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Absorption Spectrum of Cuprous Oxide 

in the Visible Region 

Masakazu HAYASHI 

(Received September 1, 1951) 

Tbe absorption coefficient of cuprous oxide crystal is very large in the region 
of shorter wave-lengths tban 600 mil. However, owing to the success in preparing 
a very tbin plate of cuprous oxide and in constructing special absorption tubes, we 
could take its absorption spectrograms by the use of Hilger's EI type spectrograph, 
whose maximum dispersion was 10 A/mm in the region in question. There appeared 
i) two sharp absorption edges forming a doublet, ii) hydrogen-like absorption lines 
adjoining an absorption band, and iii) another absorption band at the wave-length 
much shorter than those of the hydrogen-like lines. The doublet separation is found 
to be 0.023 eV (226 cm- 1), whicb coincides with that of the ground state 2p of 0-. 
Thus, we arrive at the conclusion that the filled band of cuprous oxide corresponds 
to (2p )(; of 0- -. The energies of the two absorption edges are 2.032 e V and 2.004 e V 
at OaK and coincide, within the estimated error, with that of electron affinity of 
oxygen atom. These edges are, therefore, interpreted as the so-called electron 
affinity spectrum in absorption. As regards the hydrogen-like lines, they can be 
expressed by the equation E(eV) = 2.161-0.0()0/n" (at -184°C), of which the absorp
tion line corresponding to n = 1 is missing, and their series limit corresponds to the 
energy of the lowest level of the empty band. Further, the temperature dependency 
of the two absorption edges and the hydrogen-like lines has been investigated in the 
region between -184°C and + I 50°C. The obtained results are in qualitative agree
ment with the theoretical expectation. The other absorption band mentioned above 
seems to indicate the splitting of the empty band and to support the opinion for 
some crystals (Cu,O, etc.) of BHUlNING and IlE BOI-:Jl, who studied the secondary electron 
emission of ionic crystals. 

~ 1. Introduction. 

The phenomena, in which the electrons in a crystal are con
cerned, i. e. optical, electric, and magnetic properties of a crystal, 
will not be explained in a satisfactory way, unless the electronic 
structure of the crystal is fully investigated. The study of absorp
tion spectrum provides a powerful means for the investigation, 
since the absorption of photo-quantum gives rise to an electronic 
transition from any level first occupied by the electron to the level 
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permitted by the selection rule and the absorbed quantum energy 
can be determined by observing the absorption spectrum. The 
best known examples are a of researches on the absorption 
spectra of alkali-halides, which have been carried out by G{sttingen 
School and others. Besides the alkali-halides, the crystals such as 
Ag-, Pb-, Tl-, Cd~, Zn-, Ni-, and Co-halidesl) and Cu~O~) have been 
subjected to the investigation of their absorption spectra, but thus 
far only poor results have been obtained, mainly because their 
strong characteristic absorption, in which every atom of the crystal 
participates, extends into the visible region. 

PIGARgW and Gor,OUB2
) measured the absorption coefficient of 

cuprous oxide. Their results, pnblished in a short note. may be 
quoted as follows: The absorption coefficient is 3,200 per cm at 
wave-length 500 mp and as wave-length increases from 500 mp 
to 600111/1 it decreases linearly down to 250 per cm at 600 mp. In 
the region between 600 m," and 740 mIL it continues to diminish 
slowly with the wave-length until it pra.ctically vanishes at 740 111{1. 

The rate of decrease seems to change suddenly at 600 mp, probably 
corresponding to the wave-length of an absorption 

Owing to the very large absorption coefficient of cuprous oxide, 
we have an immense deal of trouble in investigation of its 
spectrum. This is the reason why most of hitherto pursued 
methods have been confined to investigation of phenomena 
accompanying the absorption of photo-quanta, such as the inner or 
outer photo-electric effect, photo-electromotive and so 
forth. 

SCHOSWALD'!) studied the inner photo-electric effect of cuprous 
oxide and found three peaks of the so-called primary photo-cnrrent, 
their wave~lengths being 2.0 fl, 0.8 p, and 0.63 fl. The intensity of 
the peak at 0.8 f1 varies, depending on the samples; in some of them 
it disappears completely. Since the wave-length corresponding to 
the peak of primary photo-current should coincide with that 
of the absorption edge. it follows that are three absorption 
edges at wave-lengths 2.0 f1 (0.6 O.Sp (1.5 and 0.63 fJ (2.0 eV). 
the edge at 0.63 (J. corresponding to that observed at 600 111p 
by P1GAlU~W and GOLOUB described For the energies of the 
absorption edges discovered by SCHO:-rWALD, MOTT and GUH::-rEy 4

) gave 
the following interpretation: 2.0 e V corresponds to energy dif
ference between the filled and the empty band. and 0.6 e V to that 
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between the filled band and an impurity level, the difference be
tween this level and the empty band being 1.5 e V. 

