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Optical and Elect'riced Qualities of Metals. 157 

and would then become inappreciable, or at any rate so small 
that it could not be discharged from the= probable effects or' 
selective absorption. The effect of these greater nmsses is 
not denied, but their existence would not sensibly affect our 
present results, which apply only to the electron o~ small 
mass carryinga negative charge. Drude, in his discussion of 
optical constants in connexion with his electron theory of metals, 
assmned the existence of two kinds of conducting electrons, 
and could by means of them account separately for the observed 
values for r and for x. 

My purpose is a more limited one, but the resu|ts obtained 
seem to me to be more definite on account of the small 
number of assumptions which are made. 

Looking at the results o[ these calculations, the simplest 
explanation of metallic conduction would appear to be that 
each atom has one, or possibly two or three, negative elec- 
trons which are easily detached: and follow freely the electric 
force, even for such rapid oscillations as those of light. 
Drude assumes that they are always detached from the atom 
and behave very much as the ions in electrolyLes are supposed 
to behave. He has worked out his idea in two important 
papers +, and given it substantial support in a variety of 
directions. 

XVI. On some Relations between the Optical and the Elec- 
trical Qualities of ~]letals. By Prof. E. HhGE~" and 
Prof. H.  RUBENS ~. 

M AXWELL'S  electromagnetic theory of light--which in 
its original form does not consider the molecules and 

their vibratory periods, but simply expresses the optical 
property of a single wave-length--demands the existence of 
analogous relations between the transparencies of metals and 
their electric conductivities. These relations have often been 
examined, without being confirmed in any way ~. The theory 
did not seem to hold good, either with regard to the absolute 
amount of transparency, or with regard to the order in 
which the metals can be arranged according to their trans- 
parency~ and which ought to be the order of their electrical 
resistances. 

Wied. Ann. xxxix, p. 537, xlii. p. 189. 
t Cf. Sitzungsberichte der K .  Akademle der W~se~sc]~. in Berlin 

p. ~ & p. 410 (19.03), and Ann. d. XPhysik, xi. p. 873 (L903). Authors 
~ranslatlon communicated by Prof. C. Vernon Boys, F.R.S. 

]~ Cf. W. Wien, Wied. Ann. xxxv. p. 48 (1888) ; and E. Cohn, VVied. 
Ann. xlv. p. 55 (1892), and others. 
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158 Profs. Hagen and  Rubens on some Relatio~zs 

In a former paper* we have shown that some of these con- 
tradictions begin to disappear if, instead of examining the 
ultra-violet or the visible spectrum, we advance to longer 
wave-lengths. We found that platinum~ which, in the visible 
and ultra-violet spectrum, is much more opaque than gold 
and silver, becomes more transparent than these metals in 
the infra-red. We have lately stated that the same is true 
in a higher degree with respect to bismuth. A thin layer of 
bismuth of about 90/~/~ thickness, which scarcely transmits 
1]1000 part in the red, possesses a transparency of 10 per 
cent. at a wave-length not longer than k = 4 t t .  Consequently 
it did not seem improbable that, passing to still greater 
wave-lengths, values in accordance with Maxwell's theory 
would be obtained for the diathermancy of metals. Supposing 
Maxwell's theory to be correct, this would mean that the 
influence of the molecular periods of the different metals 
vanishes gradually in the infra-red region, with increasing 
wave-lengths. 

Relations quite similar to those that Maxwelt's theory 
demands for the transparency of metals, can be tbreseen for 
the intensity of the radiation penetrating into the metals, and 
for the power of emission. But these ~'alues are much easier 
to de~ermine than the transparencies. In the first, place, in- 
vestigations of the transparency require considerably greater 
intensities of radiation. Secondly, no substances exist which-- 
in that part of the spectrum--are sufficiently transparent for 
heat-rays, and can a t  the same time serve as supporters of 
such thin layers of metalt. Lastly, the number of metals 
suited to the examination of transparencies is much more 
limited than that sui~ed to measurements of the emission or 
reflecting-power. This is owing to the fact that the con- 
struction of good reflecting-mirrors is much easier than 
that of metallic layers of equal thickness and perceptible 
transparency. 

The intensity of radiation entering into the metals can be 
measured in different ways. The simplest method is by 
determining the reflecting-power, or by measuring the power 
of emission. 

If  R represents the reflecting-power of a metal for normal 
incidence expressed in percents of the incident radiation, 
the intensity of the radiation entering the metal is 
I = ( 1 0 0 - - R ) .  In those parts of the spectrum in which the 

* E. Hagen & H. Rubens, Ann. d. _Phys. viii. p. 432 (190~). 
"f Rocksalt, sylvine, and silver chloride, which possess a sufficing 

transparency, cannot be used in consequence of their unfavourable chemical 
qualities. 
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between Optical and Electrical Qualities of" ~lletals. 159 

energy suffices for exact measurements, and t t  is sufficiently 
different from 100, the determination of I can be successfully 
performed by measm'ing the reflecting-power. But it is just for 
the greatest attainable wave-lengths that these conditions 
are not sufficiently fulfilled. Therefore, in these regions it is 
preferable to determine [ by measurements of the power of 
emission. I f  E be the emission of an opaque polished metal sur- 
face, and e that o f "  a black body"  of the same temperature--  
both for the same wave-length--we obtain I-~ E/e according 
to Kirchhoff's law. 

Consequently our experimental research consists of two 
parts. In the first I is determined with the aid of the 
reflecting-power, in the second by measurement of the 
power of emission. 

The Reflecting-Power of i]letals in the Infra-Red. 

