eres  o b ta in  th a t  n e g a t iv e  cha n g e  

w h ich  Z s i g m o n d y  ( ‘ L i e b . A n n .,’ v o l. 3 0 1 , p. 3 6 ) fo u n d  th a t  th e y  p o ssess . T h e  m u tu a l rep u lsion  of th ese  

lik e  ch a rg es  p rev en ts  th e  sph eres fro m  c o a g u la t in g  an d  th u s  k eep s th e  g o ld  in  su sp en sio n  in  th e  w ater . B u t  

w h en  an e le c tr o ly te  is in tro d u ced  in to  th e  flu id , th e  p o s it iv e  io n s d isch a rg e  th e  g o ld  sph eres, so th a t  

co a g u la tio n  a n d  p re c ip ita tio n  resu lt.

I F a r a d a y , loc. cit., p. 4 2 0 .

§ F a r a d a y , loc. cit., p . 4 1 8 .

|| Z s i g m o n d y , ‘ L i e b . A n n .,’ v o l. 301  (1 8 9 8 ), p. 34 .

U ‘ Z e itsch r . f. P h y s . C h em .,’ X X X . (1 8 9 9 ), p. 108 .

A s a lread y  sta te d , S t o e k l  a n d  Y a n i n o  m ea su red  th e  a b so rp tio n  o f  l ig h t , for s ix  d ifferen t v a lu es  o f Â  

b y  a su sp en sio n  co n ta in in g  a  k n o w n  v o lu m e p ro p o rtio n  o f g o ld . U s in g  th e ir  v a lu e  o f ( ’ 0 0 0 0 0 3 )  to  

d eterm in e th e  sca le  o f th e  co n tin u o u s  curve  in  fig. 1, a n d  co m p arin g  th e  v a lu es  of w V /A  s o  o b ta in ed  w ith
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2 5 4 M R. J . C. M A X W E L L  G A R N E T T

F inally , K t r c h n e r  and  Zs ig mo n d y  record th a t  in a gold suspension in w ate r

“ . . . A  g iv e n  (g en er a lly  la rg e) n u m b er o f p a r tic les  w h ich  d iffra ct g re en  l ig h t  [i.e., sm a ll sp h eres] w ere  

b ro u g h t to g eth e r  b y  th e  a d d itio n  o f an  e le c tr o ly te  in to  a s in g le  p a rtic le  w h ich  d iffra cted  y e llo w  or red  

l ig h t  w ith  m uch  g re a te r  in te n s ity *  th an  i t s  co m p o n en ts . W ith  th is  u n it in g  o f p a rt ic les  occu rs th e  ch a n g e  

in  th e  co lou r  o f th e  flu id  from  red  to  b lu e .” !

W e have a lready  show n th a t, theo re tica lly , th e  coagulation  o f th e  sm all spheres of 

gold should produce a colour change in  th e  fluid, from red  th ro u g h  purp le  to  b lu e ; 

and th e  above quo ta tions have ind ica ted  th a t  coagulation accom panies th e  change of 

colour. B u t th a t  th e  coagulation ta k es  place in  th e  m anner assum ed for th e  purposes 

o f th e  th eo ry  has been show n by  K ir c h n e r  an d  Zs ig mo n d y , who p repared  suspensions 

of gold in gelatine, some of w hich p rep ara tio n s w ere red  w hen w et, and  changed  to  

blue on being dried, a t  th e  same tim e developing a gold-bronze reflection.^

N ow  these  d ry  b lue m em branes con tained  a num ber o f clumps, each composed of 

hundreds of u ltra-m icroscopic resonators§ (sm all sp h e re s ) ; and  these  clum ps w ere 

com parable in size w ith  a w ave-leng th  o f lig h t, being d irec tly  visible w hen exam ined 

w ith  a num erical a p e rtu re  of 1 '4 : th e y  w ould therefo re  he capable o f reflecting ligh t. 

F u rth e r, th e  change o f colour to  b lue w as m ost m arked  in  those p repara tions in w hich 

th e  indiv idual clum ps w ere m ost dense,|| and  it appears from fig. 12 below  th a t  th e  

selective absorption o f red  and  yellow  lig h t by  a gold c ry sta llite  is g re a te r  th e  g rea te r  

its  density . The th eo re tica l exp lanation  of th e  change to  blue requires th e  rays o f 

low er refrang ib ility  to  be stopped  by reflections from crystallites,IF and  th is  requ irem en t 

is th u s  satisfied.

th e  a b so rp tio n  cu rve  o b ta in ed  fro m  S t o e k l  a n d  V a n i n o ’s  o b se r v a tio n s , w e find  th a t th e  o b se rv ed  cu rv e  

lie s  b e lo w  th e  ca lcu la ted  cu rve , e x c e p t  for  red  lig h t . B u t  S t o e k l  a n d  V a n i n o  record  th a t  th e  o b served  

flu id  h ad  a y e llo w is h  re flec tio n , so  th a t  la rg e  p a r tic les  (c r y s ta ll ite s )  m u st  h a v e  b een  p r esen t in  i t ; a n d  the  

p resen ce  of th e se  c r y s ta llite s  req u ires  th e  v o lu m e  //,' o f g o ld , w h ich  per u n it  v o lu m e of th e  liq u id  is  in  th e  

form  of sm a ll sph eres, to  b e le ss  th a n  th e  to ta l  v o lu m e  p ro p o rtio n  /x. T h is  d im in ish es  th e  a b so rp tio n s  

th r o u g h o u t th e  sp ectru m . B u t  th e  v o lu m e  p ro p o rtio n  -  g.' o f c r y s ta lli te s  p ro d u ces  a b so r p tio n  w h ich  is  

m u ch g re a te r  for  th e  red a n d  y e llo w  th an  fo r  th e  g r een  a n d  b lu e  rays. T h e  su p er p o s itio n  o f th e  

a b so rp tion s p rod u ced  b y  /a ' an d  b y  /a  -  /x' w o u ld  th u s p ro d u ce  an  a b so r p tio n  curve  in  accord an ce w ith  th a t  

o b serv ed .

* T h e  a g g r e g a te  m a y  be su p p o sed  to  be com p arab le  in  s ize  w ith  a w a v e -le n g th  o f l i g h t ; th e  in te n s ity  

of th e  l ig h t  re flec ted  from  it  w o u ld  th u s be p r o p o r tio n a l to  th e  sq u are o f its  d ia m eter , w h ile  th e  in te n s ity  

o f th e  l ig h t  d iffra cted  b y  th e  sm a ll sph eres is  p r o p o r tio n a l ordy to  th e  s ix th  p o w er  o f th e ir  d ia m eters.

t  K i r c h n e r  an d  Z s i g m o n d y , loc. tit.,p. 5 9 2 .

t  Loc. tit., p . 5 8 9 .

§ K i r c h n e r  a n d  Z s i g m o n d y , loc. tit., p . 5 7 6 .

|| Loc. tit., p. 5 7 7 .

U A  s im ila r  ex p la n a tio n  p o ss ib ly  a p p lies  to  th e  fa c t  th a t  w h en  lig h t , tr a n sm itte d  th ro u g h  a stre tch ed  

m em b ran e  co n ta in in g  g o ld  in  su sp en sio n , is  p o la r ised  in  th e  d ir ec t io n  o f s tre tch in g , th e  em er g en t l ig h t  is 

red, b u t w h en  th e  in c id e n t  l ig h t  is  p o lar ised  in  a p erp en d icu la r  d irec tio n  th e  co lou r is b lu e , th e  g o ld  

c lu m p s b e in g  com p arab le w ith  a w a v e -le n g th  in  th e  d ir ec t io n  o f s tr e tc h in g , b u t n o t  in  a p erp end icu lar  

d irec tio n . (Cf. A m b r o n n , ‘ Ber. d . m a th .-p h ys. K l. d. k. Sachs. G ese llsch . d. W isse n sc h .,’ D ecem b er  7, 1 89 6, 

an d  A m b r o n n  a n d  Z s i g m o n d y , do., J u ly  31, 1 8 9 9 ).
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O N  C O L O U R S  I N  M E T A L  G L A S S E S , ETC. 2 5 5

In  conclusion, we rem ark  th a t  m ost “ colloidal so lu tio n s” o f gold, even those w hich 

are of a ru b y  colour, contain  c ry s ta llite s  in  add ition  to  th e  sm all spheres to  w hich th e  

colour is p rim arily  due. T hus Fa r a d a y  could d e tec t th e  green  “ cone of lig h t,” 

w hich ind icates th e  absence of la rg e  aggregations, only  in those liquids w hich had  

been cleared  by  pro longed p rec ip ita tion  an d  freq u en t d e c a n ta tio n ; and  St o e k l  and 

Va n in o  found th a t  all th e  gold suspensions w hich th e y  exam ined show ed a yellow ish 

reflection. A  sm all num ber o f th e  la rge agg reg a tio n s m ay, how ever, cause th e  cone 

of lig h t to  appear yellow  or red  w ith o u t appreciab ly  a lte rin g  th e  colour of th e  

tra n sm itte d  ligh t. For, w hereas th e  in te n s ity  o f th e  (green) lig h t em itted  by a small 

sphere is p roportional to  th e  s ix th  pow er o f th e  d iam eter, th e  in ten sity  o f th e  (brow n) 

lig h t reflected  from  a gold  c ry s ta llite  is p roportional to  th e  square o f its  linear 

dim ensions. G old so lu tions p repared  chem ically  appear, how ever, to  be freer from 

ag g reg a ted  gold  th a n  are those p repared  by Br e d ig ’s m ethod.*

6. D iffu s ion s o f  S ilver . The N a tu r e  a n d  F o rm  o f  the Su spended  P artic les.

W e proceed to  consider th e  absorp tion  of lig h t p roduced  by  diffused partic les of 

silver. The values o f nV /pX  for v =  1*6, — 1*5, =  1*33

Table I I . a re  p lo tted  in  fig. 3, th e  positions of th e  m axim um  of each curve being 

de term ined  as in  th e  case of gold. Since ( above, § 4)

silver w ere all de term ined  from th e  polished surface of th e  m etal, these  curves should 

rep resen t th e  absorp tion  produced by  diffused spheres of silver in glass, in w ater, and  

in  vacuo, w ith  only a sm all error, f  The d o tte d  curve in fig. 1, w hich rep resen ts th e

absorptions of diffused molecules of silver in  vacuo  (and, on different scales, in o ther 

non-absorbing and  non-dispersive m edia), shows th a t  th e  silver molecule has a free 

period corresponding to  X =  *360, about. The ex istence of th is  free period is possibly 

responsible for th e  sensitiveness of silver sa lts  to  u ltra -v io le t lig h t.

In  fig. 4 th e  g raphs of n V / X  for glasses of refractive  indices v =  1*60 and  v =  1*56 

are show n on such a scale as to  have th e  sam e o rd ina te  a t  th e  D  line as th e  g raph  

of K  for th e  m easured  glass A g  (B), of w hich th e  m easured  refractive index a t  th e  

D  line w as 1*579. The m easured curve resem bles those calculated, following them  

very  closely from  X =  *600 to  X =  *475, and  hav ing  a m axim um  for a value of X 

in te rm edia te  betw een those values of X w hich correspond to  th e  m axim a of th e  tw o 

calculated  curves.! This close approxim ation of th e  observed absorptions to  those

* Cf. Zs i g m o n d y , ‘ Z e itschr . f. E le c tr o c h e m .,’ p. 5 4 7 . B r e d i g ’s  rem ark , th a t  h is g o ld  so lu tio n s w ere blue 

red, p o in ts  to  th e  sa m e co n c lu sio n .

t  T h ese  cu rv es  sh o w  th a t  in  each  case th e  a b so rp tio n  is  le ss  for red th an  for y e llo w . T h is  is co n tra ry  

to  sta te m e n ts  m ade in  th e  p rev io u s p a per (foe. cit., pp. 3 9 9  a n d  4 2 0 ) ; th e  

m isca lcu la tio n  for s ilv e r  (red) (loc. cit.,T a b le  I ., p. 39G).

J T h e cau se of th e  d ep ressio n  o f th e  ob serv ed  m a x im u m  b e lo w  th o se  ca lcu la ted  is d o u b tless to  be fou n d  

in  th e fa c t, to  w h ich  L ord  R a y l e i g h  has ca lled  a tte n tio n  in  a re cen t lec tu re  a t  th e  R o y a l In s titu tio n , that
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2 5 6 M R . J . C. M A X W E L L  G A R N E T T

F ig . 3 .  S i l v e r — ca lcu la ted  v a lu e s  o f — .

(1 )  S p h eres  (or m o lecu les) in vacuo, v =  1 *0 : . . . .

(2 )  S p h eres in  w ater . v =  1 • 3 3 3 3 :  —

(3 )  S p h eres in  g la ss , v = 1 • 5 : _ .

(4 )  S p h eres  in  g la ss , v — 1 * 6 :

C a lc u la ted  v a lu es  sh o w n  t h u s : © .

F ig . 4 .  S i l v e r .

(1 )  K , o b ser v ed  for g la ss  A g  ( B ) :

O b serv ed  v a lu e s : x  .

(2 )  ca lc u la te d  for s ilv e r  sp h eres  in
A

g la ss , v =  1 * 5 6  :

(3 )  ca lc u la te d  for  s ilv e r  sph eres in
A

g la ss , v — 1 * 6 0 :

C a lc u la te d  v a lu e s : © .

CO

to

F
ig
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O N  C O L O U R S I N  M E T A L  G L A S S E S , ETC . 2 5 7

calcu lated  suggests th a t  th e  colouring a g e n t of th e  yellow  silver glass consists prim arily  

of diffused spheres of silver. Since d iscre te  silver molecules w ould produce an  

absorp tion  m axim um  a t  X =  ‘360, n o t more th a n  a  com paratively  sm all am ount of 

silver can be p resen t in th e  m olecularly  subd iv ided  condition. The conclusion th a t  

silver glass owes its  colour to  diffused spheres o f silver w ill be verified in th e  following 

section.