The present writer succeeded in taking photograph of the ab
sorption spectrum of cuprous oxide by using a spectrograph with 
large dispersion and found that absorption edge corresponding 
to that at 0.S3p observed by S;;;:O)!WALD his research of primary 
photo-current has a certain defi.nite structure. Moreover, the writer 
found new absorption bands in the spectrum taken at low tempera
tures (down to liquid ail' temperature), and also, by studying the 
temperature dependency of the absorption edges, reached the con
clusion that dependency coincides in the main with the ten
dency expected theoretically. 

§ 2. Preparation of Sample. 

Since the absorption coefficient is very large as stated in § 1, 
it is necessary to make the sample, whose absorption spectrum is 
to be investigated, as thin as possible. The copperplate used for 
preparing the sample was from 0.02 mm to 0.1 mm thick, and 5mm 
x 20mm or 3 mm x 10 mm in size. 

The reversible reaction between cuprous and cupric oxides and 
that between cuprous oxide and copper are represented by the 
equations: 2Cu:z0 + 0" 4CuO and 2Cu,,0 4Cu + O2 respectively. 
The relation between pressure and temperature at equilibrium for 
both of theSe; reactions was determined by IIDAKA.5) According to 
his results, the equilibrium pressure of oxygen gas in former 
reaction is. for instance, 95.3 mm Hg at 1,000"C, and in the latter 
0.028 mm Hg at 1,lH/'C. The cuprous oxide is, therefore, to be 
obtained, if copper is oxidized at suitable pressure and temperature. 
After many trials, the writer prepared the sample at the selected 
temperature 950°(: and pressure 20 mm of oxygen gas. 

Figure 1 shows the apparatus used for oxidizing the sheet of 
copper. alumina boat containing two 0;: three sheets of copper 
is put in a which is set in an electric furnace, so that 
the boat may be located at the center of furnace. Oxygen 
gas produced by means of electrolysis of water passes through a 
dryIng column containing P::;O,,-powder and then is stored in a res
ervoir. Lest the pressure of the oxygen gas fiiled in the quartz
tube should exceed ~Ghat indicated above, the gas in the reservoir 
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Manometer I 
Fig. 1. Apparatus used for preparing the sample. 

is made to expand by two steps. First it is let into a chamber 
provided with a manometer II, whose volume is about one-fifth 
that intercepted by stop-cocks (a) and (b) including the quartz-tube. 
The pressure of the gas to be introduced into the quartz-tube can 
therefore be estimated beforehand by making use of the mano
meter II. The desired pressure in the quartz-tube can be secured 
by observing the manometer [, while the gas is slowly introduced 
through the stop-cock (b). 

The procedure of preparing the sample is as follows. The 
quartz-tube is evacuated through the stop-cock (a) by means of a 
high speed vacuum-pump and then heated by closing the circuit 
of the electric furnace until its temperature rises up to 950°C. 
Next the stop-cock (a) is closed and the oxygen gas is let into the 
quartz-tube until the manometer I indicates the pressure 20 mm Hg. 
The pressure decreases as long as the oxidation continues, so that 
the oxygen gas must be supplemented occasionally. Under these 
conditions it takes about 30 minutes for the oxidation to be com
pleted. The sample is left in the furnace for further 20 or 30 
minutes, and finally, by opening the electric circuit, the furnace is 
cooled down and at the same time the pressure of the gas is made 
to decrease gradually, so that the chamber may be completely 
evacuated when the temperature is down to 900°C. In this way, 
the cuprous oxide sample with fairly good transparency for red 
light is obtained. It is, however, very brittle. J;Jxperience shows 
that the better and more transparent sample can be prepared, if, 
after completion of oxidation at 950°C, the pressure of gas is 
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reduced to 5mm Hg at the same constant temperature and it is 
left intact for more than two hours, without any further change 
of condition. 

~ 3. Experiment. 

The spectrograph mainly made use of was of Hilger El type, 
whose maximum dispersion in the region in question ~as 40 A/mm. 
Hilger's constant deviation spectrograph, whose dispersion in the 
same region was 150 A/mm, was also used as an auxiliary. The 
dry plate used was the hYP8rsensitive panchromatic plate supplied 
from Oriental Photo-Industrial Co. As light source served an 
incandescent lamp of 400 Watt. 

(i) Absorption spectrum at room temperature. 
Figure 2 is the reproduction of the absorption spectrograms 

taken at room temperature for 
thin plates of cuprous oxide, (a) 

and (b) corresponding to the samples 
0.1 mm and 0.05 mm thick re
spectively. As will be seen from 
Fig. 2 (a), ther8 appear two sharp 
absorption edges at 0.628" (1 and 
0.637~f1' which will be denoted by 
"the absorption edges (a.)" or simply 
by "(a)" her8after. The spectrum 
(Fig. 2 (b)) shows another absorp
tion edge at 0.591 fi to b8 denoted 
by "the absorption edge (b)" or 
simply by H(b)," and, besides, on its 
longer wave-length side at least 
two absorption bands at 0.597/1 
and 0.593 p, whose breadth is re
latively narrow. As will be stated 
in the next subs8ction (ii), th8 
breadth of these bands beco:q18s 
much narrower at low tempera

( Q..) 