The reflecting-power of metals has often been the object of 
experimental research. In a paper published in 1889 by one 
of us*, the reflecting-power of a series of metals has been 
examined. From tbe results the conclusion was drawn that 
the better conductors of heat and electricity (silver, copper, 
gold) show a higher reflecting-power for infra-red rays than 
do the other metals. In addition to this paper, and that of 
A. Trowbridget, our own recent research must be mentioned. 
But owing to the imperfection of the material and the surface 
of the mirrors employed, the results of the older researches do 
not permit any definite comparison with the electromagnetic 
theory. On the other hand, our own measurements:~ did not 
pass l~eyond the limit of 1'5/~, a wave-length not sufficing for 
this purpose. 

~[ethod of Observation. 

The arrangement of our apparatus is given in fig. 1. H 
designates the slit of a spectrometer, furnished with silver 
mirrors (K and L) instead of lenses, in such way that K K 
represents the collimator, and L T the observing telescope. 
T is a linear thermopile, described in an earlier paper by one 
of usw The prism P was of fluorite for the wave-lengths 

* H. Rubens, Wied. Ann. xxxvii, p. 249 (1889). 
t A. Trowbridge, Wied. Ann. lxv. p. 595 (1898). The papers of 

S. P. Langley, Phil. Mug. xxvii, p. 10 (1889), E. 1~. Nichols, Wied. Ann. 
lx. p. 401 (I'897), and F. Paschen, Ann. d. Phys. iv. p. 804 (190t) con- 
tain only measurements of the reflecting-power Of silver in the infra-red. 

:~ E. ttagen & It. Rubens, Ann. d. Phys. viii.p. 1 (.1.902). 
w H. Rubens, Zeitsehrlftfiir Instrumentenkunde, xvin. p. 65 (1898). 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

am
br

id
ge

] 
at

 1
6:

38
 1

7 
Ju

ne
 2

01
6 



160 Profs. Hagen and  Rubens on some Re la t ions  

between 1 and 8/~, and of sylvine for the interval between 
8 and i4/~. The galvanometer used with the thermopile 
was an iron-clad instrument of du Bois-Rubens' construction*, 
well protected against magnetic disturbances. The observer 
at the galvanometer could, by aid of a special arrangement, 
lift or drop the screen G, placed in front of the slit H. 

In addition to this~ the figure shows two supplementa D" 
mirrors, E and F, the source of light A, and the concave 
mirror S the reflecting-power of which was to be examined. 

Fig. 1. 

th:  g 

Our source of ligh~ was a Nernst incandeseent~ lamp, the 
fibre of which (l mm. thick and 2 inms. wide) was attached 
to a small turning-table in such a way as to permit a kind of 
excentric rotation. This table, as shown in the figure, was 
placed between the mirrors S and E. It  was furnished with 
an arm which could be brought into contact with either of 
the two fixed screws C and D, thus permitting the transfer- 
ence of the Nernst fibre from position A into position B 
(dotted in fig. 1), and vice versa. Immediately in front of 
the fibre was adjusted a small slit (2 rams. wide), containing 
two crosses of very thin platinnm wire 8 rams. above each 
other. The excentricity of the Nernst fibre and the position 
of the slit in front of it were adjusted by two different 
micrometric screws. 

After undergoing reflexions from the plane mirror E and 
the concave mirror F, the rays coming from A were united 
on the slit H to an image of exactly the same dimensions as 
that produced directly by the source of light. The mirror S 

H. du Bois & H. Rubens, Zeitschrift fiir lnstrumeateukunde, xx. 
p. 65 (1900). 
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between Optical and Electrical Qualities of Metals. 161 

was so adjusted that its centre of curvature lay on the axis of 
the turning-table. By this means an image of equal size 
also appears on the slit H when the lamp is at B. A proof 
for the correctness of our adjustment is given by the fact that  
the images of the two wire crosses on H are equally exact in 
both positions of the lamp. 

We need simply to add that the slit H was 6 rams. high 
and 1 ram. wide, and that a diaphragm of 24 x 24 rams. was 
placed in front  of the mirror F, in order to prevent  any but 
the central part of the cone of rays from entering the slit. 
Thus it is evident that the rays follow the same path in both 
cases, the only difference being the additional distance B S A 
when the lamp is at B. On dividing the deflexion obtained 
in this position by that observed in the first case, the reflect- 
ing-power of the mirror S is at once obtained. 

We undertook measurements for about 15 wave-lengths of 
the spectrum. While the Nernst fibre was in the position A, 
the total distance traversed by the rays was 210 cms., in the 
position B it amounted to 270 cms. Thus it became neces- 
sary to limit the observations to wave-lengths for which the 
absorption produced by the water-vapour and the carbon 
dioxide" of the atmosphere is not considerable. For  our 
purpose the absorption is small enough, in most parts of the 
spectrum, to prevent perceptible errors" An additional dis- 
tance, small compared with the whole path of the rays, scarcely 
increases the absorption already produced. Of all the wave- 
lengths concerning which measurements were made, X~-7 t* 
is the only one forming an exception to this rule. ]:[ere a 
correction of about 3"1 per cent. was necessary, owing to the 
absorption produced by the water-vapour. 

The Mirrors. 
All the metals were used as concave mirrors of 30 cms. 

radius and 4 ems. aperture. They were made of very pure 
material. Three different modifications of silver, gold, and 
platinum, and two of nickel were examined. All these 
mirrors, except that of cast bismuth, possessed perfect sur- 
faces and gave excellent images. 

Results of tI~e Observations. 
Table 1. (p. 162) contains the results of our measurements for 

seven pure metals and for six alloys. The curves of fig. 2 
(p. 163) show the reflecting-power of ten of our mirrors for 
different wave-lengths. In  the red, as well as in the neigh- 
bearing regions of the infra-red, our observations agree 

* cfi F. Pa~chen, Wied. Ann. li.~. 51, lit. 10 209, and liii. p. 335 (1894) ; 
also H. Rubens & E. Ascbkinass, vvied. Ann. lxiv. p .598 (1898). 