The absorp tion  spectra  o f some colloidal so lu tions o f silver, p repared  by Br e d ig ’s 

m ethod ,*  have been m easured  by  Eh r e n h a f t . T he continuous curve show n in fig. 3, 

rep resen tin g  th e  calcu la ted  absorp tions o f a diffusion o f silver spheres in w ater, is of 

th e  sam e form  as th a t  w hich, according to  Eh r e n h a f t ’s m easurem ents, rep resen ts 

th e  absorp tion  o f visible  l ig h t by  a  colloidal so lu tion o f silver, f  U sin g  u ltra -v io le t 

ligh t, he fu rth e r  found th a t  a brow n colloidal so lu tion o f silver, exam ined before 

coagulation h ad  seriously  affected its  colour, show ed an  absorp tion  band  w hich began 

a t  X =  *503 and  a tta in e d  a m axim um  a t  X =  '380, w hile th e  fluid w as again  qu ite  

tra n sp a re n t a t  X =  *335. E x cep t for th e  fac t th a t  th e  m axim um  ord inate  of th e  

calcu lated  curve for silver spheres in w a te r  is a t  X =  ’389 in stead  of a t  X =  ‘380, th e  

above observations adm irab ly  describe th e  continuous curve show n in fig. 3. Since 

th e  d o tte d  curve g iven  in  th a t  figure show s a  m axim um  a t  X =  *360, and  th e  absorp 

tion  band  does n o t begin  u n til  X =  *450, abou t, th e  colour o f th e  “ collo idal” solution 

is n o t th a t  w hich w ould be ex h ib ited  by  a suspension o f d iscrete  silver molecules, i.e., 

by  a tru e  solution. W e conclude, therefore , th a t  th e  silver in  a “ colloidal ” solution 

is p resen t in  th e  form of sm all s p h e re s ; d iscrete  m olecules m ay, how ever, also be 

p resen t, and, as ind ica ted  above in th e  case of gold, p repared  by Br e d ig ’s m ethod, 

probably  also crysta llites , th e  num ber and  size of w hich will increase w ith  th e  age of 

th e  solution.

T h a t th e  silver in a  colloidal so lu tion is in th e  form  o f sm all spheres is fu rth e r  

show n by an  experim en t o f Ba r u s  and  Sc h n e id e r ,{ who m easured th e  refractive 

index of such a fluid. T heir resu lts  are  g iven in th e  follow ing tab le , § in w hich n  

rep resen ts  th e  m easured  refractive  index :—

th e  sp ectru m  fo rm e d  b y  th e  l ig h t  w h ich  h a s tra v e rsed  th e  g la ss  is  n o t  q u ite  pure, so  th a t  th a t  im a g e  of 

th e  s li t  w h ich  sh o u ld  b e illu m in a te d  o n ly  b y  l ig h t  o f w a v e -le n g th , sa y , A =  *433, is  a lso , o w in g  to  

reflec tio n s fro m  d u st  p a rtic les , & c., i llu m in a te d  b y  l ig h t  o f o th e r  w ;ave-lengths w h ich  has ex p er ien c ed  a 

le ss  a b sorp tion .

*  B r e d i g , ‘ Z e itschr . f. E le c tr o c h e m ie ,’ 4, pp . 5 1 4 , 5 4 7 .

t  E h r e n h a f t , loc. cit., p. 5 0 6 .

X B a r u s  an d  S c h n e i d e r  on “ T h e  N a tu r e  o f C o llo id a l S o lu t io n s ,” ‘ Z e itsch r . f. P h y s . C h em .,’ V I I I .,  

p. 2 7 8 .

§ T a b e lle  5 , loc. cit., p. 29 6 .

2  LV O L . C C V .— A .
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2 5 8 M E . J . C. M A X W E L L  G A R N E T T

T a b l e  V . — In d ex  of R efraction  o f Colloidal Solu tion of Silver for Sodium  L ig h t

(X =  -589).

S o lu t io n .
P e r ce n ta g e  o f 

s ilv e r .

I

P e r c e n ta g e  

of fo re ig n  sa lts .

T em p era tu re , 

° C.
n.

W a t e r ........................... <|

0 0 1 8 - 0 1 -3 3 0 6

0 0 1 8 - 2 1 - 3 3 1 5

S ilv e r  S o lu t io n *  . . .

1 * 1 6 0 - 1 8 1 8 - 6 1 - 3 3 6 9

1 * 1 6 0 - 1 8 1 8 - 6 1 - 3 3 6 3

1 * 1 6 0 - 1 8 1 8 - 6 1 • 3 3 6 9

1 * 1 6 0 * 1 8 1 7 - 0 1 - 3 3 6 3

W  s

0 0 1 8 - 7 1 - 3 3 3 1

0 0 1 9 - 0 1 - 3 3 3 3

*  T h e  so lu tio n s  w ere p repa red  b y  C a r e y  L e a ’s  m e th o d  o f p r e c ip ita t in g  s ilv e r  n itr a te  w ith  ferrou s  

c itr a te — t h e y  w ere  su b se q u e n tly  d ia ly se d  fo r  6 0  h ou rs.

T hus th e  m ean refractive index of silver in w a te r a t  18°*6 w as n  =  1*3367, w hile 

th e  refractive index of w ate r a t  18°*7 w as v 1*3331. T ak ing  th e  specific g ra v ity  of 

silver as 10, th e  volume proportion  silver w as p, =  *00116.

The values of th e  functions a  and  a ' for sod ium  lig h t and  w

according to  Table I I .,  a =  1*571 and  a ' =  1*333. S u b s titu tin g  these  values of v, //,, 

and a  in  equation (10), nam ely

we obtain
n' =  * /(l+ f/A a), 

n ' =  z/(l*00273) =  1*33674. 

S im ilarly , from equation (9),

we have

v U  +
2 +  v2 ,

n" =  i/(l*002078) =  1*33587.

Comparison of these values of n 'and 
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requires th a t  p ractica lly  th e  w hole o f th e  silver m u st have been in suspension in th e  

form of small spheres.*

O nce more, Ca r e y  L e a ! p repared  suspensions of silver in w ate r by p recip ita ting  

th e  silver from th e  n itra te  by  m eans o f a m ix tu re  of ferrous su lp h a te  and  sodic c itra te . 

H e describes how, a fte r  carefu l w ashing, th e  silver frequen tly  “ dissolved,” form ing a 

liquid  w hich varied  from  red  to  yellow j and  w as genera lly  blood red  ; he a d d s :—

“ O n o n e  o cca sio n  th e  su b sta n ce  w a s o b ta in ed  in  a c r y s ta llin e  form . S o m e crud e  red  so lu tio n  h ad  b e en  

s e t  a s id e  in  a co rk ed  v ia l. S o m e w e e k s  a fter  th e  so lu tio n  h a d  b e co m e d eco lo u red  w ith  c r y sta llin e  d ep o sit  

o n  th e  b o tto m . T h e  b o t t le  w a s c a r efu lly  b r o k e n ; th e  d e p o s it,  e x a m in e d  b y  a len s , co n s is te d  o f sh ort  

b la ck  n ee d les  a n d  th in  p r ism s.”

If, th en , th e  diffused partic les o f silver w hen ag g reg a ted  and  p rec ip ita ted  had  

become crysta lline, th e y  m u st before have been in th e  form o f nascen t crysta ls, and  

for gold and  for all th e  substances exam ined by  Vo g e l s a n g , § such nascen t crysta ls 

w ere spherical.

7. B lu e  R eflec tion  f r o m  the S ta in e d  Face o f  S ilv e r  Glass.

W h en  clear glass is flashed w ith  silver glass, or w hen a clear glass is so sta ined  on 

one face w ith  silver th a t  th e  volum e proportion p, o f silver does n o t g rad u a lly  dim inish 

to  zero as we proceed inw ards from th e  s ta ined  face, b u t th a t  th e  sta ined  region ends 

ab ru p tly , a blue reflection from th e  in terface can be observed if  th e  glass is held  w ith  

th e  s ta ined  face aw ay from th e  eye, N o blue reflection can be seen from th e  

air-glass in terface w hen th e  sta in  is held  tow ards th e  eye. St o k e s  observed th is  

blue reflection, and  s ta te d  th a t  th e  in terface p resen ted  th e  appearance o f being coated 

w ith  a fine blue pow der.||

W e proceed to  exam ine w h e th e r th e  presence of sm all spheres of silver, which has 

been show n to  account for th e  colour of th e  lig h t tra n sm itte d  by  silver glass, will also 

account for th is  blue reflection. Consider, th en , plane polarised lig h t travelling  in a 

m edium  of refractive index v' and  d irec tly  incident on th e  surface, z =  0, o f an 

absorbing m edium  w hose optical constan ts are n r and  k \  w here N '  EE n ’ ( 1  —  u c ' ) .  Then 

we m ay ta k e  as th e  electric and m agnetic vec to rs for

*  B a r u s  a n d  S c h n e i d e r  floe. cit., p. 2 9 7 )  m ak e  th e  fo llo w in g  co m m en t on  th e ir  e x p e r im e n t:—

“ K u n d t  h as fo u n d  for norm al m eta llic  s ilv e r  a re fra ctiv e  in d e x  o f a b o u t 0  • 27 . I t  w o u ld , th erefore, be  

e x p e c te d  th a t  th e  p resen ce  o f th e  s ilv er  w o u ld  d im in ish  th e  re fra ctiv e  in d e x  o f th e  w ater. I t  is b y  no  

m ean s d e n ied  th a t  i t  m ig h t  b e p ossib le  to  ex p la in  th e  n orm al re fra ctiv e  in d ice s  o f th e  ab ove  ta b le  in  

a ccord an ce w ith  M a x w e l l ’s  T h eo r y  o f L ig h t .”

T h e  in v e st ig a tio n  in  th e  t e x t  a tte m p ts  to  g iv e  su ch  an  e x p la n a tio n .

t  C a r e y  L e a , ‘ A m er . J o u rn a l of S c ien ce ,' 1889 , an d  ‘ P h il. M a g .,’ 1 8 9 1 .

J Cf. a bove , p. 2 4 3 , e sp e c ia lly  secon d  fo o tn o te .

§ Cf. a b o v e, § 1.

|| S t o k e s , ‘ C o llec ted  W o rk s,’ v o l. I I I .,  p . 3 1 6 .
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2 6 0 M R . J . C. M A X W E L L  G A R N E T T

In c id en t l i g h t :—

X  =  exp {up ( t-v 'z /c)} , Y =  0, Z =  0,

a. — 0, ■C
O II CD X 3
. c-t* 1 a y  =  0.

R eflected l i g h t :—

X  =  B exp Y  =  0, Z =  0,

a  = 0, /3 =  — v'B  exp (t + v'z/c)}, 7 =  0.

L ig h t inside absorbing m edium  :—

X  =  C exp N 'z/c)} , Y  =  0, Z =  0,

a  =  0, /3 =  N 'C  exp { N 'z/c)} ,7 = 0 .

M aking X  and  f t  continuous a t  Z =  0, we have

C =  1 +  B, N 'C  =  i / ( l —B).

H ence

x) _  N ' _

” 7+N' ” i/+w'-iwV ‘

T aking  th e  square of th e  m odulus, we have, for th e  value I t  o f th e  ra tio  of th e  

in ten sity  of th e  reflected lig h t to  th a t  o f th e  in c iden t lig h t,

R  EE (B )2
(v '—n ')2+ n '2K 

( iZ + n J+ n * *
( 1 2 ).

If, now, th e  absorb ing m edium  consist o f m in u te  spheres of m eta l em bedded in  a 

tra n sp a re n t m edium  of refractive  index  v, we have equations (10), nam ely,

n V 3/xvfi, n ' =  ^ ( l

S u b s titu tin g  these  values of u 'k ' and  o f n' in (12) we o

+  . . . (13),

in w hich pow ers of p  h igher th a n  th e  second have been neglected.

Suppose first th a t  v' =  1, so th a t  we consider th e  reflec tion a t  th e  fro

sta ined  glass. O m itting  pow ers of p  except th e  low est w hich occur, we th e n  have 

from (13)

Ri i  +
Gfjiv (14).

I t  appears from equation (14) th a t  lig h t is reflected from th e  sta ined  glass alm ost 

as if  th e  sta in  did  no t exist, th e  effect of th e  sta in  being s ligh tly  to  increase th e  

reflection of those colours (in th e  blue) for w hich, according to  Table I I ., oc is g reatest.
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O N  C O L O U R S I N  M E T A L  G L A S SE S , ETC . 2 6 1

N ow, how ever, suppose th a t  v' =  v, so th a t  th e  lig h t is 

betw een  colourless glass and  th e  sam e glass con tain ing  sm all spheres of m etal. 

N eg lecting  p,3, equation  (13) th e n  reduces to

E  =  A V ( a 2+ 4 ^ )  ......................................... (15).

Since th is  expression for R  contains no la rge co n stan t term , th e  lig h t from th e  

in terface w ill in  th is  case he h ig h ly  coloured in th e  case of those m etals for w hich 

a 2+4/32 varies g re a tly  for d ifferen t values of X.

If, how ever, th e  absorb ing  m edium  contain  m olecularly d iv ided m etal, equations (10) 

are replaced by

n 'V ' (2 + z/ ’)/*'. p/3', w" =  v
u 2 +  /  , 

+  ~ 2 7 ~ '"X • • ( 1 1 ).

R eplacing  3 p ./3and 3 p a  in equations (14) and  (15) by  and  a!

respectively , we obtain , as th e  in ten sities  of th e  lig h t reflect from the front face of 

th e  s ta in  and  from th e  in terface respectively ,

R / i  +
2 ( v 2+ 2 )

( v2- l ) v
( 1 6 ) .

R, =  i ? ( ^ T ( “,2+ 4^ )
(17).

A s before, i t  appears th a t  w hen th e  s ta in  is held  tow ards th e  eye th e  reflection 

R /  is alm ost as if  th e  s ta in  w ere not th e r e ; w hile w hen th e  s ta ined  face is aw ay from 

th e  eye, th e  reflec tion is h igh ly  coloured.

Sir W il l t a m Ab n e y  has k ind ly  m easured  for me th e  in tensities  R 0 of lig h t 

reflected from th e  in terface betw een th e  unsta in ed  and sta ined  regions of one of 

St o k e s ’ specimens of silver glass. The values of R 0 are given in th e  following 

tab le  :—

Ta b l e  V I.— Blue Reflection from Silver Glass. M easured  V alue of

vat D Lines =  1*532.

A. Ro. A. Ro- A. Ro-

•4 2 0 0 •25 •5 0 0 0 •067 •5 8 0 0 •0 1 4

•4 3 0 0 •2 8 5 •5 1 0 0 •0 5 0 •5 9 0 0 •016

•4 4 0 0 •2 9 0 •5 2 0 0 •0 4 2 •6 0 0 0 •0 1 8

•4 5 0 0 •267 •5 3 0 0 •032 •6 1 0 0 •0 2 0

•4 6 0 0 •2 3 7 •5 4 0 0 •0 2 5 •6 2 0 0 •021

•4 7 0 0 •1 9 5 • 5 5 0 0 •0 2 0 •6 3 0 0 •022

•4 8 0 0 •1 4 6 •5 6 0 0 •0 1 8 — —

•4 9 0 0 •0 9 5 •5 7 0 0 •0 1 6 •6 8 0 0 •022
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2G 2 M R. J . C. M A X W E L L  G A R N E T T

F ig . 5. B lu e  re flec tio n  fro m  s ilv e r  g la ss . 