(b) 

Fig. 2. Absorption spectrum of 
cuprous oxide taken at room 
temperature: (a) corresporids 
to, the, sample 0.1 mm thick 
and (b) to that 0.05 mm thick. 

tures and they come out to be distinctly obs8rved (see Fig. 8). 
The values of their wave-lengths here given are, therefore, not 
very accurate. 
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The absorption edges (a) correspond to that at 0.63 (1 discovered 
by SCHNOWALD mentioned in § 1. Thus, it is found that the absorp
tion edge at 0.63 (1 due to SCEIONWLAD is not simple, but has a 
doublet structure. 

The absorption edge (b) is not very sharp, but has "skirts" on 
its longer wave-length side, which increase in intensity with in
creasing thickness of'the sample. For the sample of 0.1 mm 
thickness, for example, the "skirts" extend up to 0.606(1 as estimated 
on the spectrogram,G) and mask the above-mentioned absorption 
bands altogether. The meaning of this phenomena will be discussed 
later in § 4. 

(ii) Temperature dependency of absorption edges and bands. 
The temperature dependency of the absorption edges and bands 

mentioned in subsection (i) was investigated in the two separate 
regions of temperature. 

Light 
source 

Sampfe.~ , 
'" ." ~rift!J 

Electric ":]~2'tt~~~""T 0 e heG.tet
l
_ 

(a.. ) 

Fig. 3. (a) Absorption tube used in the region of higher 
temperatures above DoC and the thermostat. 

(b) Sample-holder made of bronze. 

In'the region of higher temperatures above O°C the absorption 
tube shown in Fig. 3 (a) was used. The thermostat, in which the 
absorption tube is to be placed, has the capacity 17 x 17 x 30cm:; 
and is made of asbestos plates of 1 cm thickness. The temperature 
is controlled by an electric heater (500 Watt) set at the bottom 
of the thermostat, whose current is regulated by a slidac. By a 
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sheet of asbestos put on the heater the absorption tube among 
others is protected from the direct radiation from the heater. 
Finer regulation of temperature was attained by the use of a bi
metal relay, and each desired temperature could be kept constant 
within the error + 0.5°C. The temperature was measured by means 
of both a mercury thermometer fixed near the absorption tube and 
a thermojunctiol1, whose elements are constantan and copper, in
serted in the absorption tube. The absorption tube, made of hard 
glass, is connecbd to a vacuum-pump. The sample is held between 
two bronze frames, as shown in Fig. 3 (b). As the thin plate of 
cuprous oxide is too brittle to stand strong pressure, it is just held 
in position by means of weak springs. 

Thus, the temperature dependency of the absorption edges and 
bands was studied in the region between O°C and 150°0. The 
results obtained show clearly the fact that the absorption edges 
(a) and (b) and the two narrow absorption bands lying in proximity 
to (b) are all shifted towards red as temperature rises. (The ab
sorption edges (a) at 150°'::; lie in the wave-length region corre
sponding to the limit of sensitivity of the dry plate used, which 
is the reason why the study could not be extended to higher 
temparature region beyond 150°0.) Further important results 
obtained are:-

(1) The energy difference (in e V) between the two absorption 
edges (a) l'emaines constant (0.028e V), being independent of 
temperature; 

(2) The shift of the absorption edges (a) is linear function of 
temperature, its gradient being (3.8 + 0.2) x 10--1 e V jdeg; 

(3) Similar relation holds both for the absorption edge (b) and 
the two absorption bands, with common gradient about 
3 x 10-4 eVjdeg; 

(4) The energy difference between the two absorption bands 
is constant independent of temperature; 

(5) As the temperature rises, the two absorption bands become 
more and more diffuse, such that only the one with longer 
wave-length can barely be observed at 40°C. 

The results stated above are illustrated by the right-hand por
tion of the curves (a) and (b) in Fig. 5. Here (a) and (b) refer to 
the absorption edges (a) and (b) respectively. The dashed curves 
beneath the curve (b) indicate the temperature dependency of the 
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two absorption bands. When the thickness of the sample amounts 
to 0.1 mm, the absorption represented by the curve (b) extends as 
far as the curve (b' ). 