Phil. Mag. ~. 6. Vol. 7.5To. 38. Feb. 1904. ]K 
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162 Profs. Hagen a n d  Rubens on some R e l a t i o n s  
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between Optical and Electrical Qnallties o] 2~etals. 163 

very satisfactorily with the results obtained in our previous 
researches. 

I t  is well known that the reflecting-power of metals is 
subject to very rapid changes in the ultra-violet and visible 
:spectrum. That is not the case in the infra-red;  for this 
spectral region the curves of fig. 2 show a very regular form 

Fig. 2. 

+oJ 
9 o  ~ . _  , I . ' ~  ~ . . . . .  

70 t'~ -- " { 

6~ ,; / 
l z t  Z 3 q. 5 6 7 ~ 9 IO I I  1 2  I 3  l ~  

8O 6" 

7 0  ~ t  

r,o t 
J / L  g 3 ~- 5 6 7 8 9 2 0  11  1 2  2 3  2 4  

$ 0  

70: 

5O: 

i t ~ Z  f 
- ' , .v v f 

/ 
2 3 ~ 5 6 7 B 9 1 0  11 1 2  1 3  14 

Cst. stands for Constantan, Mgl. for Magnalium, B. ~. S. for Brandes 
and Schiinemann's alloy. The curves for Patent Nickel M and P lie very 
close to that of Constantan. The visible spectrum (from X=0'45 tL to 
k=0"7 tL) is marked by the two small vertical lines at the left-hand 
corner of the curves. 

for all the metals and alloys. In every case the curve rises 
asymptotically to R = 1 0 0  per cent. On comparing the 
reflecting-powers of different metals with each other in the 
region of greater wave-lengths, we find that- - re la t ive  to their 
reflec~ng-power--the metals always take Lhe same order of 
succession. This law is still more obvious when we consider 
the intensity entering the metals (100- -R)  instead of the 
reflecting-power (R). Although (100- -R)  diminishes conti- 
nually with the increasing wave-length~ it does so in the same 

M 2  
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164 Profs.  Hagen and Rubens on some Relations 

proportion for aH the metals, so that it  is of no consequence 
at what part of this spectral region the comparison is made. 

Table I I .  contains the values of 100 - -R  at X=4t* ,  8 / , ,  
and 12 t* for all the pure metals examined and for five alloys, 
the electric conductivity of which was accurately known. 
The numbers given for (]00--1~) are always the average 
values obtained for the different modifications of the same 
material. The only results we have herefrom excluded are 
those obtained hy aid of the mirrors produced by cathodic 
dissipation. Their reflecting-power was found to be a little 
smaller than that of the other mirrors. For  silver, this 
difference is scarcely perceptible; for gold it amounts to 
1 per cent., for platinum to 2-3 per cent. We cannot decide 
whether these differences are due to a deviating molecular 
structure of the dissipated layers, or whether they are caused 
by a very slight oxidation of the metals. 

In  addition to the value (100--R),  Table 11.* contains the 
electric conductivity ~ t, its square root, and finally the pro- 
duct (100- -R)  . v/7: for h,----4, 8, and 12t,. I t  is evident 
that this product has approximately the same value with all 
the metals for X=12  ~;  i .e .  the intensities entering the 
metals a r e ~ i n  the region of long waves~in  inverse proportion 
to the square root of the electrical conductivity~ 

( 1 0 0 - -  R)  V/~r = COl2St . . . . . .  (1) 

But also for ~,=$/ t ,  and even for :~=4/ , ,  this equation is ap- 
proximately verified. At X = 4 / ,  the products (100--R)  . ~/~ 
vary with an average deviation of 21 per cent. from the 
nmnber C~=19"4. At X = 8  ~ the average value of the pro- 
ducts is Os=13"0 ; the average deviation is 14"5 per cent. 
At X-----12~, lastly, the mean value is C , ~ = l l ' 0 ,  and the 
mean deviation is not more than 9"6 per cent. 

The values registered in Table II .  fbr bismuth are bracketed, 
and not considered in the calculation of the average values of  
C. The first reason is, because they do not possess the exact- 
ness of the other numbers. This is accounted for by the 
deficiency of the curvature and polish of our bismuth mirrors. 
The cutting and polishing of east bismuth is very  difficult, 
because of the crystalline structure of this material and the 
irregular consistency of its surface. The mirror of cast 
bismuth could therefore only serve for the investigation of  
the change of the reflecting-power with increasing wave- 
l eng th ;  the absolute values had to he determined with the 
aid of mirrors made by cathodic dissipation. Although these 

* 1~ is given in per eent~, of the incident radiation. 
t W. Jiiger and H. Diesselhorst, Wis~enschaftliehe .4bhandtunFen do" 

-Physikal. Techn. _~eichanstaIt, iii. p. 269 (1900). 
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166 Profs.  Hagen  and Rubens on some Relations 

had. a good spherical shape,, they were nei ther  quite free from 
oxidation nor  were they t tnck enough,  so tha~ they necessarily 
gave too small a reflecting,power.  Bu t  the want o[ exactness 
of  the values obtained for bismuth is not the only reason w h y  
we excluded them fi'om our  calculations, B ismuth  follows 
the law given above in no respect, as will be proven by our  
fur ther  experiments.  

Comparison with the 2 beer#. 