C a lcu la ted  v a lu e s : O -

(1 )  R  sph eres in  g la ss , v =  1 '5 6  : ___

(2 )  R' ^  m o le cu les  in  g la ss , 1 • 5 6  : .......

O b serv ed  v a lu e s  : x  . 

(3 )  Ro o b se rv ed  :

R'

The continuous curve show n in fig. 5 has been fitted  to  th e  plots of these values 

of R 0. In  th e  same figure are also show n th e  calcu lated  values of I t  and of R ', 

obtained  from equations (15) and  (17) by  m eans of th e  values of a 2+4/32 and of 

a /2+4/3'2 given for silver and  glass of refractive index =  1*56 in Table II . The 

scales on .which R  and  R/ are represen ted  are so chosen th a t  th e  ordinates corre

sponding to  \  =  *589 shall be th e  same as th a t  for th e  continuous curve.
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O N  C O L O U R S  IN  M E T A L  G L A S S E S , ETC. 2 6 3

I t  appears th a t  w hile th e  g rap h s of B/ and  B 0 w idely differ, th e  positions of th e  

respective m axim a falling nea r X =  ‘360 an d  X =  *436 respectively , th e  g rap h  of B  

closely resem bles th a t  of B 0,* th e  m axim a of B  and  of B ' occurring a t  alm ost th e  

same value o f X. W e  conclude th a t  th e  presence o f sm all spheres o f silver th ro u g h o u t 

th e  sta in ed  region of th e  glass w ill account for th e  b lue re flec tio n ; and  we th u s  

confirm th e  view, to  w hich absorp tion  phenom ena led us, th a t  silver glass consists of 

a suspension o f sm all spheres o f silver in  a colourless glass.

Before leav ing  th e  consideration  o f th e  blue reflection from silver glass, it m av be 

noticed th a t  th e  lig h t is no t reflected  as from  a p lane in terface betw een glass and  

silver glass. T hus w hen th e  source o f lig h t is an  electric  arc, th e  blue colour is 

clearly  discernible by  an observer w hose eye is no t in th e  s tra ig h t line determ ined  by 

th e  o rd inary  law* of reflection. T his effect is due to  th e  irre g u la rity  of th e  in terface, 

th e  silver n o t hav ing  p e n e tra te d  th e  g lass to  a uniform  dep th . A n a lte rn a tiv e  

explanation , how ever, suggests itse lf ,— th e  blue colour m ig h t be due to  independen t 

rad ia tio n  from d iscre te  spheres (or m olecules) of silver so far a p a r t as n o t to  form an 

optically  hom ogeneous m edium . The in te n s ity  o f th e  em itted  lig h t w ould th e n  be 

proportional to  (a2+4/32)/X4 (in  th e  case o f spheres, or (a /2+4/3/2)/X4 in th e  case of 

molecules). F u rth e r , th e  blue colour w ould be equally  visible if  th e  lig h t illum inating  

th e  d iscrete spheres (or molecules) en te red  th e  silver g lass from th e  air side or th e  

clear glass s id e ; an d  th is  is n o t th e  case.

I t  is of in te re s t to  notice th a t  w hile each ind iv idual sphere in glass rad ia tes ou t 

lig h t of an  in te n s ity  p roportional to  (a2 +  4/32)/X4, a surface sep ara tin g  a  glass, contain ing 

m any of th e  spheres to  a w ave-leng th  o f lig h t, from a region of th e  sam e glass in 

w hich no spheres are present, reflects lig h t w ith  an  in te n s ity  p roportional to  a 2+4/32. 

This is due to  th e  fact th a t  th e  num ber of spheres (on th e  reflecting surface), th e  

phase of th e  forced v ib rations of w hich lies a t  any  in s ta n t betw een  given lim its, is 

proportional to  X2; so th a t  th e  in te n s ity  o f th e  reflected lig h t is proportional to  X4 

tim es th e  in ten sity  of th e  lig h t em itted  by a single sphere.

8. D iffu sions o f Copper. The N a tu r e  a n d  F o rm  o f  the Su spended  Particles.

W e proceed to  discuss th e  colours produced by diffused partic les of copper in order 

to  discover th e  cause of colour o f copper ru b y  glass. The values o f th e  expression 

nV//uX for v — 1*56, v  = 1*5, and  

m axim a being determ ined  as in th e  case of fig. 1 ( § 5 above). As in th e  case of

silver, these curves should fairly  accurate ly  rep resen t th e  absorptions produced by 

copper spheres in glass v =  1’5G, in glass v =  1*5, and by

* T h e  fa c t th a t  R 0 increases from  y e llo w  to  red , w h ile  R  d im in ish es  in  th e  sam e range, w ou ld  be 

a cco u n ted  for if  th e  b lack  pap er w ith  w h ich  S ir W i l l i a m  A b n e y  b ack ed  th e  sta in ed  face o f the  g la ss  

reflected  2 per cent, o f th e  lig h t  in c id e n t  on it . F u rth er  ex p er im en ts  are to  be m ade on  th is .
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U K

F ig . 6. C orP E R — c a lc u la te d  v a lu es  of .

(1 )  S p h eres  (or m o lecu les) vacuo, 1 - 0 :  —

(2 )  S p h eres  in  g la ss , v = 1 * 5 : --------

(3 ) S p h eres  in  g la ss , v =  1 • 56  :

C a lc u la te d  v a lu es  sh o w n  th u s : © .

F ig . 7 .  C o p p e r .

(1 ) K , o b serv ed  for cop p er ru b y  g la ss  C u ( X ) :

O b serv ed  v a lu e s  : x  .

(2 )  , ca lc u la ted  for cop p er sp h eres  in  g la ss ,
A

r =  l - 5 :

ca lcu la ted  for  cop p er m o le cu les  in

g l a s s :

C alcu la ted  v a lu e s : © .
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O N  C O L O U R S  I N  M E T A L  G L A S S E S , ET C . 2 6 5

(copper vapour) in  vacuo  respectively . The absorption  band  in  th e  yellow  green 

shown by th e  top  tw o curves in fig. 6 w as observed by  St o k e s  in th e  spectrum  of a 

copper ru b y  glass.

In  fig. 7 th e  g rap h s of nV /X  for g lass (v =  1*5) and  of '/X* are reproduced  from 

fig. 6 on such a scale as to  have th e  sam e ord in a te  a t  th e  D  line as th a t  possessed by 

th e  continuous curve w hich has been fitted  to  th e  p lo ts of th e  m easured absorption K  

of th e  glass Cu (X). The curves in  fig. 7 all have a  m inim um  in th e  red  or infra red  

and  a  m axim um  in th e  y e llo w -g reen ; b u t w hile th a t  (u 'k /X)  w hich rep resen ts  th e  

absorptions o f spheres in  glass has a secondary  m axim um  near X =  *480, th e  d o tted  

curve shows th a t  th e  absorption  of copper molecules in  g lass continues to  increase till 

X <  ‘350. Also th e  m axim um  in th e  yellow  g reen  for th e  “ sp h e re ” curve occurs for 

approx im ately  th e  sam e value of X as corresponds to  th e  m axim um  observed absorption ; 

w hile th e  value of X a t  th e  m axim um  of th e  d o tte d  (“ m o lecu le”) curve is abou t lO^u, 

less, and  th e  la t te r  m axim um  is m uch less m arked  th a n  are th e  form er two. F inally , 

th e  la s t read ings ob ta ined  for K  in th e  v io let ind icate  th a t  th e  continuous (observed) 

curve rap id ly  approaches a m axim um  near X =  ‘480.

W e conclude th a t  copper ru b y  glass is coloured by m etallic copper,! and  th a t  th e  

g re a te r  p a r t  of th e  copper is p resen t in th e  form of sm all spheres, a lthough  some 

probably  rem ains in th e  form of d iscrete  molecules. J

The m anufactu re  of copper ru b y  glass closely resem bles th a t  of gold ruby .§ L ike 

gold ruby , th e  copper ru b y  glass becomes tu rb id  if  k ep t too long a t  a high  tem peratu re . 

This tu rb id ity  is also probably  due to  th e  fo rm ation o f c ry sta llites  by  th e  coagulation 

of sm all spheres, since, w hen th e  conditions necessary for th e  deve lopm ent of tu rb id ity  

are long m ain tained , ac tu a l crysta ls, ap p aren tly  of copper, are formed in th e  glass.||

9. Colouring E ffec ts  o f  the R a d ia tio n  f r o m  , Cathode  , etc.

I t  has long been well know n th a t  cathode rays produce a blue-v io let coloration in 

soda glass. Soda glass tubes, a fte r  contain ing th e  em anation from radium , show th e

* T h e  g ra p h  o f %V/A for v =  l  can , b y  in c rea sin g  a ll th e  o r d in a tes  in  th e  p rop er co n s ta n t p rop ortion , be  

ch a n g ed  in to  th e  g ra ph  o f w"#c"/A for a n y  v a lu e  o f A. § 3 ab o ve .

t  S t o k e s  ( ‘ M ath , a n d  P h y s . P a p e r s /  v o l. IV ., p. 2 4 2 ) su p p o sed  th a t  th e  co lo u r in g  a g e n t  w as su b o x id e  

o f copper. T h e b lu e  co lou r  e x h ib ite d  b y  o v erh ea ted  sp ec im en s o f the g la ss  ( cit., p. 2 4 3 )  is p rob a bly  

cau sed  b y  th e  co a g u la tio n  o f th e  sm a ll sph eres  in to  c r y sta lli te s  a n d  cry sta ls  w h ich  reflect o u t  th e  red  lig h t .

|  M easu rem en ts  w ill h a v e  to  b e m ad e  w ith  u ltr a -v io le t  l ig h t  in  order to  d e term in e  h ow  m uch  copper  

rem a in s in  th e  m o le cu la r ly  su b d iv id e d  co n d itio n .

§ Cf. a b o v e, § 5, p. 2 5 1 .

|| Cf. ‘ P h il . T r a n s ./  A  (1 9 0 4 ), p. 3 92 . S om e o f th e  cr y sta llin e  g la ze s  m ade b y  M r. B u r t o n  a t  

P i l k i n g t o n ’s  ti le  w o rk s e x h ib it  th e  sam e effect. I h a v e  seen  a p o t w ith  a copper g la ze  in p arts of w h ich  

th e  copper w a s a p p a r en tly  redu ced , for in  p a ssin g  from  th e  co lo u rless  g la ze  (w h ere  th e  copper was n o t  

redu ced ) in to  reg io n s w h ere  th e  red u ctio n  h ad  been  effec ted , a d eep  red  (cop per ru b y ) w as first r e a c h e d ; 

th a t co lou r in creased  in  in te n s ity  u n til,  in  th e  central p ortio n s o f th e  reg ion , cr y sta ls , a p p a re n tly  of copper, 

could b e seen .

V O L . C C V .— A . 2  M
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2 6 6 M R. J . C. M A X W E L L  G A R N E T T

same colour, and  crysta ls o f each sa lt acquire u n d er cathode rays a beau tifu l v iolet 

t in t .# E x perim en t has also show n th a t  exposure to  th e  em anation  from rad ium  gives 

to  gold glass a ru b y  colour, to  silver glass a yellow  colour, and  to  po tash  glass a brow n 

colour.

N ow  we have seen f th a t  a m olecularly  subdiv ided  m etal possesses th e  same colour 

by tra n sm itte d  lig h t w hatever be th e  n a tu re  of th e  su rround ing  tra n sp a re n t m edium , 

supposed non-dispersive and  isotropic. T his colour m ay be called th e  vapour-colour 

of th e  m etal. I t  has fu rth e r  appeared  th a t  a lth o u g h  th e  tra n sm itte d  colour of a m etal 

subdiv ided in to  sm all spheres, m any  to  a w ave-leng th  o f lig h t, does depend on th e  

refractive index v o f th e  m edium  in w hich th e  sm all spheres are “ em bedded,” y e t 

th is  colour approaches to  th e  vapour-colour as v approx im ates to  un ity . A s is show n 

by th e  d o tted  curve in fig. 1, th e  vapour-colour o f gold m u st be red.J The colour of 

glass contain ing  m olecularly d is trib u ted  gold  is th u s  re d , | a lthough  w hen th e  gold is 

collected in to  spheres th e  glass is pink. S im ilarly , reference to  th e  re la tive  values of 

(B'lA. in Table I I . show s th a t  th e  vapour-colour o f silver is yellow. G lass coloured 

by sm all spheres of silver is also yellow. A gain , P rofessor It. W . Wood  show ed to  

th e  B ritish  A ssociation § in C am bridge th a t  th e  vapour-colour o f sodium  is violet, th is  

colour being due to  th e  absorp tion  a t  th e  D  lines. This v io le t colour is also produced 

a t  th e  cathode in th e  electro lysis of sodium  chloride,|| th e  m olecules of sodium  form ed 

a t  th e  cathode being d is tr ib u te d  th ro u g h o u t th e  w ate r in its  neighbourhood and  

giv ing  rise to  th e  vapour-colour.IT A nalogy w ith  th e  cases of gold and  of silver 

indicates th a t  sm all spheres of sodium  w ould produce in glass a colour no t g rea tly  

different from th e  vapour-colour produced by  th e  m olecularly  subdiv ided m etal.

T hus th e  colours developed in gold, silver, or soda glass by  th e  rad ia tion  from th e  

em anation from radium  are  approx im ate ly  th e  sam e as th e  colours w hich w ould be 

given to  th e  glass by  th e  presence of th e  reduced  m etal, e ith e r m olecularly  div ided or 

in sm all spheres (nascent crysta ls).

I t  is therefore v e ry  probable th a t  th e  m etal in th e  glass is reduced  by th e  action of 

th e  radiation . This view finds considerable suppo rt in th e  discovery  o f Vil l a r d ,## 

th a t  cathode rays ex e rt a reducing  action, as w ell as from th e  fact, a lready  c i te d ,t f  

th a t  E l s t e r  and Ge it e l  found th e  sa lts  o f th e  alkali m etals, w hich had  been coloured 

by exposure to  cathode rays, to  exh ib it photo-electric  effects as if  th e y  contained 

traces of th e  free m etal. * * * § **

*  G o l d s t e i n , ‘ W i e d . A n n . /  l iv .,  p . 3 7 1 , 1 8 9 8 .

f  Fide ante , p. 2 4 3 .

J Or yellow ; see th e  secon d  fo o tn o te , p. 2 4 3 .

§ A u g u st, 1 90 4.

|| C f. J . J . T h o m s o n , ‘ C o n d u ctio n  of E le c tr ic ity  th ro u g h  G a se s ,’ pp . 4 9 5 , 49 6 .