In the region of lower temperatures. below O°C the absorption 
tube (A) shown in Fig. 4 was used. The space between the double 
walls of a Delvar-vessel and that in the absorption tube are con
nected together and can be evacuat3d by a mercury diffusion 
pump through a three-ways stop-cock (a). The same sample-holder 
as shown in Fig. 3 (b) is laid at the center of the absorption tube. 
A thermo junction, consisting of constantan and copper elements, 
is introduced into the tube through the Apiezon wax "W" which 
serves as the cementing material of the windows of the tube (A). 

After the absorption tube is highly evacuated, liquid air is let 
into the Dewar-vessel; then, the temperature of the sample falls 
down to about 100 e, which remains constant for a sufficiently 
long time to take a spectrogram. Now, if by turning the stop-cock 
(c) the dried air is introduced slowly into the absorption tube, the 
temperature of the sample begins to fall further down. The lowest 
temperature attainable in this method was -163°C. 

The temperature dependency in the region of lower tempera
tures down to -163°e is shown by the left-hand pOl,tion of the 
curves (a) and (b) in Fig. 5. Here the curves assume the form 
entirely different in character from that in the region of higher 
temperatures, each of the curves t3nding to t:"e respective critical 
point. The energy difference between the two absc)l'ption edges (a), 
however, remains the same as in the' region of higher temperatures. 

The two absorption bands near the edge (b) become increasingly 
sharper as temperature drops down, and, what is more, there ap
pears a third band on the shorter wave-length side of the two 
bands and in immediate proximity to the edge (b). These absorp
tion bands, three in all, undergo the same shift with variation of 
temperature as that cif the edge (b), the energy differences among 
them always remaining const'1nt. As regards these three bands, 
mOre det'1ils will be given in the next subsection (iii). 

A.ddendum : - The const:mtan-copper thermoj unction used in 
the study of the temperature dependency in the region of lower 
temperatures was calibrated, t::tking as standards the melting points 
of mercury (-39°0), chloroform (-- 63.5°C), and carbon disulphide 
( -112°C). 
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Fig. 4. Absorption tube (Al 

used in the region 

of lower temperatures 

below Ooe. 
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Fig. 5. Temperature of tile absorption edges and bands of cu-

prous oxide; curves (a) and (b) indicate the temperature de-
P"l.lc"e.UiO.Y of the and (b) respectively,"and the dashed curves 
""U<:;,""H the curve that of the' abSorption bands near the edge 
(1)) ; the curve (l/l indicates the dependency of the absorption edge 
of the of 0.1 mm tllickness corresponding to the edge (I)). " 
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(iii) Three narrow absorption bands. 
The three narrow' absorption bands mentioned above can be 

most distinctly observed by using the absorption tube (B) shown 

Thermojundion M 
(eu -Consta.ntnnl to d.effurcu~y 

I sion 
(d) pUI11P 

[-I ...., 
.: 
e 

~ It E 
::! 

I i 
0 I~ u 

I I 
'" 

)0 
<= I 

.~ 1(b) 
CI 

A 
Ie) 

B ( 

C 
to WlLter-jet 

pu~p 

Sa.mple 

D 

'~ :fI 
''t~ 

~==-==============~ 
Fig. 6. Absorption tube (B) used in the 

region of lower temperatures. 

in Fig. 6, instead of the tube 
(A) (Fig. 4), which is incon
venient for replacing the 
sample with another. The 
principal part of the absorp
tion tube (B) consists of a 
double-walled tube, denoted 
by A and B in the figure. 
The sample is attached to the 
tip of a wire hung down from 
the top of the inner tube A. 
The outer tube B is connected 
with a water-jet pump through 
a side tube at the top and 
with a Dewar-vessel through a 
capillary tube D at the bot
tom, while both the tube A 
and the space between the 
double walls of the De war
vessel are evacuated by a 
mercury diffusion pump. 

It is already known that 
the liquid air has strong ab
sorption bands* in its spectrum, 
and that just in the region 
we are interested in. The 
thickness of the layer of liquid 
air, coming into the beam of 
light, must, therefore, be made 

as thin as possible. Obviously, the surface of liquid air introduced 
into the Deu:ar-vessel must be kept constantly at the level belo,u 
the beam of light. Now, by operating the water-jet pump, the 
liquid air is sucked up into the tube B up to the height beyond 

* The wave-lengths at the maxima of absorption intensity are, according to the mea
surement by the writer, 631, 577, 532, and 477 ml~. These bands are interpreted as 
due to van del' 'Waals' molecule (Oeh.71 
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the part C, where the ou~er tube forms such a narrow neck, that 
it makes contact with the inner tube. The layer of the liquid air 
coming into the beam of light is thus made extremely thin. In 
fact, in the absorption spectrum no trace of absorption due to 
liquid air could be detacted; Finally, if the dried air is gradually 
let into the tube A through the stop-cock (b), the t8mperature of 
the lower part of the tube A begins to fall rapidly, uritilit reaches 
-184°C, the lowest temperature attainable in this procedure. 