Maxwell 's  original theory~ which  (as has been ment ioned)  
does not consider the molecules and their vibration, leads 
to this simple expression for the re f lec t ing-power*  

200 
R = I O 0 - -  ~ ) ~ ,  

* Cf. P. Drude, ' Physik des Aethers,' p. 574, Formula (66), 1894 ; 
and E. Cohn, 'Das electroma~etische Feld/l)..444 (1900); also M. Planck, 
Sitzungsber. d. k. Akad. d. Wissensch. zu Herlin, 1). 278 (1903). Prof. 
Planck arrives at the equation (2) in this way : -  

If  a plane linear polarized light-wave propagates in a metal which 
does not possess any dielectric qualities and absorbs the vibrations only by 
ordinary galvanic conduction, this process is represented by the Maxwell- 
Hertz equations 

bt 
bH bE 
bt ~" 

Herein E and t t  mean the intensity of the electric and magnetic field, 
e the velocity of light in the vacuum, and h the galvanic conductivity of 
the metal in absolute electrostatic measure. ]?mm these equations we 
obtain 

bE ~-E 2 b ~E _ 4rA -. 
3t ~- = c  b.C bt" 

This equation is satisfied by the expression 

E = A .  e "(~- ~ x), 

if the further cendition is fulfilled 
hi(1 +p2)+4zrA--0 ; 

wherein n means the number of vibrations in 2zr seconds and 
p=g+iv, 

v is the ratio between the wave-length in vacuum and that in the metal ; 
# means the coefficient of extinction, defined by the law, that the intensity 
of a ray proceeding in the metal is reduced to e-4,,g of its initial intensity 
after having passed over a distance as long as one wave-length in vacuum. 

By. substituting the value of p, and by separating the reaI and 
imaginary terms, we obtain 

--2gvn+4~rA=0 
and 1 +g~- ~ v ~ = O. 
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between Optical and Electrical Qualities of Metals. 167 

or  for the enter ing intensi ty 

200 
( 1 0 0 - a )  = V I E  r . . . . . .  ( 2 )  

Here in  A means the electric conduct ivi ty  of the metal in 
absolute electrostatic measure and r the period of  oscillation 
in seconds. The formulm are only valid tbr sufficiently large 
A,  which make the product  A r  very  large compared with 
uni ty,  a condition always fulfilled with sufficien~ approxima-  
t ion here. W h e n  in t roducing  into equation (2) the wave- 
length ~, measured in/~, in place of the period of  vibration, 

Besides, if we introduce r, the period of the vibration in seconds 

2rr 
n 

we have 
~=~(44A~VH-l+l)  

and 
S-=�89 4 ' ~ - -  1). 

These two equations characterize the whole optical behaviour of the 
metal. 

For normal incidence the reflecting-power R~ of the metal surface 
bordering ca the vacuum is expressed--as is well known--by the 
formula 

1RL= (v-- 1)2+g ~ 
(v+l)~q-g ~' 

the intensity of the incident radiation being equal to unity; and, after 
substituting our values of v and g~ 

4 ~+~+i--X/2( 4 aX~#~ ~ +i) 

For sufficiently lon~ wave% i e for sufficiently large values of r the 
" ~ ~ ~ �9 2 �9 - -  " �9 ' unit may be neglected as compared with 4A r ~, and we obtain, in first 

approximation, 
g=~=4~ 

and R~=I- -  '~/_4r" 

Finally, if we express the reflecting-power in ~ercent. of the incident 
radiation, as has been done in this paper, we arrive at 

2OO 
R=100-- 4 ~ r '  

which is identical with our equation (2). 
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168 Profs .  H a g e n  and Rubens  on some Rela t ions  

and the  value  ~ ~ of Table I I .  in p lace  of the conduc t iv i ty  A 
given in e lec t ros ta t ic  measure ,  we obta in  

36"5 
(100--R) = . . . . . .  (3) 

or 
36"5 

(100--R).  . . . . .  (4) 

Therefore  the  re la t ion between the ref lec t ing-power  and the  
conduc t iv i ty  of  metals ,  e x p e r i m e n t a l l y  g iven  in the  reg ion  of  
long waves,  cor responds  per fec t ly  wi th  the  demands  of M a x -  
well ' s  theory .  The value o f  the cons tan t  C~ = (100 - -  R) 4 / ~  
is, acco rd ing  to Table I I . ,  

19"4 at  ~ = 4/~ 
13"0 ,, k =  8/* 
11"0 ,, X=121~  

and the co r re spond ing  theore t ica l  values  of the  constant  CA, 
compu ted  f rom the Maxwel l  equat ion (4), are  

18"25 for 4/* 
12"90 ,, 8/* 
10"54 ,, 12/~ 

They show a be t te r  a g r e e m e n t  wi th  the  values  g iven  above  
than m i g h t  have  been expected or even hoped for. 

TABLE I I I .  

Metals. 

Silver .............................. 
Copper ........................... 
Gold .............................. 
Platinum ........................ 
.Nickel .......................... 
Steel .............................. 
Bismuth ........................ 
Patent Nickel P ............... 
Patent Nickel M ...... . . . . . . . .  
Constantan .................... 
Rosse's Alloy .................... 
Brandes and Schiinemanu's ~, 

Alloy ........................ . 

(100--R) for X=12~. 

Observed. Computed. 

1"15 ,.1"3 
1 "6 1 "4 
2"1 1"6 
3 '5 3"5 
4"1 3"6 
4"9 4"7 

(17"8) 11"5 
5"7 5"4 
7"0 6"2 
6"O 7"4 
7"1 7"3 
9"1 8'6 

* ~ is the reciprocal value of the resistance of a conductor one metre 
long and of one square millimetre cross-section in ohms. 
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between Optical and Electrical Qualities of _l[etals. 169 

A similar proof for the agreement of experiment and 
theory results from Table I I I .  Here  the values of (100--R)  
determined experimentally are placed beside those computed 
from formula (4), and solely dependent on the electric con- 
ductivity and the wave-length X =  12t~. 

Except ing the values given for bismuth, the agreement  is 
good, particularly when we consider that the nmnbers 
calculated from formula (4) are absolute values and do not 
contain any arbitrary coefficient. 

l I .  

The Emissive Power of the Metals for ~ = 25"5g. 