H B u n s e n  fo u n d  th a t  c o m m o n  s a lt , a f t e r  h e a t in g  to  a b o u t  9 0 0 °  C ., e x h ib it e d  a v io le t  co lo u r , d u e  

a p p a r e n tly  to. th e  re d u c ed  m e ta l , a l th o u g h  B u n s e n  s u g g e s te d  a  su b c h lo r id e ,

* *  ‘ J o u rn a l d e P h y s .,’ 3 me S er ies , V I I I .,  p. 1 40 , 1 89 9 , 

f t  S ee ‘ P h il. T ra n s .,’ A , 19 0 4 , p . 4 0 0 ,
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Sir W i l l i a m  R a m s a y , w hen I  first called his a tte n tio n  to  th e  exp lanation  of th e  

coloration of glass by rad ium  w hich is afforded by  supposing th e  rad ia tio n  to  reduce 

m etal in  th e  glass, suggested  th a t  th e  reduction  m ig h t be effected by  th e  discharge 

of free ions of th e  m etal. Since th a t  tim e th e  fu rth e r  evidence th a t  has accum ulated 

seems to  favour th e  t r u th  of th is  theory . T hus, as all th e  colour-changes from pink  

to  blue exh ib ited  by gold glass can be im ita ted  w ith  suspensions of gold in w ater, 

th e  glass appears to  behave as a liquid, a lthough  a v ery  viscous o n e ; and  it  seems, 

therefore, reasonable to  suppose th a t  th e  sa lt of a m etal w hich will dissociate in 

w a te r will dissociate also in glass. A s an  a lte rn a tiv e  hypothesis, we m ig h t suppose 

th e  com pound molecules b roken  up  by th e  rays. B u t, w ere th is  th e  case, th e  a -rays 

w ould be far m ore efficient th a n  th e  /3 in producing  th e  colour. A nd th is  is no t 

tru e  ; for th e  coloration p roduced  in th e  sp lin ters  o f gold and  silver glass, as well as 

in  soda and  po tash  glasses, are not, apparen tly , s tro n g er on th e  sides of th e  glass, 

b u t seem to  be of uniform  s tre n g th  th ro u g h o u t. F rom  th is  i t  appears th a t  th e  /3-rays 

are  alone capable of producing  th e  colour. This is in accord w ith  th e  former 

hypothesis. F o r th e  ions of th e  m etal in th e  glass w ould be positively  charged, and  

th e ir  d ischarge by th e  n ega tive ly -charged  /3 partic les (or cathode rays) w ould change 

them  in to  m olecules—ju s t  as th e  sodium  ions in th e  electro lysis of common sa lt are 

d ischarged  a t  th e  cathode, and  th u s  are  transform ed  in to  molecules of sodium , 

im parting  a v io le t colour to  th e  w ate r and  capable of form ing caustic soda.

I t  appears, therefore, possible th a t  all glasses contain  free ions of m etal, and  th a t  

i t  is by  th e  discharge of these  ions, and  consequent reduction  of th e  m etal, th a t  

cathode and  B ecquerel rays are able to  produce coloration in them .

10. N um erica l Values o f  the Optical Constants o f  M ed ia  conta in ing  L a rg e  Volume

P roportions o f  C erta in  .

The preceding sections of th is  paper have tre a te d  only o f th e  optical properties of 

those m edia for w hich th e  volume p roportion, /x, o f m etal is very  small. The 

consideration of m edia in w hich g  m ay have any  value up to  u n ity  will now, however, 

be resum ed, in  order to  discover w h at m ay be th e  physical exp lanation  of those 

colours and  changes of colour w hich F a r a d a y , *  B e i l b y , !  and  others have found to  

be exhib ited  by th in  m etallic films. In  § 11 of th e  form er com m unication! th e  

question w hether films b u ilt up of sm all spheres of silver or of gold would, for any  

given volume proportion of m etal, tran sm it red  or yellow  lig h t more easily, was d is

cussed, and  th e  conclusions reached w ere com pared w ith  th e  resu lts  of Mr. B e i l b y ’s  

experim en ts! on th e  effect o f h ea t on th in  films of m etal. The p resen t section 

ex tends th e  scope of th a t  enquiry.

* B a k er ia n  L e ctu re  for 18 5 7 , ‘ P h il. T r a n s ./  A , 1 8 5 7 . R ep r in ted  in  F a r a d a y ’s  ‘ R esearch es in  

C h em istry  a n d  P h y s ic s ,’ pp. 391 et seq. (R eferen ce  w ill  be m ad e  to  th e  p a ges  of th e  rep r in t.)

t  ‘ R o y . Soc. P r o c .,’ v o l. 72 , 190 3, p. 226..

1 ‘ P h il. T ran s.,’ A , 190 4, p. 41 5 .

2  M 2
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2 6 8 M R. J . C. M A X W E L L  G A R N E T T

I t  has been show n th a t  th e  optical p roperties o f a m etal, so diffused vacuo  =  1) 

th a t  p  has some definite value, are th e  sam e w h e th e r th e  m icrostruc tu re  be am orphous 

(m olecularly suh-div ided) or consist of sm all spheres, th ese  optical p roperties being 

in e ith er case deducible from equation  (7), p. 241 .# I f  th en , in accordance w ith  th e  

no ta tion  adopted  in th e  form er com m unication (pp. 403 et seq.), th e  accents h ith e rto  

used to  denote th e  optical constan ts, n  and  u k , w hen p  differs from u n ity , be now 

om itted , and  th e  values of those co nstan ts  corresponding to  any  p a rticu la r value p ' 

of p  be denoted  by  a suffix (e.g., u k ^ ^ ) ,  th e  values of n  and  are  g iven by 

equation (17), p. 404 ,f  nam ely,

{ ft( l —oc) } 2̂ ) — 1 =
o cc —  2/3l

^  1 —p  ( a —2/3t)
( 18 ),

w here, as in equation (13'), p. 403 ,t  

' (k2+  l)} 2—»2(k2—1) —2
a =

{ n 2 (/c2— 1) —2 } 2+ 4
=  !)> £

3n2K

{ n 2 ( k 2— l )  — 2 } 2+ 4 n V ,(/* =  0  • ( l 9)-

By these  equations th e  values of n  and  de term in ing  optical properties of 

am orphous or “ sm all-sp h ere” m etallic  m edia of any  density , m ay be calcu lated  for 

lig h t of w ave-length  X, in te rm s o f th e  values of ??M=1 and  of 71k^=1 for th e  same m ono

chrom atic ligh t. The values o f n and  o f u k  for gold and  for silver have a lready  been 

calculated  for all values o f p  in  th e  case o f red  lig h t (X =  *630) and  in th a t  of 

yellow  lig h t (X =  '589). The resu lts  are  g iven in Table IV . of th e  form er com

m unication. J B u t in o rder to  ob ta in  a tru e  conception o f th e  colours of such m edia, 

corresponding calculations m u st be effected for o th e r colours also.

Now, in th e  case o f silver, th e  num erical values o f all those functions o f m=1 and 

w hich have h ith e rto  been calcu lated  for th e  case of 1— those functions, in

fact, w hich re la te  to  molecules or sm all spheres o f silver in  vacuo— v ary  continuously 

from red  (X =  '630) to  blue (X = *450). If, therefore, th e  values of 11 and  

corresponding to  X =  *450 and  X =  *500 be now calcu lated  for all values o f p , th e  

values of n  and u k  for o th er colours m ay be obta ined  approx im ately  by in terpolation  

betw een X =  '630 and  X =  '450.

The values of n  and u k  corresponding to  X =  '450 and  X =  '500 have therefore 

been calculated for certain  values o f p ,  by  m eans of equations (18) and  (19). The 

values of and wM=1 used for th e  calculations w ere carefu lly  determ ined  by

R. S. Min o r . § The resu lts  are ta b u la ted  below (Table V III .) .

In  th e  case of gold i t  is no t so easy to  app ly  th is  m ethod  o f interpolation. 

T he values of nand  u k  corresponding bo th  to  blue (X =  '458) and  to green (X 

* ‘ P h il . T ra n s.,’ A , 1 90 4 , eq u a tio n  (1 6 ), p. 4 0 3 .

t  ‘ P h il .  T ra n s.,’ A , 1904 .

1 ‘ P h il. T ra n s .,’ A , 1 9 0 4 , p. 4 0 6 .

§ Loc. cit. (vide ante, T ab le I I .) .
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2 7 0 M R . J . C. M A X W E L L  G A R N E T T

have been c a lc u la te d ; b u t th e  values of n/cM=1 an d  nM=1 used for th e  purpose are  

those given by H a g e n  and  B u b e n s ,# and  are n o t by  any  m eans so accurate  as 

those w hich Min o r  has determ ined  for silver, f  The resu lts  are  included in Table V II .

W e re tu rn  to  th e  consideration of th e  transm ission an d  reflection of lig h t by  a 

m etallic film. W e confine our p resen t a t te n tio n  to  films th e  m icrostruc tu re  o f w hich 

is e ith er am orphous or consists o f sm all spheres of m e ta l ; th e  films in question are 

th u s  optically  isotropic. Suppose th a t ,  as exp lained  in th e  preceding  section, th e  

optical constan ts o f th e  film are n and  k  w hen its  specific g ra v ity  is p  tim es th a t  of 

th e  m etal o f w hich it is composed.

W hen  lig h t of w ave-leng th  \  in vacuo is d irec tly  inc iden t on such a film, ot 

th ickness cl,le t R 0 and  T0 denote th e  ra tios o f th e  in ten sities  of th e  reflected and  

th e  tran sm itte d  lig h t to  th a t  of th e  inc iden t beam. A dop ting  th e  analysis already  

given in th e  prev ious pajoer, p. 409, we suppose th e  film to be bounded by  =  0 and  

z = d, and  th a t

In c id en t w ave is

E =  0, exp {up  ( t—z/c)},0 ; H  =  —exp 0, 0.

R eflected w ave is

E =  0, B exp {i p ( t +  z/c)}, 0 ; II  =  B exp 0, 0.

W ave in film, i.e.,betw een z — 0 and  z — d , is

E =  0, A ' exp { ip  ( t—z / Y ) }  + exp { ip  ( )}, 0,

H  =  — c /V [A ' exp {ip  ( t — z /Y )  B ' exp 

T ran sm itted  w ave is

E =  0, C exp {ip  ( t—z/c)},0 ; H =  —C exp 0, 0,

w here c/Y  =  n ( 1  — l k ).

W e shall suppose^ th a t  7rdni</\.> 1, so th a t  we shall be correct w ith in  2 per cent, 

when, we neglect B ' in com parison w ith  A'. The boundary  conditions a t  z — 0, 

nam ely th e  con tinu ity  o f th e  com ponents of E and  H w hich are  paralle l to  th e  

in terface, th e n  give

1 +  B =  A ';  (1 —B) =  A ' =  1 -u c )  A'.

E lim inating  A ' we obtain , by  ta k in g  th e  squares o f moduli,

B 0 1 - D 1 2  _  ( 1  - n ) 2 + w V  

1 1 (1 +n
( 2 0 ) .

* Loc. cit. 

t  CJ. above, § 4 .

|  Cf. ‘ P h il .  T ran s . ,’ A , 1904 , p. 409.
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In  equation  (26), on p. 409,# we have a lread y  proved th a t  

T> —  I n  I 2  _  1 6  f t 2  ( 1 - 4 -  KT2 )  i

° -  1 1  “  {(1 +m)2+ « V } 2 • '
I f  we w rite

M  =  16r<.2 (1 +  /c2)

° {(l + n)24-^V}2

equation  (21) m ay be w ritte n
T0 =  M0

( 2 1 )

( 2 2 ),

(23).

E q u a tio n s (20) and  (21) are  th u s  correct w ith in  2 per cent, for d irec tly  inc iden t visible 

lig h t, an d  for /u, =  1 in th e  case o f gold if  c£>:91/x/x, or in th e  case of silver if  

60/xjjL, w here 1/x/x =  10-6 millim.

F or convenience of reference th e  corresponding resu lts  for ob liquely  inciden t lig h t 

are g iven below. L e t 6 be th e  angle of incidence. W hen  th e  incident lig h t is 

polarised in th e  plane of incidence, th e  ra tios I t , T of th e  in tensities of th e  reflected 

and  of th e  tra n sm itte d  beam s to  th a t  of th e  inc iden t lig h t are g iven  by

p  _ (1 -w f + y *  
(1 +uf

1 6 (^ 2 + ?;2) -indvcos°

{ ( l + M ^ + ^ r 6
M e-4”'

v  c o s  0

“ * , say  .

• (24),

• (25),

w here u  and  v  are defined by  th e  equation

(u, v )cos 6 —i = [ { ( n 2 ic 2 —  1 4 -  sin2 4n4K2}̂  +
v  2

( n 2/c2 —  1  +  sin2 0) ^ . (26).

W hen , how ever th e  inciden t lig h t is polarised perpend icu lar to  th e  plane of 

incidence, th e  corresponding ra tio s are g iven by

p>' _  ( 1 - u ’)2+ v
(1 + u ' f + V

w here

rii/ 1 C)(u'2+ v ' 2) rvp, — l i r a

1 =  -r /- V "t\2----J2T2e A
{ ( i+ u 'Y + v '2y

v  c o s  0

(27) ,

(28) ,

P u tt in g  0 = 0 ,  we obtain

u '—l v'=  { n ( l  — u<)}2/ ( u—iv)........................ (29).

E  =  B ' =  I l0, T =  T ' =  T0

71K.

I t  appears from equation (23) th a t  th e  colour of th e  lig h t tran sm itte d  by a m etallic 

film, a lthough principally  dependen t on th e  values of t ik/X for different values of X, is 

also affected by th e  corresponding values of M0. The th ick er th e  film, however, th e  

less im portan t is M0 in determ ining  th e  colour.

*  ‘ P h il .  T ran s . ,’ A , 1904 .

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

9
 A

u
g
u
st

 2
0
2
2
 



2  7 2 M R. J . C. M A X W E L L  G A R N E T T

The values of t i k / X ,  calcu lated  from Table IV . of th e  form er paper,# usin

new  and  more accurate  values in th e  case of silver w ith  red  lig h t, and  from 

Table V II. above, are  show n in Table V II I .  The corresponding values of M0 

are given in Table IX ., in w hich tab le  th e  values of th e  reflecting pow er R 0 have 

also been included.

In  order to  facilita te  th e  consideration o f th e  colours w hich should, according to  

th e  above analysis and  calculations, be ex h ib ited  by  gold and  silver films w hen th e ir  

specific g rav ities vary  b u t th e ir  m icrostruc tu res rem ain  am orphous or g ran u la r (small 

spheres), g raphs of t l k /X , of M0, and  of R 0 are g iven in th e  accom pa

(figs. 8, 9, 10, 11, 12, and  13). In  these  figures th e  abscissae rep resen t th e  volum e 

proportion, //,, of m etal, and  th e  o rd inates th e  value of th e  func tion. The curves 

have been fitted  to  th e  p lo ts of th e  num erical values show n in Tables V II I . an d  IX . 