Figure 7 shows another mod
ified form of the absorption tube 
-which shall be designated by 
(C)- used in the study of the ab
sorption spectrum in the region 
of low tamperatures. Here it is 
intended to get rid of the fault 
that:is inherent to the tube (B), 
that is, that there are too many 
glass-la~ers which intervene in 
the beam of light and cause the 
diminution of· light intensity. 
The sample is cooled down by 
thermal conduction through a 
thick copper column, capped with 
a thick hollow cylinder also made 

(/1) 

Fig. 7. Absorption tube (C) used 
in the region of lower 
temperatures. 

of copper. The vessel, in which the cooling column is sealed, must 

Fig. 8. Structure of absorption 
ed.:se (b), (X3). 

be evacuated in order to avoid the 
convection effect. The tempera
ture attained by the use of this 
absorption tube was not so low as 
that obtained with the tube (B). 

Figure 8 gives an example of 
the spectrograms taken by the use 
of tubes (B) and (C). The breadth· 
of each of the three ab30rption 
bands is about 6A (0.002 e V) at 
-184°C and about 9A. (0.004 eV) 
at -80°C. The wave-lengths and 
energies of these bands (referring 
to the center of each band) at two 



118 M. Hayashi 

specified temperatures are given in TABJ,E 1. 

TABLE 1. Three absorpticm bands near the edge (b) 

0.5786,u 

0.5835 

- 80°C 

2.142 eV 
(0.004) 
2.138 

(0.013) 
2.125 

(iv) A new absorption band. 

577.8¥ 
S7 S.D rrtp 
S 82.5 Inf'-

53 mjJ-' 

Fig. 9. A new absorption band appear
ing on the shorter wave-length 
side of the edge (b). 

0.5753,u 

0.5766 

0.5802 

- 184°C 

2.155 eV 
(0.004) 
2.151 

(0.014) 
2.137 

In the absorption spectrum 
taken at --1300 e with the 
sample of 0.02 mm thickness, 
there appears a new absorp
tion band at 0.553 p, that is on 
the shorter wave-length side 
of the absorption edge (b) (see 
Fig. 9). The interpretation for 
this, together with those for 
the absorption edges (a), (b), 
and the three absorption 
bands, will be given in §§4 and 5. 

§ 4. Discussion of Temperature Dependency of 

Absorption Edges. 

The temperature dependency of the energy bands in a crystal 
has been treated theoretically by PENNINGTON,') RADKOWSKY,") MUTO 
and OYAMA10

) among others. 
PENNINGTON'S theory is based upon the assumption that the 

effect of temperature on energy bands is only due to the tempera
ture dependency of the lattice constant. He obtained the relation 
dv/dt = -2c(J)(), where J) and v() are the frequencies of the absorption 
minimum at tOe and ooe respectively and IX the linear expansion 
coefficient of the crystal in question. For silber, whose absorption 
minimum appears at 324 mp at room temperature, d..,/dt = -1.3 x 
1O-.1e V /deg, i. e. the frequency of the absorption minimum must 
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decrease linearly with increasing temperature, the result which 
conforms to the empirical fact. 

For ionic crystals, however, the temperature dependency cannot 
be interpretad simply by considering the effect of thermal expansion 
of the cryst3.l,ll) since the interaction between electrons and lattice 
vibrations must be regarded as strong, Taking this into account, 
RADKOWSKY, Mum and OYA:lfA discussed the case of ionic crystals. 
The interaction between electrons and lattice vibrations has two 
different effects; one is of 'radiation damping type and the other of 
self-energy type. The former effect was investigated by RADKOWRKY 

and the latter by MUTO and OYAJfA. Generally speaking, the distri
bution of phonons at thermal equilibrium is subject to the Planck's 
law. But they treated the problem, dividing the temperature 
region into two extremes: T ~ Q and T < e, where Q is the 
characteristic temperature of the crystal. For T ~ e, MUTO and 
OYA:'IA obtained the formula 

E a-bT, ( 1 ) 

and, for T < Q, 

, E = a' b'exp(-Q/T), (2 ) 

where E is the energy of the absorption edge, and a, b, a', b' the 
constants characteristic of the crystal in question. 

The results obtained by the present writer are just in accord
ance with these theoretical results, since the right-hand branches 
of the curves (a) and (b) in Fig. 5 can be expressed by linear func
tions, and the left-hand branches by exponential functions. Thus 
we get the empiric2J formulas for the temperature dependency of 
the absorption edges (a) of cuprous oxide: 

E a--bT 

where 

a 2.083eV and b = (3.8+0.2) X 10- 1 eV/deg; 

and 

E = a' - b' exp (--Q/T) 

where 

a' = 2.030eV, b' O.012eV, and e = 280oK. 
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This'value* of 6J is that obtained by FRom,Icli and MOTT12
) 

(see subsection (ii) in § 5). For the absorption edge (b) we get 
approximately 

a=2.923 eV, b=3xlO-4 eVjdeg (T O°C) , 

and 

a' 2.16~eV, b'=O.05"eV (T< -60°0). 