The formula (4), found by our experiments relating to 
reflexion and deduced from Maxwell's theory, was now to be 
examined for rays of much greater wave-length ; tbr instance, 
for the "residual r a y s "  * of fluorite. For  the accomplishment 
of this purpose, the investigation of (100- -R)  by aid of the 
reflecting-power is not an advantageous method, as was 
mentioned above. For  all metals the reflecting-power R 
approaches 100 per cent. asymptotically with increasing 
wave-lengths, and the difficulty of experimental ly deter- 
mining ( 1 0 0 - - g )  increases accordingly t .  

But  i f - - ins tead of the ref lect ing-power-- the emission- 
power is made the object of research, the course of investi- 
gation becomes much easier. In  that case the metal  suri~ces 
require merely to possess the same temperature for the com- 
parison of their radiating-power with that of an absolutely 

By "residual rays" we mean the still surviving part of the whole 
radiation of a source of heat after having undergone several reflexions on 
surfaces of a certain substance; for instance, of rock-salt, sylvine, or 
fluorite. In the infra-red these substances possess rather sharply-limited 
bands of metallic ~bsorption, at which the reflecting-power attains very 
high values (sometimes more than 90 per cent.), whilst for other wave- 
lengths it is small. The residual rays of sylvine attain their maximum 
energy at a wave-length of about 61 ~t, those of rock-salt at 51 ~t. The 
residual rays of fluorite are less homogeneous than those of rock-salt and 
sylvine. They be~n at 2216 attain a sharply-defined maximum at 
)t~4_~/t, and decrease first rap.idly, then slower towards the longer waves. 
On account of the unsymmetrical farm of the energy-curve the mean 
wave-len~h of the assemblage of rays--after three reflexions from 
fluorite--amounts to 25"5/~ (H. Rubens, Wied. Ann. lxlx. p. 576, 1899). 
:For further particulars on residual rays, vide It. Rubens & E. F. Nichols, 
Wied. Ann. Ix. p. 418 (1897) ; and H. Rubens & E. Aschkinass, Wied. 
Ann. lxv. p. 241 (1898). 

t Cfi H. Rubens & E. F. Nichols, Wied. Ann. lx. p. 418 (1897). 
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170 Profs .  H a g e n  and Rubens  on some Relations 

black  body  for long waves, a process  caus ing  no diff icul ty  
when sufficient ene rgy  is a t  hand  *. 

F i g .  3 shows the a r r a n g e m e n t  of appara tus  which  se rved  

Fig. 3. 

! 

i 

I 
I 
o 

. . . . . . . . . .  I 

I / i "  

! 
I 
I / 

! zs  

! �9 
I t t 

for these exper iments .  A is a copper  box tha t  could be  
t u rned  at  wil l  : i ts  tbur  sides conta ined  round  open ings  p ro-  
v ided  wi th  screws, into which  the  metal  plates  t ( r ad ia t ing  

* A similar method has been tried by O. Wiedeburg (Wied. Ann. 
lxvi n 92, 1898) to compare the total emission of different metals with 
that" of silver. The results which he obtained support those already 
published by H. Rubens (Wied. Ann. xxxvii, p. 249, 1889), that the 
good conductors for heat and electricity show a hi~her reflecting-power 
than the other metals. But, in view o~ our measurements of the reflect- 
ing-power, Wiedeburg's numerical data of the emission-power seemed so 
improbable, that we repeated his experiments for several metals. Doubt- 
less his experiments are influenced in a very high degree by diffused 
foreign radiation, a fact which is proved by the following table. Here we 
give the emission of four metals ac 100% silver being the unit, in the first 
place according to O. Wiedebur~s, and secondly according to our own 
observations. The latter cannot possibly be influenced by any foreign 
radiation. 

Total emission at 100 ~ 
Observers. Silver. Platinum. Steel. Manganin. 

O. Wiedeburg . . . . . .  1"00 1'93 1"31 1"39 
Hagen and Rubens.. 1"00 4'65 6"66 8"00 

t I t  is a special advantage of this method that the metal plates used 
need only to be pure and well polished, but not plane. 
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between Optical and Elect~4cal Qualities of Metals. 171 

surface 50 rams. diameter) or the " black hody"  could be 
introduced. The " black body"  was a copper cylinder B 
of 47 mms. internal diameter, furnished with conic ends, and 
coated with lampblack on the inside. Its aperture at 
the outer end was 22 rams. in diameter. Boiling aniline 
served as heating liquid, which was in continual contact with 
the metal sheets to be heated. The heating was done eiec- 
trically by means of a spiral of constantan ribbon inside the 
copper case. The temperature was generally regulated to 
170 ~ The heating-box was put in front of a metal dia- 
phragm C1 or C:, cooled by flowing water. Behind this dia- 
phragm stood a screen D, kept at the temperature of the room. 
When this screen was lifted, the radiation to be measured 
underwent successive reflexions from three or four suitably 
set-up surfaces of fluorite F1 Fe F.~, and by means of a large 
concave silver mirror G were finally brought to focus on~ 
Rubens thermopile H. By this process the " residual rays 
of fluorite, corresponding to a wave-length of about 26g, were 
separated from the total emission. 

A direct comparison between the radiations of the metal 
surfaces and that of the"  black body" being impossible on 
account of the different sizes of the respective radiating sur- 
faces, we had recourse to the following method. A thin 
copper disk, covered on one side with a very thin glass 
plate (5 cms. diameter) was introduced into one of the openings 
of the heating case. We then determined the ratio between 
the radiation of the " black body" and that of the glass 
plate by aid of the smaller diaphragm C1 (14 mms. diameter). 
The value we found was 1"29. In our further experiments. 
the radiation of the different metal surfitces was compared 
with that of the glass plate. In all these cases we could 
make use of the large diaphragm C1 (diameter 32 rams.). The 
numbers thus obtained had only to be divided by 1"29 in 
order to give the emission-power of the different metals, 
compared with that of the black body. These results are 
given in Table IV. 