In  each case th e  positions of th e  p lo ts of calcu lated  values have been ind icated  by  

sm all circles.

T a b l e  V I I I .— V alue of

1
r-H CM* lO «d GO* ctJ

o

rH r-H 1 *3 1
$

' i  i
A

II II II II II II II II II II a
o a. a. a. a. a. a_ a. a.

Blue .

____

•4 5 8 •4 2 0 •8 7 9 1 - 8 4 5 2 - 2 7 9 2 - 6 3 7 2 - 9 0 8 3 - 0 9 9 3 - 2 4 0 3 - 3 1 9 — —

G
o

ld

G reen  . •5 2 7 •3 6 0 •861 2 - 4 3 2 3 - 1 4 9 3 - 5 2 6 3 - 6 4 6 3 - 6 4 2 3 - 5 9 2 3 - 5 2 9 3 - 5 2 4 •5 9 9

Y e l lo w •5 8 9 • 0 4 6  1 — — •8 9 6 2 - 5 5 5 6 - 9 0 6 - 4 5 5 - 4 2 4 - 7 9 6 - 4 7 •6 8 5

R e d •6 3 0 •0 2 2  ! — — •381 •9 6 0 4 - 5 6 7 - 9 5 5 - 9 6 5 - 0 0 7 - 7 6 •7 3 4

B lu e  . •4 5 0 • 0 6 4  | — •9 0 2 3 - 5 0 1 0 - 1 6 7 - 8 1 6 - 4 9 5 - 7 6 5 - 3 0 9 - 1 7 •561

S
il

v
e

r

G reen  . •5 0 0 •0 2 2 •0 5 3 •1 9 7 •431 1 - 4 0 1 1 2 - 5 5 7 8 - 9 0 1 6 - 8 5 0 5 - 8 8 2 1 1 - 5 8 5 •6 9 3

Y e l lo w •5 8 9 •0 0 8 — — •1 1 2 •2 3 8 •7 6 2 1 4 - 8 4 8 - 3 3 6 - 2 3 1 3 - 5 2 •791

- R e d  . •6 3 0 •0 0 6 — •0 4 6 •0 8 2 •1 6 3 •4 4 4 4 • 885 9 - 0 0 5 6 - 2 8 6 1 3 - 5 9 9 •8 2 2

* ‘ P h il .  T ran s . ,’ A , 1904 , p. 406 .
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Ta b l e  IX .

M  =  16n2 (1 +  K2) # p  _  ( 1 — 7&)2 +  ?l2K2

{ ( n + l ) 2+ r i V } 2 ’ 0 (1 + n ) 2+ n V

C o lo u r .
1

OL
i i=  * i . /a =  • 4 . f i =  *5. /* =  * 6. /A= *7 . /a  =  • 8 . /x =  • 9 • ^ = 1 * 0 '• /* =  - •  

OL

S ilv e r  *

-
R ed  I 

A * 63 0  ;
•8 2 2 < |

M 0 •9 8 5 •8 0 1 •6 9 5 •5 6 0 •3 8 0 •1 2 3 •4 3 0 •8 5 8 •0 8 7

Ro •0 0 7 •1 0 5 •1 6 7 •2 5 2 •3 8 5 •6 6 9 •9 2 8 •9 5 3 •7 9 2

Y e llo w  "I 

A -5 8 9
• 7 9 1 « |

Mo •9 8 4 — •6 7 5 •5 2 9 •3 31 •1 0 5 •5 6 3 •9 7 2 •1 0 0

Ro •0 0 8 — •1 7 9 •2 7 4 •4 1 9 •8 0 0 •9 3 0 •9 51 •7 7 8

G reen  1 

A -5 0 0  J
• 6 9 3 < |

Mo •9 7 9 •7 2 5 •5 7 3 •3 6 5 •1 8 4 •6 3 4 1 -0 5 6 1 - 3 8 4 •1 7 4

Ro •0 1 0 •1 4 9 •2 4 5 •4 0 3 •7 3 6 •8 81 •9 1 6 •9 3 2 •7 0 9

B lu e  \  

A -4 5 0  J
*561 <|̂

Mo •9 6 9 •5 9 2 •3 6 7 •4 2 3 •8 9 4 1 - 2 9 1 - 6 0 1 -7 9 •3 0 8

Ro •0 1 6 •2 3 8 •4 3 2 •7 1 6 •8 2 4 •8 6 7 •8 91 •9 0 7 •6 2 0

G old  <1

R e d  \  
A -6 3 0  J

• 7 3 4 < |

M 0 •9 8 2 — •6 2 2 •4 4 9 •2 4 7 •4 3 6 •8 4 8 1 -1 9 0 •2 31

Ro •0 0 9 — •2 1 5 •3 3 8 •5 7 6 •7 9 8 •8 6 3 •8 9 5 •6 6 6

Y e llo w  1 

A -5 8 9  /
•685< ^

Mo •9 7 9 — •5 7 8 •4 0 6 •3 7 4 •6 9 5 1 -0 4 8 1 -3 4 4 •3 5 4

Ro • O il — •2 5 2 •4 0 5 •6 2 6 •7 5 9 •8 2 0 •8 5 0 •5 9 5

G reen  l  
A -5 2 7  J

•599< ^

M 0 •9 8 3 •9 1 5 •9 9 6 1 -1 3 8 1 -3 0 8 1 -4 7 8 1 -6 3 7 1 -7 7 9 —

Ro •0 1 9 7 •2 3 9 •3 3 5 •4 21 •4 9 3 •5 5 0 •5 9 7 •6 3 4 •4 2 0

B lu e  "1 
A -4 5 8  J

l - 1 9 l /

M 0 1 -0 0 6 1 -0 7 8 1 -1 2 9 1 -1 9 6  :1 -2 7 6 1 -3 6 3  ]L *454 ]L-544 —

Ro •0 1 1 4 •1 3 4 •1 8 8 •2 4 2 •2 9 4 •3 4 3 •3 8 7 •4 2 7 —

V O L . C C V .— A . 2  N
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f>.....°'

•5 -6

F ig . 9. Silv er— ~F ig . 8. G o l d — £

R e d  (A = * 6 3 0 ) :  ............

Y e llo w  (A =  * 5 8 9 ): ---------

G reen (A =  * 5 2 7 ): ...........

B lu e  (A = - 4 5 8 ) :  ______

R e d  (X =  • 6 3 0 ) :

Y e llo w  (X =  -5 8 9 ) :  ---------

G reen  (A =  • 5 0 0 ) :  ...........

B lu e  ( X = -4 5 0 ) :  ______
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Fig. 10. G o l d — M 0.

E e d  (A =  • 6 3 0 ) :  -----

Y e llo w  (A =  * 5 8 9 ):  ------

G reen  (A =  * 5 2 7 ):  .......

B lu e  (A = - 4 5 8 ) :  ___

Fig. 11. Silver— M 0.

R e d  (A = - 6 3 0 ) :  ........

Y e llo w  (A =  * 5 8 9 ) : -------

G ree n  (A = •  5 0 0 ) :  .........

B lu e  (A =  • 4 5 0 ) :  ____

2 N  2

F
i
g-
 
1
0
- 

F
i
g
.
 
1
1
.
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F ig . 12. G o l d — R 0.

R ed  (A =  * 6 3 0 ) :  ---------

Y e llo w  ( A =  - 5 8 9 ) : ---------

G reen  (A =  * 5 2 7 ) :  ...........

B lu e  (A = - 4 5 8 ) :  ______

F ig . 13. Silver— R 0.

R e d  ( A - - 6 3 0 ) :  ............

Y e llo w  (A =  • 5 8 9 ) :  ---------

G reen  (A =  • 5 0 0 )  : ............

B lu e  (A =  • 4 5 0 ) :  ______

F
ig

. 
1

2
. 

F
ig

. 
1

3
.
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11. Colour Changes Caused  hy H ea tin g  M eta l F ilm s.

In  th e  B akerian  L ectu re*  for 1857, Fa r a d a y  described  a num ber of experim ents 

concerning th e  colours w hich gold  an d  o th er m etals  w ere, in various conditions, 

capable o f exh ib iting .

Mr. G. T. Be il b y ’s investiga tions on th e  colour and  s tru c tu re  o f films of m etal are 

described in  h is paper on “ T he Surface S tru c tu re  of Solids. ”f

T he average th ickness o f th e  gold lea f w hich Fa r a d a y  used in his earlier 

experim ents w as ab o u t 90 R eference to  p. 271 above w ill show th a t, w ith  a 

probable erro r o f 2 per cent., th e  optical p roperties  o f such a lea f w ill be subject to  

th e  analysis g iven in  § 10 above.

Thus, for exam ple, if  we assum e th a t ,  in  a gold  lea f as i t  leaves th e  beater, th e  

gold is in an am orphous s ta te , its  colour by d irec tly  tra n sm itte d  lig h t is th a t  for 

w hich T0, as g iven  by  equation  (23), nam ely

T0 =  M0 exp { — 47 .................................... (23),

is a m axim um . If, fu rth e r, th e  m etal has its  norm al specific g rav ity , so th a t  =  1, 

th e  values of mc/X and  o f M0 in th is  equation  are those g iven for 1 in Tables V III . 

an d  IX ., or figs. 8 and  10.

N ow, w hen /x =  1, th e  value of m< / X  is m uch

yellow  and  red , an d  is s lig h tly  sm aller for b lue th a n  for g r e e n ; w hile th e  value of M0 

is g rea te r  for g reen  an d  blue th a n  for yellow  and  red, and  is considerably g rea te r  for 

green  th a n  for blue. T hus bo th  th e  factors o f T0 in equation (23) are  g rea te r  for 

blue and  green  th a n  for yellow  and  red. The form er colours therefore predom inate  

in th e  tra n sm itte d  ligh t. F u rth e r , in  very  th ick  films, for w hich is of suprem e 

im portance, b lue should, in  th e  tra n sm itte d  beam, p redom inate over g re e n ; w hile in 

th in n e r films, on account o f th e  g rea te r  value of M0 for g reen  th a n  for blue, green 

lig h t should  be more intense.

Fa r a d a y  found th a t  a ll h is gold le a f  appeared  olive-green by  tran sm itte d  light.

A gain, Table IX ., or fig. 12, shows th a t  th e  reflecting power, R 0, is, w hen 1, 

m uch g rea te r  for red  and  yellow  th a n  for green  and  b lu e ; and  th is  re su lt is again  in 

accordance w ith  th e  observed colour of gold lea f by  reflected light.

F a r a d a y ,§ how ever, s ta te s  th a t  gold le a f  s till appeared  green  by tran sm itted  

lig h t w hen its  th ickness w as reduced  to  only 10 or 5 /x/x. N ow  equation (24) of 

th e  form er com munication,|| nam ely,

T0 =  1 — A n d . u 2k/X,

* R ep r in ted  fro m  th e  ‘ P h il . T ra n s.’ in  h is  ‘ R esea rch es in  C h em istr y  a n d  P h y s ic s ,’ p. 3 9 1 . R eferences  

w ill  b e m ade to  th e  p a g es  o f th is  rep r in t.

t  G la sg o w , 1 90 3.

X Loc. tit., p. 3 9 4 .

§ Loc. tit., p. 3 9 5 .

|| ‘ P h il . T ra n s.,’ A , 1 90 4 , p. 408 .
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2 7 8 M R . J . C. M A X W E L L  G A R N E T T

shows th a t,  for a film of such th inness, th e  in te n s ity  T0 of th e  tra n sm itte d  lig h t is 

g rea te s t for red  lig h t.*  T his red  colour has been seen bo th  by  F a r a d a y !  and  by  

B e i l b y ^ in p a rts  of th e ir  g reen  films. F a r a d a y  says th e  red  colour w as ex trem ely  

fa in t h u t appeared  to  have an  objective rea lity , w hile B e i l b y  describes th e  effect as 

th a t  o f  “ an  irreg u la r film of p ink  je lly .”

I t  appears th a t  ex trem ely  th in  films of gold are, by  surface tension, d raw n  up  in to  

green  patches, leav ing  la rg e r areas covered by  an  alm ost tra n sp a re n t, b u t fa in tly  red, 

film. The effect on th e  unaided  eye is th a t  of a tra n sp a re n t green.

The silver lea f used by B e i l b y  w as over 3 0 0  yxyx thick. I t  therefore  comes well 

inside th e  range for w hich th e  analysis of § 10 applies. N ow  Table V II I . ,  or fig. 9, 

shows th a t, for am orphous silver of norm al specific g ra v ity  (yx =  1), is least for 

th e  more refrangib le rays. A gain , T able  IX ., or fig. 11, show s th a t ,  for yx =  1, M0 is 

g re a te s t for th e  sam e rays. I t  follows therefore, from  equation  (23) above, th a t,  on 

bo th  these accounts, th e  lig h t tra n sm itte d  by  silver le a f  should  be b lu e ; and, in fact, 

silver le a f  tran sm its  a  deep blue ligh t. The app rox im ately  equal values of th e  

reflecting  power, R 0, show n in Table IX ., or fig. 13, for yx =  1, correspond to  th e  

alm ost colourless reflection from  polished norm al silver.

Consider now  th e  colour changes w hich, according to  figs. 8 to  13, deduced from 

th e  calculations of § 10, should  accom pany a d im inu tion  in  th e  den sity  of gold and  

silver films from its  norm al value (yx =  l )  to  zero (yx =  0 ) .  This d im inu tion  of density  

m ay be conceived e ith e r as an  increase o f th e  d istance betw een  ad jacen t m olecules or 

as due to  th e  ag g rega tion  of groups of neighbouring  m olecules in to  sm all spheres. 

F o r geom etrical considerations show  th a t  so soon as tw o spheres form ad jacen t to  one 

an o th er in  an  o therw ise am orphous m ass o f m etal, th e  d en sity  of th e  m ass m u st begin 

to  dim inish. A nd  it  has been show n th a t  th e  calcu lations in question  are  applicable 

w h eth e r th e  m etal is in sm all spheres or in  an  am orphous s ta te , and  th u s  w hen i t  is 

p a r tly  in th e  one condition an d  p a r tly  in th e  o ther.