It is natural ta regard the absorption edge (b) as coming from 
the electronic transition from the filled band to an empty band. 
The configuration of the three absorption bands existing near the 
edge (b) as will stated hter, very similar to that of the 
energy levels of hydrogen atom, and hence, in harmony with 
theoretical expectation, are interpreted as due to the trans-
ition from the fined band to hydrogen-like states adjoining the 
lowest state of empty bancl. this interpretation be correct, 
the limit of convergence of the hydrogen-like levels should give 
the energy of the level empty band, and accordingly 
the accurate value of absorption edge (b). The results are: 
2.148 e V at -80°0 and 2.161 at --184°C. 

It is to be remarked in the of MUTO and OYA:lfA 

the crystal lattice is assumed to be simple cubic, so that it is 
itnpossible to see if quantitative agreement between theory 
and experiment-namely, as regards the constants a, b, a', and b'-
can be obtained. But results are none the important for 
their mere qualitative theory, since there has 
hitherto been no experiment, which the systematic study of the 
absorption spectrum extending over a wide range of temperature 
was carried out. 

It has been pointed out in §3 (ii) that the absorption edge (b) 
has "skirts" on its longer wave-length side, which become more and 
more intense as the thickness of the sample How 
the "skirts" extend, for example in case of sample of 

* According to the results obtained, the characteristic temperature of 
the crystal is to be expected to take the value betwez:n 2nDK (O"C) and 223°K 

(- 500 e). If we assume, say, e = 25(tK, we obtain 
a' 2.032 e V, b' 0.020 e V for the edges (a) 

and 
(f,' 2.162eV, b' O.O'ioeV for the edge (0) . 

. ~* For instance, Fl~"EPli:l~n'rl:\) observed the absorption spectrum of potassium-iodide at 
no more than four points: 220", 20°, -lSI:>", and -253"C. 
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0.1 mm thickness, is shown by the curve 
(b') in Fig. 5. The curve (b') cannot be 
expressed either by a linear function or by 
an exponential function, as has been the 
case for the curves (a) and (b). It is to be 
inferred, therefore, that the empty band, 
strictly speaking the filled band 2"S well, has 
no discontinuous sharp edge, but its bound
ary has something like the form shown by 
the curve in Fig. 10. The form must obvi
ously b3 the function of temperature. The 
lowest energy level of the empty band 

Energy 
Fig. 10. 

"Skirts" on the boundary 
of energy band. 

mentioned above corresponds to the point where the 'curve falls 
suddenly to enter the "skirts" (shown by the dotted line in the 
figure). 

§ 5. Interpretation of Absorption Spectrum. 

(i) Three absorption bands. 

As already stated in §3 (iii), the three absorption bands adjoin
ing the edge (b) have the following features: 

(1) The breadth of each band is ca. 9A. (0.004 e V) at - 80°C 
and ca. 6}\ (O.002eV) at 184°0; 

(2) They are shifted towards longer wave-length with increas
ing temperatm:e, the energy differences among them 
being, however, kept constant (see TABLE I). 

Now, the breadth of the band in question is smaller than the 
energy leT at corresponding temperatures, which amounts to 0.017 
e V at 80°C and 0.008 e V at -184°C. Hence it is reasonable to 
consider the three absorption bands as having line- rather than band
character. 

According to the theory of the optical absorption of ionic 
crystal/I) its absorption spectrum is expected to consist of a hydro
gen-like series of absorption lines and a continuous absorption band, 
which adjoins the series limit. The corresponding series of discrete 
energy levels are given by 

E = a -- bjn2, (3) 

where n is the principal quantum number and b corresponds to 



122 M. Hayashi 

the Rydberg constant in the case of hydrogen atom. Here the 
energy is measured from the ground st3.te so that a represents 
the energy of the series limit, which is equal to the energy dif
ference between the ground state and the lowest state of the 
empty band. 

Now, the three absorption lines in question are to be regarded 
as corresponding to the hydrogen-like states. In fact, the energies 
of the three absorption lines described in TABLE I can be expressed 
by the following equations (energies in e V) : 

E = 2.148 0.090 (at -80°C) ; ( 4 ) ---
n~ 

and 
E =-.= 2.161- 0.090 (at -184°C). (5 ) 

n~ 

In TABLE II the observed values (see TABLE I) and the values 
calculated from the equations (4) and (5) are given for comparison. 
The coincidence is excellent. 