Mercury was the only metal that required another treatment. 
We therefore changed our arrangement in the following 
manner. Instead of the copper cube, a cup filled with mercury, 
heated to 100 ~ was placed opposite and a little below the 
diaphragm Cl. In front of the diaphragm and above the 
mercury surface, there was adjusted a polished plate of 
fluorite. By means of this fluorite mirror the heat-rays 
emanating from the mercury were horizontally reflected 
through the diaphragm. In order to compare this radiation 
with that of the black body, we covered the surface of the 
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172 Profs .  Hagen  a n d  Rubens  on some R e l a t i o n s  
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between Optical and Electrical Qualities of Metals. 173 

mercury  with a very thin sheet of the same glass as had 
always served in our previous comparisons. 

No diffuse radiation of small wave-lengths could possibly 
have influenced our results. This was proved by the insertion 
of a plate of fluorite or rock-salt, 1 cm. thick, that  perfectly 
absorbed the whole radiation ~. 

Column 6 of Table IV.  contains the values of ( 1 0 0 - - R )  
computed by means of formula3~ for ~----25"5/~, whereas 
column 7 shows the values of (100- -R)  obtained by ob- 
servation. The agreement  between the two columns is so 
good as to form a sumcient proof for the correctness of the law 

(100 - -  R) v / ~ ' =  eonst., 

found by our previous experiments on shorter waves. The same 
is shown by column 8, containing the product ( 1 0 0 - - R ) v / ~ ,  
taken from our observations J~. The average value of this 
constant amounts to 7"33 for the pure metals, to 7"41 for 
the alloys; the theoretical value, calculated by means of 
formula 4, is 36"5/V/2-~5----7"23. Aluminimn alone gives a 
rather  considerable deviation, and bismuth furnishes a com- 
plete exception to our law $. But we can scarcely wonder at 
this, since bismuth forms an exception in various other ways w 

Dependence of the Emisslon-Power of ~letals on 
Temperature. 

The good agreement  of the emission-power (100- -R)  
obtained from our experiments with that  computed from 
Maxwell 's theory, justifies the eot~elusion that the variation 
of the conductibility of metals with temperature requires a 

* Of. H. Rubens and A. Trowbridge, Wied. Ann. lx. p. 724 (1897). 
t Of the numbers in columu 8 those ibr Zn, Cd, Ni, Sn, Hg, manganin, and 

constantan agree particularly well with the theoretical value 7"23. This 
is most 1)robablyowing to the fact that for these metals the conductivity 
was very acctu'ately known. It  was certainly the case with the above- 
named three alloys and with mercury, which, in comparison with the 
solid metals~ can easily be obtained very pure. As to gold, we must 
remark that the conductivity of this metal at 18 ~ is only 41 "3 if the gold 
is absoh~tely pure. If it contains even z~ov nf iron or copper, its conduc- 
tivity is reduced to 24"7, and the temperature-coefficient sinks from 3"68 
to 2"03. 

:~ Both the aluminium and the bismuth surfaces could not be kept free 
from oxide for a considerable length of time. With aluminium we are 
nearly sure that the observed deviation is due to this fact. But with 
bismuth the greater part of the deviation is apparently due to other 
c a u s e s .  

w Cf P. Lenard, ~Vied. Ann. xxxix, p. 626 (1890). 
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174 Profs. Hagen a n d  Rubens on some  ~ e t a t i o n s  

corresponding change of the emission-power for long waves + . 
Otherwise the constant C--(/100--R)x/~170 for pure metals 
would have been found 25 per cent. smaller than that for the 
alloys with exceedingly small temperature-coe~cients, and 
could agree only by a mere chance with the theoretical value 
7"23. 

Our experiments on emission therefore enable us to cal- 
culate tha change of resistance with the temperature, since 
the emission increases with the square roo~ of the resistance. 
The following experiments bare been undertaken in m'der to 
obtain a still stronger proof of this relation. A hollow ease t 
of platinum-foil, heated by an electric current, was placed in 
front of the diaphragm C1- The temperature of the case 
could be measured by aid of a thermo-element LeChatelier, 
the welded end of which was placed inside. For  higher 
temperatures (800~ ~ the hollow case was replaced by a 
singie platinum strip, cut fi'om the same piece of platinum- 
foil of which the case had been made. The temperature of 
the incandescent platinum strip was determined by means of 
the optical pyrometer, lately described by Holhorn and 
Kurlbaum $. The "black tempera ture"  observed herewith 
was transformed into Celsius degrees, according to the table 
of correction given by these authors. For the experiments 
with higher temperatures (above 800 ~) we were obliged to 
increase the number of the reflecting fluorite surfaces from 
5 to 4; otherwise the " Reststrahlen " would not have been 
sufficiently pure, The still remaining small impurities, caused 
by r,~dia~ion of short wave-length, were de,ermined by the 
interposition of a plate of rock-salt, and the amount deducted. 
For the high temperatures we used the diaphragm C~, onh" 
14 mms. wide, thus permitting of direct comparison between 
the radiation of the hot platinum-foil and tha~ of" our " black 
body "" at 170 ~ Celsius. But when the intensity of radiation 
of the black body for "residual  rays " of fluorite is known 
tbr one temperature, it is easily determined for every other w ; 
since the intensity of the observed " residual r a y s " ~ f o r  

* In the visible spectrum the change of the optical constants of the 
metals with the temperature is exceedingly small, as is shown by the 
observations of Messrs. R. Sissingh (Arch. Nderla~d. xx. p. 172~ 1886), 
P. Drude (Wied. Ann.  xxxix, p. 5:]8~ 1890), B. Zeemann (Commuu. of 
the Lab. of Physics at the Univers. of Leyden, No. 20, 1895), and 
A. Pfliiger (Wied. Ann.  lviii, p. 493, 1896). 