T ak ing  firs t th e  case o f gold, i t  appears from figs. 8 and  10, in conjunction w ith  

equation (23), th a t ,  as yx begins to  d im inish from u n ity , th e  absorp tions o f red  and  

yellow  lig h t increase rap id ly , ow ing bo th  to  th e  increase o f and  to  th e  decrease 

in M0. M eanw hile, ow ing to  th e  decrease of th e ’ra tio  o f M 0 (green ) to  M0 (blue) and  

to  th e  increase of (u k /X)  (green ) — (u k /X) (blue), 

in th e  tran sm itte d  beam  dim inishes. T hus th e  first effect is to  m ake th e  tra n sm itte d  

lig h t b luer, and  th is  effect continues u n til yx =  abou t *75. A s yx continues to  dim inish 

below th is  value, th e  absorption of red  rap id ly  decreases u n til, a t  yx =  *68, in a very  

th ick  film,§ th e  absorption  of red  has become as sm all as th a t  of blue. The film is * * * §

* Cf. T a b le  IV ., p. 4 0 6  o f form er paper, a n d  T a b le  V I I I . a b o ve .

t  Loc. cit., p. 4 0 0 .

X Loc. cit., p. 40 .

§ W h e n  e x p  ( -  A n d . u k /X) is th e  d o m in a tin g  factor  in  T 0. T h e  co rresp o n d in g  v a lu e  o f

th in n e r  film s for w h ich  M 0 is v e r y  im p ortan t.
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th en  purple. A s /x s till fu rth e r  dim inishes, th e  re la tiv e  absorption of red  continues to  

become sm all, so th a t  th e  film becomes pink. F inally , a t  /a =  0, th e  absorption of 

g reen  is less th a n  th a t  of blue, and  th e  colour has changed  from p ink  to  red .# I t  is 

fu rth e r  seen, from fig. 12, th a t  th e  reflecting  pow er R 0 has, as p, began to  dim inish, 

become m ore yellow. A t /x =  '60, w hen th e  colour of T0 is s till purp le  or

colour o f R 0 has become g r e e n ; an d  thenceforw ard  R 0 rem ains green  as /x dim inishes 

from '6 to  zero.

Sim ilar consideration of figs. 9 an d  11 show s th a t  in  th e  case of silver, as /x 

begins to  dim inish  from u n ity , th e  colour by  tra n sm itte d  lig h t becomes a t  first bluer, 

th e n  changes to  pu rp le  in  th e  neighbourhood o f /x =  *8, and  thence, th ro u g h  pink, to  

red  or “ am ber ” as /x fu rth e r  dim inishes to  /x =  0. In  fact, i t  appears from th e  four 

colours for w hich calculations have been m ade, th a t  th e re  is, for any  value of [x, a 

w ell-defined absorption  band  a t  some position in  th e  (visible or invisible) spectrum , 

and  th a t ,  as /x dim inishes, th e  position o f th is  absorption  band  moves from th e  

in fra-red  th ro u g h  th e  visible spectrum  tow ards th e  sh o rte r w ave-lengths, being 

a t  X =  '630 for /x =  ab o u t '83, a t  X =  '589 for /x =  abou t '80, a t  X =  '500 for 

fx =  abou t '69, and  a t  X =  '450 for /x =  abou t '55. Fig. 13 shows th a t  th e  colour of 

th e  reflected lig h t becomes d is tin c tly  blue a t  abou t /x =  '75, and  rem ains blue down 

to  /x =  0.

W ith  a view  to  d eterm in ing  w h a t m ay be th e  exp lanation  of th e  colours and  

changes of colour exh ib ited  by  gold  and  silver films, we have now to  com pare th e  

la tte r  colours w ith  those w hich we have found above to  be consequent upon a mere 

isotropic change in  density .

B e i l b y I  has p repared  gold films by  using  p a in ts  in  w hich “  th e  m etal had  been 

b rou g h t in to so lu tion in an  essential oil.” H av in g  sm oothly  coated  a p la te  of glass 

or mica w ith  th e  pain t, he h ea ted  i t  to  a tem p era tu re  o f abou t 400°, th e reb y  driv ing 

off th e  oil an d  o th er vola tile  constituen ts. A  film of pure  gold w ith  full m etallic 

reflection, and  tra n sm ittin g  green  lig h t, is le ft adhering  to th e  glass.

W h en  these  films are k ep t a t  a h igh  tem p era tu re  for some tim e, th e y  change colour. 

By tra n sm itte d  ligh t, th e  orig inal olive-green colour becomes a t  first bluer, th en  

changes to  purple, in w hich, as th e  annealing  process is still continued, th e  red 

predom inates more an d  more over th e  blue, u n til finally th e  purp le  has given place 

to  pink. The reflecting pow er of th e  film has, m eanw hile, diminished. B u t th e  

colour of th e  lig h t reflected from th e  blue films rem ains yellow, w hile th e  pink films 

reflect a green colour. I  have before me a gold film prepared  in th is  w ay and 

subjected  to  len g th y  annealing. B y tran sm itted  lig h t i t  appears s tr ia ted  w ith  pink 

and blue bands. By reflected lig h t th e  blue striae become golden, b u t th e  pink 

striae green. U n d er th e  microscope th e  film appears continuous, and  is quite  thick.

These colour changes, both  w ith  tran sm itte d  and  w ith  reflected ligh t, are ju s t

*  O r yellow, if  th e  co lou r is  fa in t. S e e  th e  secon d  fo o tn o te  on  p . 2 4 3  a b o v e ,  

t  Loc. cit., p . 4 0 .
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2 8 0 M R. J . C. M A X W E L L  G A R N E T T

those w hich have been show n above to  be consequent upon a continuous d im inution  

in th e  den sity  of a gold film, w hich th ro u g h o u t rem ains e ith e r am orphous or 

“ g ra n u la r” ( i.e ., possessing a m icrostruc tu re  o f sm all spheres). T he view  th

film is in itia lly  am orphous or g ran u la r, an d  th a t  h e a tin g  dim inishes its  density , is 

supported , as has a lready  been po in ted  o u t,# by  th e  fact th a t  th e  curves in figs. 8 

and  10 show th a t  th e  absorption o f lig h t increases rap id ly  as begins to  dim inish  

from u n ity , w hile B e i l b y ’s  films exh ib ited  ju s t  such an  increase of absorp tive pow er 

w hen first heated . This view  is also in  accordance w ith  th e  loosening o f s tru c tu re  

w hich is suggested  by th e  g re a t decrease in  electric  co nduc tiv ity  w hich accom panies 

heating. B u t d irec t evidence o f th e  correctness o f th e  view  th a t  h ea tin g  produces 

decrease in density  is n o t w an ting , for B e i l b y I  has es tim a ted  th e  th ickness o f a  film 

w hich had  been annealed  to  th e  pu rp le  stage. H e found, by w eighing  th e  gold from 

a g iven area, th a t ,  had  th e  d en sity  o f th e  gold  been th e n  norm al (p, =  1), th e  film 

w ould have been 160/qa th ick , w hereas, u n d er th e  microscope, th e  th ickness seem ed 

to  be m uch g re a te r  th a n  th is . T he d en sity  of th e  gold  in th e  purp le  film th u s  

appeared to  be less th a n  in th e  norm al g reen  films.

W e conclude, therefore, th a t  (a) the film, f i r s

g ra n u la r  in s t r u c tu r e ; and  (6) hea ting  d im in ishes the d en s ity  o f  the , while 

pressure  is able to increase the den sity  aga in .\

F u rth e r, B e i l b y  found t  th a t,  w hen th e  h e a tin g  of a film was continued  a fte r i t  had 

reached th e  purp le  stage, “ th e  film assum es a frosted  appearance by  reflected lig h t 

and  becomes paler by  tra n sm itte d  lig h t.” The frosted  surface appeared, und er th e  

microscope, to  consist o f g ranu les a t  least 100/qa in diam eter. This phenom enon 

suggests th a t  in th e  earlier s tages o f annealing , sm aller g ranu les w ere formed, w hich, 

as annealing  proceeded, ran  to g e th e r  to  form la rg e r g ra n u le s : and  th e  form ation of 

such m inu te  granules, w hile, according to  our analysis , i t  does n o t affect th e  optical 

con tinu ity  of th e  film, w ill explain  th e  d im inu tion  in  d en sity  w hich occurs on heating . 

I t  is, therefore, m ost probable th a t  (c) the d im in u tio n  d en s ity  p roduced  by hea ting  

is effected by the passage  o f  m eta l f r o m  the am orphous to the g ra n u la r  pha se  and  the 

grow th o f  the la rger granu les a t the expense o f  the sm a lle r; a n d  the increase in  

density  p roduced  by pressu re  m a y  be accom panied  by the passage  o f  m eta l f r o m  the 

g ranu la r  to the am o rp h o u s  phase.§

The optical properties of th e  films o f gold w hich F a r a d a y  produced by reducing  

th a t  m etal from its  solution by m eans of phosphorus, te n d  to  show th a t  these films are 

composed of am orphous or g ran u la r gold of den sity  less th a n  th e  normal. The films 

appeared to  consist of pure gold ;|| w hen first p repared  th e  films appeared  of a g rey  

* ‘ P h il. T ra n s.,’ A , 1 9 0 4 , p. 4 1 5 . 

t  Loc. cit., p. 41 .

J C f. th e  ef fe c t of p ressu re on  F a r a d a y ’s  “  p h osp h o rou s ” film s a fter  h e a t in g — see n e x t  p age.

§ [Noteadded 31 stAugust, 1 9 0 5 .— S u b seq u e n t  a n a ly sis  has, h ow ev er , sh ow n  th a t  a sufficient fla t

of th e  g ra nu les  w o u ld  cause th e  colou rs o f th e  stan da rd  m eta l (ft =  1 )  to  b e e x h ib ite d .]

|| F a r a d a y , loc. cit., p. 4 08 .
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O N  C O L O U R S  IN  M E T A L  G L A S S E S , E T C . 2 8 1

colour, w hich w as freq u en tly  resolvable in to  a m ix tu re  of green  and  am ethystine  

striae. These colours w ould be show n by  an  am orphous or g ran u la r film for w hich 

th e  d en sity  w as in  p a r ts  as low as p, =  7 . M oreover, such a s tru c tu re  agrees w ith  th e  

fact th a t  “ th e  films d id  n o t sensib ly  conduct e lec tric ity  ” and  th a t  “ th e  films cannot 

be reg ard ed  as continuous.”* Fa r a d a y  fu rth e r  s ta te s f  th a t ,  th o u g h  th e y  are certa in ly  

porous to  gas and  to  w ate r-vapour, th e  films have ev id en t optical con tinu ity .

H e a tin g  dim inished th e  conducting  pow er and  changed  th e  colour to  am eth y st or 

ruby , ju s t  as w ith  Be il b y ’s films, p ressure, w hich we should  expect to  increase th e  

den sity  o f th e  film, changed  th e  tra n sm itte d  colour to  g reen  and  increased th e  

reflecting  p o w e r; and  th ese  are  precisely th e  changes w hich w ould, according to  

calculation, accom pany an  increase in p, to  th e  neighbourhood of u n ity  in th e  case of 

an  am orphous or g ra n u la r  film.

Closely allied  to  these  phosphorous films are th e  deposits of gold  on glass w hich 

F a r a d  a y  J ob ta ined  “ by  deflag ra ting  a gold w ire by  explosions o f a L eyden  b a tte ry .” 

“ T here is no reason to  doub t th a t  these  deposits consisted o f m etallic  gold in a s ta te  

o f ex trem e division.” T his m ethod  of p reparing  these  deposits is sim ilar to  Br e d ig ’s § 

m ethod  of ob ta in ing  suspensions o f gold in w a te r ; i t  is, therefore, to  be expected  th a t  

th e  deposits consist o f sm all spheres o f gold to g e th e r  w ith  some large crystallites. 

T he films w ere so d iscontinuous as to  be unable to  conduct e lectric ity  ;|| b u t th e y  were 

such as to  p resen t an  optical con tinu ity . IF Fa r a d a y  sum s up th e ir  colour changes as 

fo llow s:—

“ F in e  g o ld  p a rtic les , lo o se ly  d e p o site d , can in  o n e s ta te  tra n sm it  l ig h t  o f a blue-grey co lou r  [ / a  =  a b ou t * 8], 

or can  b y  h e a t b e  m ad e  to  tr a n sm it  l ig h t  o f a ruby co lo u r  [ / a  <  *7], or can  b y  p ressu re  from  e ith er  o f th e  

fo rm er  sta te s  b e  m ad e  to  tr a n sm it  l ig h t  o f a green c o lo u r ,* *  a ll th e se  ch a n g es b e in g  d u e  to  m od ifica tion s  

o f g o ld  as g o ld  a n d  in d e p e n d e n t  o f th e  p resen ce  o f th e  b od ies  on  w h ich  for th e  tim e  th e  g o ld  is  su p p o rte d .”

I t  appears, therefore, th a t  th e  conclusions (6), (c), a rrived  a t  on p. 280 for 

Be il b y ’s  films, are also applicable to  Fa r a d a y ’s “ phosphorous ” films and  to  

F a r a d a y ’s “ deflagration ” films.

O ne more experim ent of F a r a d a y ’s !  t  on coloured gold deposits rem ains to  be 

noticed. W h en  a drop of solution of chloride of gold is evaporated  in a w atch-glass 

u n til th e  gold is reduced, a portion  of th e  gold is generally  found to  have been carried 

by th e  vapour on to  th e  neighbouring  p a r t o f th e  glass. This p a r t has th e  ruby  t i n t ; 

and  we have seen th a t  a ruby  t in t  is characteristic  o f th e  lig h t tran sm itted  by

* Loc. cit., p . 40 7 .

t  Loc. tit., p. 43 9 .

J Loc. tit., p. 4 0 1 .

§ Cf. ab ove , p. 2 5 2 , an d  fo o tn o te , p. 2 55 .

|| Loc. tit., p. 4 0 2 .

IT Loc. tit., p. 4 3 9 .

* *  P ro b a b ly  / a =  1 n e a r ly ; b u t see fo u rth  fo o tn o te  on p. 280 , ab ove.

t t  Loc. tit., p. 4 2 8 .
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2 8 2 M R. J . C. M A X W E L L  G A R N E T T

am orphous or g ran u la r gold, th e  d ensity  of w hich is in th e  neighbourhood of *6 of 

th a t  of norm al gold.

The sim ilarity  o f th is  m ethod o f p reparing  a m etallic film w ith  p, <  1 to  th a t  by 

w hich Professor R. W . W ood  p repared  th e  sodium  and potassium  films, described in 

§ 12 of th e  form er com m unication,*  is deserv ing  o f notice, and, from a different 

standpo in t, tends to  confirm th e  view  th e re  expressed as to  th e  physical n a tu re  and  

s tru c tu re  of Professor W o o d ’s films.