TABLE II. Hydrogen-like states (energies in e V) 

- 80°C - 184"C 
n .1_. Observed From (4) From (5) Observed 

-- -
1 2.058 2.071 
0 2.125 2.125 2.138 2.137 .. 
3 2.138 2.138 2.151 2.151 

4 2.1l!3 2.143 2.155 2.155 

00 2.148 2.161 

Now, it is forbidden15
) for an electron to be excited from the 

ground state (filled band) to the lowest state of "conducting states" 
by absorption of light in a crystal with simple cubic lattice, where 
by the cond uctlng stat3s are meant the states containing not' only 
the electronic shtes in the empty band, but also the hydrogen-like 
states. It is, tbel'efore, forbidden for an electron to be excited 
from the ground Sbt.3 to the lowest state (n 1) of the hydrogen
like states. The crystl1 lattice of cuprous oxide is not, indeed, 
simple cubic, but such that copper ions form the face-centered 
cubic lattice and oxygen ions the body-centered cubic lattice. But, 
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if the same selection rule is assumed to hold also in this case, the 
absorption line due to the transition from the ground state to the 
state n=l will not be observed. This is actually the case, since 
the absorption line corresponding to the energy of the state n= 1 
could not be observed, which comes out to be 2.058 e V (0.6025 p) at 
-80°C and 2.071 e V (0.5987 (1) at 184°C. Thus we have been able 
to ascertain the existence of the hydrogen-like states adjoining the 
lowest state of the empty band as expected by the theory. 

(ii) Two sharp absorption edges (a). 
As mentioned in § 3, the energy difference between the two 

absorption edges (a) keeps a c(JnStant value (0.028 eV or 226cm-1
) 

as the temperature changes, the fact which indicates the existence 
of a doublet level, whose separation is 226 cm-- I

• 

The electronic state qualified for the filled band of cuprous 
oxide is obvIously either (3d)1O of Cu+ or (2Pt of 0--. Now, the 
ground SG'l,tes of the ions, formed when Cu+ and 0-- are deprived 
oaC:1 of one electron, 2,re known to be doublets; namely, (3d)"·~D 
for Cu++ and (2p)"·~P for 0-. Hence, if the observed doublet sepa
ratIon could be found to be equal to that of ~D (or ~P), it might 
be inferred th:lt the filled band of cuprous oxide should be due 
to Cu'" (or 0--).* 

The doublet separation eDl/~-~D5!") of Cu++ amounts to --2061 
cm- I ,*'" while the separation of the ground state ~P of 0- is as yet 
unknown. The rough estimation of the doublet separation of 0-
can, however, be made from that of halogen atom, whose electronic 
configuration is the same as that of 0-. As will be seen in TABLE 
III. the doublet separation of the ground state of halogen atoms 
decreases with atomic number. Since 0- is isoelectronic with Fr 
but has smaller atomic number than F r , it may safely be inferred 
that the doublet separation of 0- should be smaller than 400cm-1 

(0.049 eV). 

* This consideration comes from M()T~r,r6) who pointed out that the so-called first peak 
of absorption appearing at the long wave-length tail of the characteristic absorption 
band of alkali-halides manifests itself as a dOUblet, and that its separation is nearly 
equal to that of the neutral halogen atom; the halogen atoms exist as "impurity" 
in the alkali-halide crystal, whose filled band is due to the singly charged negative 
ion of halogen. 

~w This is the value calculated by the writer from the result obtained by L. BLOCII and 
E. BLOcn17) in their study on the emission spectrum of copper in the ultra-violet 
region. 
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TABLE III. Doublet separation of the ground state 
of halogen atoms1S

) 

Electronic configuration ~PIJ~--2Pl/~ 

~. ------. -~.-- .~----- .!.--~. ---.. -~ 

Fr K (2S)2 (2p)5 - 407.0 cm- I 

eIr K L (3s)~ (3p)5 - 881. 

Err KLM (4s)2 (4p) " -3685. 

? 

Now, the separation of the doublet in question is 226 cm- l 

(0.028 e V). It is therefore a natural consequence that the doublet 
in question is to be identified with that of 0- and, accordingly, 
the filled band of cuprous oxide is to be reg.3xded as due to the 
electronic state (2p)G of 0--. 

The filled h::md of cuprous oxide has hitherto been ascribed to 
the electronic st.ab (3d)1O of Cu+, and that for the following reasons: 
1) The first peak of the ultra-violet absorption of transparent 
oxides, e.,g. BeO, is expected to appear at the wave-length region 
of the order 1,000 A. Since, however, in the case of cuprous oxide 
strong absorption appears in the visible region, it is assumed that, 
while the ground state of transparent oxide is due to the 2p-band 
of 0--, the ground state of cuprous oxide is the 3d-band of Cu+, 
which is supposed to lie above the 2p-band of 0-- .1D) 

2) From measurement of Hall coefficient it has been confirmed 
that the electric conductivity of cuprous oxide is to be attributed to 
the drift of positive holes. The positive holes are brought into 
existence by the transformation of either Cu+ into Cu++ or 0-
into 0-. But, since copper is normally bi-valent, it seems more 
probable that positive holes are created by copper ions.~O) 