"~ A hollow c~se of this kind was first employed by l~Iessrs. O. LuInmer 
and F, Kuribaum, Verhandl. d. 2Phys. Gesellseh. zu J~erlin, x~ii. p. 106 
(]SOS). 

L. Holborn & F. Kurlbaum, A n n .  d. Phys. x. p. -o25 (1903). 
H. Rubens & F. Kurlbaum, Ann.  d. _Phys. iv. p. 649 (1901). 
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between Optical and Electrical Q~alities of ~l,s 175 

temperatures above 20 ~ C. - - i s  proportiomd to the difference 
of temperature between the black body and the thermopile. 
(This fact has also been expressed by M. Plauck ' s  law of 
radiation L )  Consequently the radiation of the hot platinum. 
foil could always be referred to ~he radiation of an cqualiy 
heated black body;  that  is tantamount to a direct deter- 
minaLion of ~he value (100- -R) .  The continuity of these 
experiments a~ high temperature  with those at lower wr 
secured by observing the galvanometer-deflexions with both 
arrangements  of apparatus between 700 ~ and 800 ~ Celsius. 
By forming the ratio of two deflexions, corresponding to 
the two arrangements,  the temperature of the source of 
radiation being the same, one obtains a reduction factor 
by which the deflexions observed at higher temperatures 
must be multiplied so that  tt,e results may  become at once 
comparable with those observed at low temperatures.  Table V. 
shows the results of our observations, after this calculation. 

TABLE V. 

emperature of" 
the Platinum-foil 
in Celsiusdegrees. 

1556 
1438 
1320 
L2~L4 
1100 
976 
858 
762 
8O4 
695 
614 
493 
4o4 
323 
261 
169 

Observed 
Deflexion. 

2OO 
177 
I53 
130 
109"5 
89"7 
74"6 
63"6 
680 
53"2 
45"4 
32"2 
24"4 
18'2 
12"4 
6'5 

l~emarks. 

Strip of platinum m front of the 
narrow ctiapbragm C 2. 4 surface: 
of ttuorite. Measurement of tem- 
perature with the optical pyro- 
meter. The black body gave at 
170 ~ a (reduced) deflexion of ]96 
n l l / l  S. 

ttollow case of platinum in front of 
the diaphragm C r 3 surfaces oi 
fluorite. Measurement of tempe- 
rature with the thermoelement. 

By the ordinary electrical me~hod of measurement, the 
specific conductivity of our platinum-foil was determined, 
•0=6"5 (specific resistance =0"154), the temperature-co- 
efficient amounting to a=0"0024,  between 18 ~ and 65 ~ 
These nmnbers show that the platinum employed was not 
pure ;  but  for our purpose this ~:as of no importance. 

A very good agreement  between the computed and the 

* 5I, Planck~ Ann. d..Phys, iv. p. 553 (190I). 
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176 Profs. Hagen and Rubens on some Relations 

observed emission of platinum-foil is obtained by means of 
the equation 

wt-----wo(1 -~- ~t + ~t:), . . . . .  (5) 
in which 

Wo~0"154 
~ 0"0024 

fl~0"0000033. 

This is proved in Table VI., the first column of which 
contains a few temperatures in Celsius degrees. The second 

TABL]~ VI. 

1 

Temp. t 
in 

Celsius 
degrees. 

22O 

300 
6OO 

900 
1200 
1500 

Specific resist- 
~.llCe 

Wt=Wo(1 +at +/St 2', 

@233 
0260 

0"312 

0"559 
0900 
1"33 
1'85 

/ :Emission-power /IEmissi, L Obsorw 

J ~.31 / a.49 19a 1--~:6  
3.s4 t 3.6s 26~' { 9-~ 
3.22 / 4.0~ 3~  ~.~ 

1.1~ / ~ ~  ~1~0 / 79.~ 
o.7~t 1 s -a  ~4o t ~s-o 
o.~o / ~ 1~0 / 1~.~ 

7 

~d Emission 

t 5~5 / 
/ 6-~3 I 

shows the respective specific resistances, computed from 
formula 5; the third, the corresponding conductivity Ir and 
the fourth the emission-power of the employed platinum, 
computed from the equation 

7"23 
100- -R= - ~  �9 

The fifth column gives the radiation ~/t of the "black body," 
as derived, for the respective temperature,/?om the radiation 
of the black body at 170 ~ by linear extrapolation. The sixth 
column contains the observed galvanometer-deflexions a for 
the emission of the heated platinum-foil. These numbers 
were derived from Table V. by interpolation. By forming 
the ratio of the corresponding numbers of columns 6 and 5, 
and by multiplying it b.y 100, one obtains the "observed  " 
emission-powers, given m column 7. The agreement of these 
numbers with the "computed" ones of column 4: is the more 
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between Optical and Electrical Qaalities of Metals. 177 

conclusive because they are absolute values, not containing 
any arbitrary factor. 

The coefficients ~ro and a of equation (5) are directly 
obtained by ordinary electrical measurement. In the region 
of lower temperatures (down to about 250 ~ where the in- 
fluence of the square term /~t ~ is only small, the obse~'ved 
emission values agree perfectly with those computed from the 
electrical conductivity. But in order to obtain a s in ,hr  
agreement between observed and computed emission values 
in the region of high temperatures, the adoption of a square 
term with the coefficient/3 is absolutely necessary. 

The coefficient/3=0"0000033 has a positive sign in equa- 
tion (5), thereby indicating a more rapid increase of the 
resistance at high temperatures. This is in contradiction 
with measurements of Messrs. Beno~t*, L. Callendarl', and 
Holborn & Wien ~:, who have all observed a slower change 
of resistance at high temperatures, which corresponds to a 
small negative value of B. 