The conclusions (a), ( b), (c) a rriv ed  a t  above (p. 280) as to  

and  pressure on m etallic  films do n o t app ly  only to  gold, as th e  following observations 

on silver films show. Fa r a d a y  f  ob ta ined  silver films by  reducing  silver from a 

solution o f th e  n itra te . The th in n e r p a r ts  of these  films tra n sm itte d  lig h t of a 

“ w arm  brow n or sepia t in t  [p  <  *8]. P ressu re  b ro u g h t o u t th e  full m etallic lu s tre  

and  converts th e  colour from brow n [p  <  *8] to  blue [p >  *8].” T he behav iour ol 

these films corresponds to  th a t  o f th e  gold  films ob ta ined  w ith  phosphorus. A gain, 

R. W . W o o d |  p repared  films by  chem ically  depositing  silver on glass. These films, 

as orig inally  prepared , show  th e  sam e redd ish-brow n colour by  tra n sm itte d  ligh t, and  

have a good b lue-green reflection. I t  has been show n above th a t  bo th  these colours 

are characteris tic  of am orphous or g ra n u la r  silver, for w hich p  is appreciab ly  less 

th a n  ‘8. These films show ed no electrical c o n d u c tiv ity ; § so th a t ,  as in th e  case of 

B e i  l b y ’s gold films,|| th e  evidence o f a loose s tru c tu re  afforded by th e  colours 

exh ib ited  is confirm ed by  th e  evidence from  conductiv ity .

12. The Exceptional Case o f  Beaten Metal L ea f

There is one class o f m etallic film w hich, w hen hea ted , does no t exh ib it th e  colour 

changes th a t ,  according to  our calculations, correspond to  a gradual d im inution  in 

th e  density  of th e  film. To such films th e  conclusions (a), (6), (c) o f p. 280 do no t 

d irec tly  apply. In s tea d  o f being ob ta ined  from finely d iv ided m etal by chemical 

deposition, deflagration, &c., th e  films in question are p repared  by bea tin g  sheets of 

th e  solid m etal in to  th in  leaves.

F a r a d a y  1 observed th a t  h e a t caused gold le a f  to  lose its  olive-green colour and  

silver lea f to  lose its  deep blue colour, th e  films a t  th e  same tim e becoming more

*  Loc. cit., p. 4 1 2 .

t  Loc. cit., p . 4 09 .

J ‘ P h il . M a g .,’ A u g u st,  1 9 03 . T h e  s ilv er  w a s p rep ared  b y  th e  m eth o d  o f C a r e y  L e a ( ‘ A m er. J o u rn . 

of S c .,’ 1 8 8 9 ). A  fu rth er  m em o ir  on  W o o d ’s s ilv e r  film s is  n o w  in  cou rse o f p reparatio n .

§ Cf. B a r u s a n d  Sc h n e i d e r, ‘ Z e itsch r . f. P h y s . C h em .,’ V I I I . ,  p. 2 8 5 , 1 8 9 1 , w h o  a tte m p te d  to  

m easure th e  c o n d u c tiv ity  o f a s ilv er  film  p rep ared  b y  C a r e y  L e a ’s m eth o d , a n d  fou n d  th a t, so  soon  as a 

drop o f th e  s ilv e r  su sp en sio n  d r ied , so th a t  th e  charged p a rtic les  o f s ilv er  co u ld  n o  lo n g er  m ov e  ab o ut, th e  

c o n d u c tiv ity  of th e  drop  v a n ish ed .

|| S ee  a bove , p. 280 .

U Loc. cit., p. 39 5 et seq.
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O N  C O L O U R S  I N  M E T A L  C L A S S E S , ETC. 2 8 3

tra n sp a re n t and  te n d in g  to  sh rin k  d u rin g  th e  process.* T hus a silver leaf w hich 

before h ea tin g  w as opaque, or only  ab le to  tra n sm it deep blue ligh t, and  th a t  very  

feebly, was so a lte red  by  h ea tin g  th a t  th e  l ig h t o f a candle could be seen th ro u g h  

fo rty  th icknesses.! B u t in every  case th e  orig inal colour of th e  leaf, w heth e r of gold 

or of silver, re tu rn s  w hen th e  le a f  is sub jected  to  pressure.

The differences betw een  th e  effect o f h e a t on chem ically p repared  films and on 

bea ten  le a f  correspond to  differences betw een  th e  la m in a ted ! s tru c tu re  o f th e  lea f and  

“ th e  closer and  m ore horn-like te x tu re  of th e  films deposited  by  chemical agents. ”J

The optical p roperties  o f a lam ina ted  m eta l lea f m ay be estim ated  and  com pared 

w ith  th e  corresponding p roperties  o f an  am orphous or g ran u la r  film of th e  sam e m etal, 

i f  th e  optical co n stan ts  of a p la te  b u ilt up  o f a  num ber o f fla t spheroids^ w ith  th e ir  

polar axes norm al to  th e  p la te  can be calculated. The general problem  of th e  

transm ission  o f electrom agnetic  w aves by  a m edium  composed of a  num ber of m inute 

sim ilar and  sim ilarly  s itu a te d  ellipsoids, d is trib u ted  a t  random  m any to  a w ave-length , 

has now  been solved, an d  it  is hoped th a t  th e  discussion of th e  optical p roperties o f 

gold and  silver leaf, o f th e  change in those p roperties w hich is produced by heat, and 

o f th e  re la tions o f m eta l films (spheroidal, g ran u la r, and  am orphous) to  polarised ligh t, 

m ay form th e  sub ject o f a fu tu re  memoir.

W ith  these  exceptions, nam ely, th e  p roperties  peculiar to  b ea ten  lea f and  th e  

re la tions o f m eta l films to  polarised lig h t, all th e  experim en ta l re la tions o f gold (and 

o th e r m etals) to  lig h t, w hich F a r a d a y  described in his B akerian  L ec tu re  have now 

been discussed, an d  we are led to  th e  conclusion th a t  th e  phenom ena exh ib ited—  

w h eth e r by  chem ically or electrically  deposited  films, or by partic les o f gold diffused 

in glass, je lly , or w a te r— are due to  different g roupings of th e  m etal m olecules and  to  

varia tions in th e  m ean distance betw een ad jacen t molecules, and  in no case are th e y  

due to  allotropic m odifications of th e  m olecules them selves.

1 3 .  C a r e y  L e a ’s  “A llo tro p ic ” S ilver.

In  th e  form er com m unication|| i t  w as suggested  th a t  C a r e y  L e a ’s  “ a llo tro p ic” 

silver w as in rea lity  only finely d iv ided silver, th e  division being sufficiently fine to  

adm it of th e  films being optically  continuous. 1F H e advances** tw o principal argum ents

* Loc. cit., p. 3 9 6 .

t  F a r a d a y , loc. cit., p . 3 9 9 .

t  B e i l b y . loc. cit., p. 43 . T h e  d ifferen ce  in  stru ctu re  is  sh o w n  b y  th e  fa c t th a t  w h ile  m ercu ry w ill  

diffuse s lo w ly  a n d  u n ifo rm ly  in  th e  co m p a ct film , in  th e  le a f th in  strea m s o f m ercu ry  m a y  b e seen  sh o o tin g  

ra p id ly  in  a ll d irec tio n s.

§  B e i l b y  (loc. cit., p p .  4 8  et seq.) h a s  s h o w n  t h a t  a  l a y e r  o f  e x c e e d i n g l y  f l a t  s p h e r o id s  i s  g e n e r a l l y  f o u n d  

o n  t h e  s u r f a c e  o f  a  m e t a l .

|| ‘ P h il. T ra n s..’ A , 1 90 4 , p. 4 19 .

51 I t  is n o t n ecessa ry  to  su p p ose th e  m icro stru ctu re  o f th e  fin e ly  d iv id ed  s ilv e r  to  be gran u lar , as w as 

d o n e  in  th e  form er paper. I t  m a y  be in  p a rt g ra n u la r a n d  in  p art am orp hous.

* *  Vide ‘ A m er. J o u rn a l o f S c ie n ce ,’ 1 88 9 , an d  ‘ B r itish  J o u rn a l of P h o to g r a p h y ,’ M arch, 1901 . A lso  

‘ P h il. ‘M a g .,’ v o ls. 31 , 32 (1 8 9 1 ).

2 O 2
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2 8 4 M R. J . C. M A X W E L L  G A R N E T .T

for th e  allotropy of silver in th e  form in w hich he p repared  th e  m etal. W e  proceed 

to  exam ine these  argum ents.

In  th e  first place, th en , all C a r e y  L e a 's  silver films w ere p repared  from silver 

suspensions. H e claims th a t  these  suspensions w ere “ tru e  solu tions,” and  th a t  th e  

ab ility  of th e  silver to  rem ain  in so lu tion in  w a te r  w as evidence th a t  th e  m olecules of 

th e  silver in question differed from those o f norm al silver, or, in o th er w ords, th e  

silver w as in an  allo tropic form. W e are  now, how ever, fam iliar w ith  th e  fact th a t  

partic les o f norm al silver, as o f m any  o th e r m etals, are  able, in  consequence o f m u tu a l 

e lectrosta tic  repulsions,*  to  keep them selves in  suspension in  q u ite  pure  w ater. 

A gain, we have seen th a t ,  w hen a silver so lu tion is p repared  by  B r e d i g ’s  m ethod, its  

refractive  index is th a t  w hich is possessed by  a  suspension of sm all spheres, b u t no t 

of molecules, o f silver in  w ate r, f  an d  in  th e  sam e case th e re  is a s tro n g  absorp tion 

band  a t  exactly  th a t  p o in t of th e  spectrum  a t  w hich sm all spheres, b u t no t molecules, 

o f silver in  w ate r w ould produce a m axim um  ;J so th a t  in th is  case th e  g re a te r  p a r t 

of th e  silver is ce rta in ly  p resen t in  th e  form o f sm all spheres. F u rth e r , if, w hen 

prepared  by  deflagration, silver in  suspension in  w a te r  ta k es  th e  sm all sphere form, i t  

is p r im d  fa c ie  probable th a t  i t  does th e  sam e w hen ob ta ined  by  C a r e y  L e a ’s  

m ethod ,§ and  th is  p robab ility  is increased by  th e  fact th a t  C a r e y  L e a ’s  silver 

suspensions exh ib ited  th e  sam e red , yellow ish-red, an d  yellow  colours w hich are  

show n by B r e d i g ’s  suspensions of d ifferent densities.

W e conclude th a t  C a r e y  L e a ’s  “ solu tions o f allo tropic s i lv e r” consisted o f small 

spheres of norm al silver in  suspension.||

W e should therefore expect th a t  th e  films ob ta ined  by  C a r e y  L e a  w ould be 

sim ilar in constitu tion  and  behaviour to  B e i l b y ’s  “ gold p a in t ” filmsIF and  to  

F a r a d a y ’s  phosphorous films.** T his leads us to  C a r e y  L e a ’s  second arg u m en t for 

th e  allo tropy of his silver ; he s ta te s  :—

“ T h e  b r itt le n e ss  of th e  su b sta n ces  B  a n d  C [b lu e a n d  g o ld  co lo u r ed  r e sp e c t iv e ly , b y  re flec ted  lig h t] , th e  

fa c ility  w ith  w h ich  th e y  can b e red u ced  to  th e  fin es t p o w d er  m a k e s a s tr ik in g  p o in t  o f d ifferen ce  b e tw e e n  

a llo tro p ic  an d  n orm al s ilv e r . I t  is p ro bab le  th a t  n orm a l s ilv e r , p re c ip ita ted  in  fin e  p ow d er  a n d  se t  a sid e  

m o is t to  d r y  g r a d u a lly  m a y  coh ere  in to  b r itt le  lu m p s, b u t th e re  w o u ld  b e m ere a g g r e g a tio n s  o f d isco n tin u o u s  

m a ter ia l. W ith  a llo tro p ic  s ilv e r  th e  case is  v e r y  d ifferen t, th e  p a r tic les  d r y  in  o p tica l co n ta ct w ith  each  

other, th e  su rfaces  are b r illia n t, a n d  th e  m a ter ia l e v id e n t ly  c o n t in u o u s . T h a t th is  sh o u ld  b e b r itt le  

in d ica tes  a to ta l ly  d ifferen t s ta te  o f m olecu la r c o n s t itu t io n  from  th a t  o f n orm a l s ilv e r .” f t

* S e e  fo o tn o te  p. 2 5 3  ab o ve .

t  S e e  a b ov e , p. 2 58 .

|  S e e  a b o v e, p . 2 5 7 .

§ A b o v e  p. 2 5 9 .

Cf. a lso  th e  fa c t  th a t  th e  s ilv e r  in  a s ilv er -sta in ed  g la ss  is in  th e  form  of sm a ll sp h eres.

|| Cf. a lso  e v id en ce  g iv e n  o n  p. 2 5 9  a b ov e.

U S e e  a bove , p. 2 7 9 .

* *  S ee  above, p. 2 8 1 . T h is  e x p e c ta t io n  is v er ified  b y  a fu rth er  e x a m in a tio n  o f W o o d ’s film s. S ee  n o te  

a bo v e p. 2 8 2 .

f t  ‘ B r it. J ou r . P h o t .,’ M arch 1 9 0 1 , p. 21 .
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A ll these  p rop erties  a re  shared  by  F a r a d a y ’s  “ phosphorous ” gold,* so th a t  our 

expecta tion  is, so far, fulfilled. W e  are, in  fact, perfectly  fam iliar w ith  “ m ere 

agg rega tions o f d iscontinuous m ateria l ” w hich are optically  continuous— for exam ple, 

gold ru b y  glass.

M any o f th e  observations w hich C a r e y  L e a  has recorded on th e  colours o f his 

silver films are  in  accordance w ith  th e  expecta tion  th a t  these  films, like B e i l b y ’s  

gold films and  F a r a d a y ’s  “ phosphorous ” gold, should  behave according to  th e  laws 

( a), (b), and  (c) s ta te d  above. B u t tw o difficulties arise in  th e  w ay o f th is  

accordance, for, in th e  firs t place C a r e y  L e a ’s  recorded observations do no t 

sufficiently d istingu ish  betw een  tra n sm itte d  and  reflected  ligh t. F o r exam ple he 

records f  th a t  h is freely  p rec ip ita ted  silver dissolves to  a blood-red colour, and  

proceeds

“ W h e n  th e  su b sta n c e  is  b ru sh ed  o v er  p ap er a n d  d r ied  ra p id ly  i t  e x h ib it s  a b e a u tifu l  su ccessio n  o f 

co lou rs. A t  th e  m o m e n t  o f a p p ly in g  i t  i t  ap p ears b lo o d  r ed } ; w h en  h a lf d r y  i t  h as  a sp le n d id  b lu e  co lou r  

a n d  lu str o u s m eta llic  r e f le c t io n ^  w h en  q u ite  d r y  th is  m eta llic  e ffec t d isap p ea rs a n d  th e  co lou r  is  m a tt  

b lu e .”||

L astly , in  th e  case o f th e  films discussed in  § 11 above, th e  colour depended on th e  

fact th a t  th e  den sity  o f th e  film w as less th a n  th a t  o f th e  m eta l composing th e  film 

w hen in its  norm al s t a t e ; b u t pressure increased th e  d ensity  to  its  norm al value, a t  

th e  same tim e b ring ing  o u t th e  norm al colour, bo th  by reflected and  by  tran sm itte d  

lig h t, o f th e  m etal. A nd  C a r e y  L e a ’s  silvers “ show a  lower specific g ra v ity  th a n  

th a t  o f norm al s i lv e r ; ”1T an d  pressure “ in s tan tly  converted  gold-coloured allotropic 

silver in to  norm al silver.