According ta the investigation of X-ray emission band of some 
oxides (BeO, MgO, etc.), the K-spectrum of oxygen must be inter
preted as tJ correspond to the transition from the 2p-band to the 
K-level, and from the study of the shape of the short wave-length 
tail of the spectrum it is concluded that the effective mass of the 
positive hole situated in close vicinity to the highest level of the 
2p-band must be considerably smaller than that of free electron."I) 
E.'iGELIIAIW,~") on the other hand, studied the temperature depend-
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ency of the mobility and the mean free path of positive holes on 
cuprous oxide, and his results analysed by FnoHucH and MOT'.r2~) 
yielded for the values of characteristic temperature and effective 
mass of positive hole 280oK* and 0.25 m (m represents the mass of 
free electron) respectively. That the effective mass is very small 
means that there are positive holes in the vicinity of the highest 
level of the filled band. On the basis of these facts, MOTT and 
GUHNEy2-1) entertain serious doubts about the hypothesis that the 
filled band of cuprous· oxide is due to the electronic state (3d)1O of 
Cu+. The present writer's results seem to lend support to MOTT 

and GUH.NEY'S view. 
By extrapolation of the curves (a) in Fig. 5 (§3) we get, for 

the energies of the two absorption edges (a) at OaK, 2.032 e V and 
2.004 e V .** It is worthy of notice that these values coincide, within 
th<3 error estimated, with the value of electron affinity A of oxygen 
atom: (2.2+0.2) e V, which was determined by LOZIER25

) for the 
first time by a direct method. It is generally accepted that there 
is no electronic state with negative energy, which belongs to nega
tive ion, other than its ground state.2G

) Hence the capture of an 
electron by a neutral atom will give rise to a continuous spectrum 
(i. e. the so-called electron affinity spectrum) extending indefinitely 
to the shorter wave-length side from an edge, whose wave-length 
is given by 

, he 
A = --.. --. 

A 

The ground state of 0- is a doublet 2Pl/2 and 2Pl/2, so that the elec
tronic transition therefrom to the continuous level of positive 
energy through absorption of light will give rise to an affinity 
spectrum in absorption, of which the absorption edges just corre
spond to the ionization energy or the electron affinity A.. Taking 
this interpretation for granted, we arrive at the conclusion that 
the absorption with the edges (a) is nothing but the electron affinity 
spectrum of oxygen atom. 

(iii) A new absorption band. 
As regards what is revealed by the new absorption band stated 

* See pp. 1]9 and 120. 
-lHl Small corrections must be made to these values if the zero-point energy of lattice 

vibration is taken into a~count. Eut it is neglected in the present discussion. 



126 M. Hayashi 

in subsection (iv) of §3, the writer is of the opinion that the empty 
band must be composed of at least two parts separated from each 
other. It is to be reminded that in their study on the secondary 
electron emission of some ones (Cu~O, etc.) of ionic crystals BmJINI,';G 

~......t++t--t--( 4) 

(C) 

.. /R,r2 (0-) -='::""0 
19/2 

~ Filled band 
W (0--) 

Fig. 11. 

Electronic levels of cuprous 

oxide. 

and DE BOgH.~7) suggested the splitting 
of the empty band, which is in accord 
with the writer's opinion. 

The interpretations given in this 
article are illustrated by the scheme 
of electronic levels given in the annexed 
figure (Fig. 11). 

§ 6. Summary. 

Owing to the success in preparing 
a very thin sample of cuprous oxide 
and in constructing special absorption 
tubes, the writer could study its absorp
tion spectrum at various temperatures 
down to liquid air temperature. 

The main results obtained are as 
follows: 

1) The spectrum revealed three 
absorption edges, three absorp
tion lines, and an absorption 
band; 

2) The existence of hydrogen-like 
states expected by theory was 
ascertained; 

3) The temperature dependency 
of the absorption edges is in 
harmony with the theoretical 
expectation; 

4) The two absorption edges, forming a doublet, arise from 
the impurity levels due to the 2P-state of 0- ; 

5) The filled band of cuprous oxide corresponds in an proba
bility to the electronic state (2py of 0--; 

6) The absorption with doublet edges is to be interpreted as 
the electron affinity spectrum of oxygen atom; 
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7) The empty band consists of two parts, separated from 
each other. 

In conclusion, the writer wishes to express his sincere thanks 
to Prof. T. Hom, the director of the Institute of Low Temperature 
Science of Hokkaid6 University, for his continued interest in this 
work and the many valuable suggestions he made during the in
vestigation and also for his kindness in revising the original manu
script, and further to Asst. Prof. K. KATSUKI, Muroran College of 
Technology, who has helped the writer in preparing the sample. 
Finally, the writer is indebted to Educational Ministry for financial 
aid. 
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