Accordingly, we must suppose that the increase of resistance 
at higher temperatures--as computed from our observations 
on emission--is only apparent, and that other facts influence 
the change of the emission of platinum in that region. 
Particularly a change (roughening) of the surfaces, at high 
temperatures is not improbable, and that would account for 
a remarkable rising of the emissive power. Lastly, it is not 
improbable that the observed deviations are connected with 
perhaps the insufficient homogeneity of the " residual rays." 

Summar~ of the obtained Results. 
1. The reflecting-power of the investigated metals from 

~=0"65/z to X=14/~ is given in Table Z. ; the emission-power 
~or X=25"5t~ and 170 ~ C. is to be ~ound in Table IV. 

2. For long waves the intensity entering into the metals 
(100--R) is in inverse proportion to the square root of the 
electrical conductivity K, and to the square root of ~, the 
wave-length of the incident radiation. This law, derivable 
from Maxwell's theory, holds good the more strictly, the 
longer the waves are. This is proved in Table VII., which 
gives the observed and computed values of the constant 

36"5 
(~=(100--R)  ~/~- and C~=: ~/~ 

fbr four different wave-lengths of the infra-red spectrum 
R. Benoit, Compt..Rend. Ixxvi. p. 342 (1873). 

r L. Callendar, Phil. Mag. [5] xtvii, p. 191 (1899). 
7~ L. ttolborn & ~V. Wien, %Vied. Ann. lvi. p. 360 (1895). 

Phil. Mag. S. 6. Vo]. 7. No. 3~. Feb. 1904. iN' 
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178 Profs. Hagen and  Rubens on some Rela t ions  

TABLE VII .  

-7;-. 
8 

12 
25"5 

c~=(100-R) V~- 
observed. 

19"4 
13'0 
11'0 
7"36 

Mean deviation 
of ~he single pro~ 
duets from the 
~verage value. 

21'0 per cent. 
14"5 
9"6 
4"9 

36 '5 
cA= u 
compute& 

18.25 
12-90 
10"54 
7.23 

Moreover, this table contains the average deviation (ex- 
pressed in percents) which the single products ( I00--R) ~/~ 
of the different metals show, as compared with the average 
value given in the second colmnn, 

3. According to Maxwell's theory the quantity 100- -R 
undergoes a change corresponding to the change of re- 
sistance which the metals show with increasing temperature. 
This has been verified by our experiments. 

These two facts (2 and 3) form a new important proof of 
~axwell ' s  theory, and that in a sphere, in which hitherto no 
connexion between the observed facts and the theoretically 
computed laws had been recognized. 

4. Frmn our observations the conclusion must be drawn, 
that the periods of vibration of the molecules scarcely in- 
fluence the optical behaviour of metals in the region of long 
w a v e s .  

5. No influence of the magnetic qualities of iron and 
nickel* on their behaviour towards these rays could be de- 
recked. Had such influence made itself manifest relative to 
these metals, the value (100--R) ought to have been con- 
siderably larger than it appears when computed from the 
conductivity for constant electric cu r r e n t t  by aid of 
formula (4). 

6. In the region of long waves we are, therefore, justified 
in assuming the agreement of the other optical constants 
with the values computed from Maxwell's theory. This 

This fact can be explained by Prof. Drude's theory of magnetism 
(Cf. Verhandt. d. Deutsehen Physikal. Gesellseh. v. pp. 143 & 148, 1903). 

+ In the experiments of Mr. V. Bjerknes (Wied. Ann. xlvii, p. 69, 
1892) the influence of magnetism very strongly manifests itself for 
vibrations of about l0 w per second. This is partly due to his method of 
observation, which greatly differs from ours. 
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theory leads--as previously shown by Mr. Drude a-- to  the 
equation t 

g = v = 5 . 4 8  . . . . .  (6) 
where .q is the coefficient of extinction, J, the index of refrac- 
tion of the metals for normal incidence. This equation, 
which is only approximately correct, shows that the index 
of refraction and the extinction coefficient are numerically 
equal for long waves. 

Besides 

"2 ) = 100(1-- ~), 

therefore 
200 

g.=v= 100--R" 

Consequently both values are definable from the emission- 
power alone. 

7. A further consequence, resulting from the agreement 
of our researches with the electromagnetic theory of light, 
deserves special mention. Besides abstract numbers, the 
theoretical computation of the consfant C contains only the 
velocity of light and the wave-length, both of which can be 
determined by experiments on radiation. By dividing the 
emission-power of a metal for the wave-length X (the 
emission of the black body being rated at 100) by the con- 
stunt C, and by squaring the ratio, we obtain the electrical 
resistance in ohms of a wire of the respective metal (1 m. 
length and 1 ram. ~ cross-section). So it is now possible ~o 
undertake absolute determinations of electrical resistances 
solely by the aid of measurements on radiation. 

P. Drude, .Physik des Aethers, p. 575 formula (68), 1894; and 
hi. Planck, I.c. In the footnote p. 166 of this paper we have given 
Planck's enunciation of formula (6). 

t It  follows from formula (6) that the extinctlon-coefficient {9) 
increases, for long waves, with the square-Ioot of the wave-length. The 

absorption-coefficient ao-----~, which characterizes the real absolTtion 

of the metals, consequently diminishes proportionally to the square-root 
of the wave-length. Nevertheless the absorption of the metals remains 
very considerable, even for waves longer than one metre. A metal 
layer of about ~v ram. thickness must necessarily absorb the whole 
infra-red spectrum. I t  is therefore impossible that int~a-red rays of great 
wave-le~gth pass through layers of aluminium half a millimetre thick, 
and it follows that M. Blondlot's so-called "Rayons N " cannot possibly 
be infra-red rays. 

N 2  
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