W e conclude from th e  above evidence th a t  th is  silver w as n o t “ allo tropic,” b u t 

consisted of norm al silver in a finely d iv ided s ta te .

14. H e r m a n n  V o g e l ’s  Silver.

Before leaving th e  consideration of these discontinuous forms of silver, reference 

m ust be m ade to  a paper by  H e r m a n n  V o g e l , f t  in w hich th e  a u th o r describes how

*  “  T h e  le a s t  to u ch  o f th e  fin ger  rem o v ed  th e  film  o f g o ld . . . . T h ese  film s, th o u g h  th e y  are ce r ta in ly  

p orou s to  g a s  . . . .  h a v e  e v id en t  o p tica l c o n tin u ity  ” (Fa r a d a y , p. 4 3 9 ). Of. a lso  th e  fa c ts th a t

film s a n a lo go u s to  C a r e y  L e a ’s d id  n o t  co n d u ct (Ba r u s a n d  Sc h n e i d e r , loc. tit., p. 2 8 5 ), and th a t th e  

p h osp ho ro us film s d id  n o t  se n s ib ly  co n d u ct e le c tr ic ity  (Fa r a d a y , loc. tit., p. 4 0 7 ).

f  ‘ B r it. J o u rn . P h o t .,’ M arch, 1 9 01 , p. 19.

f  T h is  is  th e  co lou r  b y  tra n sm itted  l ig h t  w h en  /a is fa ir ly  sm all. Cf. figs. 9 an d  11.

§ T h is  is th e  re flec ted  co lou r  for v a lu es  o f / a  from  zero  to  n ea r ly  • 8. fig. 13.

|| P ro fesso r R . W . W o o d  rep ea ted  th is  ex p er im en t, u s in g  g la ss  in s tea d  o f paper to  su p p ort th e  s ilver  

film . T h e  m eta llic  effect, th en , d o es  n o t  d isappear, b u t  rem ains a fter  th e  film  has beco m e q u ite  dry . 

Cf. ab ove , p . 2 82 .

U ‘ B r it. J ou rn . P h o t .,’ M arch, 1 90 1 , p. 21.

* *  ‘ P h il. M a g .,’ vo l. 31 , p. 2 4 4 , 1 8 9 1 .

f t  ‘ P o g g . A n n .,’ C X V II ., p. 3 16 , 1861 .
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he p repared  silver of less specific g ra v ity  th a n  th a t  o f norm al silver, by  depositing  

th a t  m etal on th e  p la tinum  electrode o f a  p la tinum -zinc b a tte ry . H e  also prepared  

silver in  suspension in  w ate r by  chem ical m eans, observing th e  charac te ris tic  am ber 

colour and  noticing  th a t  p rec ip ita tion  could be accelerated  by  th e  add ition  of sa lt to  

th e  w ater.

V o g e l  concludes (loc. cit., p. 337) th a t  th e re  are  th re e  forms of 

dendritic  silver [crysta lline] ; (2) g ran u la r  pow dery  silver [sm all spheres] ; (3) m irror 

silver [am orphous]. H e  found th a t  th e  second ty p e  “ ten d ed  to  th e  form ation of a 

coloured p o w d er/’ b u t could be changed  in to  th e  th ird  ty p e  by  pressure. H e  adds 

(loc. cit., p. 441) th a t  th e  silver p rec ip ita ted  by  p h o to g rap h y  is of th e  second type , 

and  th is  is th e  view  suggested  in th e  p reced ing  m em oir (p. 417), because of th e  red- 

brow n tra n sm itte d  colour and  th e  g reen  colour o f th e  reflection from  fogged pho to 

graph ic films, w hich, according to  th e  analysis g iven  above, § 10, are th e  colours 

exhib ited  by films of am orphous or g ran u la r  silver ,*  of less th a n  s ta n d a rd  density .

15. A llo trop ic  F orm s o f  M eta l.

In  th e  course o f th e  preceding investiga tions we have been led  to  recognise th a t  

varia tion  of th e  re la tive  position  of th e  m olecules o f a m etal w ill cause th e  m etal to  

change colour, w h e th e r i t  be exam ined  by  reflected or by tra n sm itte d  ligh t. I t  has 

been shown, for exam ple, th a t  m ere varia tio n  in den sity  causes gold in one s ta te  to  

tran sm it green  lig h t, in an o th e r blue, in an o th e r purp le , and, in  an o th er again , ruby. 

F u rth e r, th is  discovery has led us to  th e  conclusiont th a t ,  in  o rder to  account for th e  

p roperties of C a r e y  L e a ’s  anom alous silvers, i t  is no t necessary to  assum e th e  

ex istence of an “ allo tropic ” m olecule o f silver. The question  th u s  arises : A re th e re  

an y  o ther cases in w hich an  allo tropic  m olecule has been unnecessarily  postu la ted  ?

R o b e r t s -  A u s t e n  J  has collected p a rticu la rs  o f a la rge num ber o f supposed cases of 

allo tropic § s ta te s  of m etals. W e proceed to  th e  exam ination  o f these  p articu lars  in 

order to  determ ine w h eth e r th e  effects, for th e  exp lanation  o f w hich th e  allotropic 

molecule w as postu lated , are n o t m erely  those w hich, according to  th e  analysis of 

§ 10 above, w ould be due to  a decrease in  th e  den sity  of th e  m etal in a g ran u la r or 

am orphous sta te .

In  th e  first place, then , th e  discovery th a t  m etals in different s ta tes , corresponding 

to  different m ethods of p reparation , possessed d ifferent densities and  had  w idely 

different properties, a lthough  chemical analysis could d e tec t no change in th e

* Cf. figs. 9, 11 a n d  13, a n d  a lso  p. 2 8 2  ab ov e , w h ere  th e  sam e colou rs, e x h ib ite d  b y  on e  o f K. W . W o o d ’s 

s ilv er  film s, are d iscu ssed .

t  A b o v e , p . 2 85 .

X 1 M e ta llu rg y ,’ pp. 87  et seq.

§ R oberts-Au s t e n d efin es  “ a llo tro p y  ” as fo llo w s  (loc. cit., p . 8 9 ) :  “ T h e occu rren ce o f e lem en ts  in  

. . . .  a llo trop ic  sta te s  m ean s th a t . . . .  th e  a tom s are d iffe ren tly  a rran ged  in  th e  m o le c u les .”
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composition,* does n o t requ ire  those d ifferen t s ta te s  to  have been allotropic. A gain, 

i t  is unnecessary  to  suppose th a t  B o l l e y ’s  le a d ,t p repared  by  electrolysis, and  sim ilar 

in com position to  sheet-lead , is a llo tropic  because i t  oxidises rap id ly  in a ir w hile sheet- 

lead  does n o t : for th e  electro lysis g ives th e  essential fine division, and  th e  consequent 

large am oun t of surface exposed to  th e  a ir g re a tly  accelerates oxidation.

L astly , S c h u t z e n b e r g e r |  supposed th a t  th e  copper deposited  on th e  p la tinum  

electrode o f a  copper-p la tinum  cell w as allo tropic  because i t  w as v ery  fragile, its  

den sity  w as only  ab o u t *9 o f th a t  o f norm al copper, i t  oxidised rap id ly  in air, and it  

could be converted  in to  norm al copper by  prolonged con tac t w ith  d ilu te  su lphuric  acid. 

H ere, too, th e  supposition  o f a llo tropy  is n o t requ ired  to  account for th e  facts. F or 

th e  low density , th e  frag ility  an d  th e  rap id  ox idation  are  all accounted for by th e  

loose s tru c tu re  w hich we should  expect in  such a deposit o f copper, w hile C a r e y  L e a  

found th a t  h is silvers, w hich, if  our conclusion a t  p. 285 is correct, w ere only finely 

d iv ided silver, could be transfo rm ed to  norm al silver by  con tact w ith  su lphuric  acid. 

S im ilar rem arks app ly  to  S c h u t z e n b e r g e r ’s  silver.J

C onsider now M a t t h i e s s e n ’s  im p o rtan t g en era lisa tio n ^  th a t  m etals m ay susta in  

change in  th e ir  m olecular condition by  union w ith  each o th e r in a fused s ta te . 

R o b e r t s - A u s t e n  poin ts ou t|| th a t  th e  evidence th a t  m etals ever assum e allotropic 

s ta tes , w hen th e y  e n te r  in to  union  w ith  each o ther, is difficult to  obtain. W h en  

obtained, th e  evidence is genera lly  composed o f th e  facts th a t  th e  specific g ra v ity  of 

th e  norm al m eta l is g re a te r  th a n  th a t  of th e  m eta l in  th e  s ta te  alleged to  be allotropic ; 

th a t  th e  chem ical a c tiv ity  is less in  am ount, a lth o u g h  th e  same in  k ind , for th e  form er 

th a n  for th e  la t te r  s t a t e ; an d  th a t  th e  appearance of th e  m eta l is d ifferent in th e  tw o 

sta tes . R eference is also som etim es m ade to  a difference in  physical properties w hich 

is accounted for by  lack  o f con tinu ity , and consequently  of electric  conductiv ity , in 

th e  supposed allo tropic s ta te .!  O ccasional reference is also m ade to  a readiness to  

form h y d ra te s  w hich th e  m eta l in  th e  la t te r  s ta te  exhibits. S e ttin g  th is  la s t p roperty  

aside, as no t y e t established, th e  rem ain ing  evidence is no t conclusive, for all th e  facts 

in question are also characteris tic  of optically  continuous g ran u la r (or am orphous) 

pieces of m etal. Increase of chemical ac tiv ity , for exam ple, is a  consequence of th e  

enorm ous effective surface in a m edium  b u ilt up o f independen t granules.

F u rth e r , w hen one m etal is u n ited  w ith  an o th er in a fused s ta te , a chemical 

com pound is not, in  general, formed, b u t th e  m olecules of th e  tw o m etals freely  mix. 

T hus one m etal is in solution in  th e  o ther. So long, therefore, as th e  tem p era tu re  

rem ains sufficiently h igh  to  perm it th e  molecules to  move about freely, th e  molecules 

of each m etal te n d  to  segregate , and  to  group them selves in to  separate  crysta ls as th e

*  J o u l e  and  L y o n  P l a y f a i r , ‘ M em oirs  o f th e  C h em . S o c .,’ v o l. iii., p . 57  (1 8 4 6 ).

t  R o b e r t s - A u s t e n , loc. cit., p .  9 0 .

% ‘ B u ll. Soc. C h im .,’ X X X ., p . 3 (1 8 7 8 ).

§ R o b e r t s  A u s t e n , loc. cit., p. 8 7 .

|| Loc. cit., p. 91.

Cf. P e t e r s e n  on “ A llo tro p ic  F orm s of M e ta ls ” ( ‘ Z e itsch r . f. P h y s .  C h e m ./  8 ,  pp. 6 0 1 , 1891).
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tem p era tu re  is slowly lowered. I t  is, how ever, probable th a t ,  as in th e  case of gold 

and  copper ru b y  glasses, th e  molecules o f each m eta l first g roup them selves in to  

sm all spheres. I f  th e  tem p era tu re  w ere rap id ly  low ered a t  th is  stage, th is  g ran u la r 

s tru c tu re  w ould be fixed in th e  alloy. If, th en , one m e ta l— th a t,  suppose, o f w hich 

th e  la rger volum e is p resen t— w ere sudden ly  an n ih ila ted , th e  o th e r m etal w ould 

rem ain  in a g ran u la r form, possessing a colour* q u ite  d ifferent from th a t  exh ib ited  by  

th e  norm al form of th a t  m etal.

N ow  w hen an  alloy o f po tassium  and  gold  con tain ing  ab o u t 10 per cent, o f th e  

precious m etal is th ro w n  on to  w ate r, th e  potassium  is, in  effect, an n ih ila ted ,!  and  

th e  gold is released as a black  or d a rk  brow n pow der. I t  w ill be seen from fig. 12 

th a t  g ran u la r gold, w ith  a d en sity  s lig h tly  over '6 of th a t  of norm al gold, w ould 

reflect lig h t of a brow n colour, w hile th e  reflecting  pow er w ould no t exceed ’5. A  

g ran u la r s tru c tu re  is th u s  in accordance w ith  th e  du ll appearance and  w ith  th e  colour 

of th e  pow der. Sim ilarly  w hen a silver-gold  alloy con tain ing  tw o p a r ts  o f silver to  

one of gold is tre a te d  w ith  n itr ic  acid th e  silver is rem oved, th e  gold rem ain ing  in  th e  

form of a dull brow n pow der, w hich can be converted  in to  b r ig h t m etallic gold by 

s ligh t pressure or by  h ea tin g  to  redness. I t  appears, therefore, th a t  th is  brow n 

pow der is p robably  g ran u la r  gold, th e  com ponent partic les being sm all com pared w ith  

a w ave-length  of l i g h t ; so th a t ,  once more, th e  evidence J does n o t requ ire  us to  

suppose th is  form o f gold  to  be allotropic.

F inally , i t  seems unnecessary  to  a sse rt th a t  iron released from  its  am algam  by  

d istilling  aw ay th e  m ercury  is in  an  allo tropic form because i t  ta k es  fire on exposure 

to  th e  air. F or th is  b u rn in g  o f th e  iron w ould be th e  consequence o f th e  large 

surface exposed to  th e  a ir  by  an  ex trem ely  finely d iv ided  form o f th e  m etal.

W e conclude, therefore, th a t  in none o f th e  cases o f supposed allo tropy, w hich we 

have exam ined in th is  section, has th e  existence of an allo tropic form of m etal been 

established.

* S e e  § 10  a b o v e.

t  Cf. R o be rt s-Au s t e n , loc. cit., p. 91 . T h e  p o ta ssiu m  d o es n o t  catch  fire, b u t co m b in es w ith  th e  w a ter  

to  form  K H O  (w h ich  im m e d ia te ly  p a sses  in to  so lu tio n  an d  is  th u s  rem o v ed ) a n d  H  w h ich  catch es fire.

I W e  m u st e x c e p t  th a t  o f th e  a lle g e d  fo rm a tio n  o f auric h y d ra te , b u t I  h a v e  b een  u n ab le  to  o b ta in  a n y  

con firm a tion  o f th e  e x is te n c e  o f su ch  a co m p o u n d .
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