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pulse. For large values of [I/Ic— 1], the growth of the 
normal phase over the length of the specimen becomes 
too fast to observe. This is probably the result of the 
formation of many normal bridges plus a very large 
velocity of normal phase propagation. Thus, the speci­
men, which has a pulse-transmission coefficient typically 
in the range of 30 to 60% when normal, effectively clips 
the incident pulse "long" before it reaches full ampli­
tude. Although the rise time of the incident pulse is 
about 3X10~10 sec, transmitted-pulse rise times have 
been measured in the range 1.0—1.1X10~10 sec. Since 
the rise time of this particular oscilloscope has been 
measured by the manufacturer to be 9.5 Xl0~n sec, 
values of r less than 5Xl0~n sec are indicated. This 
follows if one makes the usual assumption that the 

I. INTRODUCTION 

IT has been shown that the bulk absorption due to 
the second-order processes, each involving one 

photon and one phonon, contribute significantly to the 
infrared absorption of normal metals at very low tem­
peratures.1-3 That the contribution of these processes 
may be significant in a superconductor which has large 
electron-phonon interaction has been pointed out by 
Richards and Tinkham.4 While calculations on both the 
bulk radiative5 and nonradiative6 recombination rates 
and of the absorption associated with the anomalous 
skin effects7,8 have been offered previously, similar 
studies on the bulk absorption processes (unpairing) 
have not been reported. 
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Scientific Research. 

t A part of this work was conducted at Parametrics, Inc. 
1 T. Holstein, Phys. Rev. 96, 535 (1954). 
2 M. Biondi, Phys. Rev. 102, 964 (1956). 
3 R. N. Gurzhi, Zh. Eksperim. i Teor. Fiz. 33, 451, 660 (1957); 

35, 965 (1958) [English transls.: Soviet Phys.—TETP 6, 352, 506 
(1958); 8, 673 (1959)]. 

4 P. L. Richards and M. Tinkham, Phys. Rev. 119, 575 (1960). 
5 E. Burstein, D. Langenberg, and B. Taylor, Phys. Rev. Letters 

6, 92 (1961). 
6 J. R. Schrieffer and D. M. Ginsberg, Phys. Rev. Letters 8, 

207 (1962). 
7 D. C. Mattis and J. Bardeen, Phys. Rev. I l l , 412 (1958). 
8 P. B. Miller, Phys. Rev. 118, 928 (1960). 

square of the rise time of the observed pulse is the 
sum of the squares of the actual-pulse rise time and that 
of the oscilloscope. 

Therefore, we must conclude that, in the limit of 
large values of (I/Ic—1), the time required to create 
a primordial normal nucleus is not more than 5 X 10~n 

sec and perhaps considerably less. 
We would like to thank Dr. B. Rosenblum and Dr. 

W. H. Cherry for many helpful discussions. 
The authors would like to note that since this paper 

was submitted for publication, other pulse measure­
ments have been reported8 which also indicate switching 
times of the order of tens of picoseconds or less. 

8 F. B. Hagedorn, Phys. Rev. Letters 12, 322 (1964). 

In the present paper, the bulk absorption rate is cal­
culated as a function of the radiation frequency. As a 
result, it is shown that the absorption spectrum 
exhibits a spike (i.e., a maximum) near the gap fre­
quency. The previous calculations of the skin absorption 
by Mattis and Bardeen7 and Miller8 do not exhibit such 
a structure. 

The subject matter is of considerable current interest 
in view of the suggestion, made by Burstein et al.5 on 
possible use of a superconducting sandwich of metals 
as a radiation detector, and particularly in view of the 
recent experimental development in this direction re­
ported by Dayem and Martin.9 The observations by 
Dayem and Martin on a superconducting sandwich 
composed of two superconducting metals and a di­
electric layer between them, indicate that, upon ab­
sorption of radiation quanta, the paired electrons in one 
metal are unpaired, being taken, across the barrier, to 
the unpaired band of the other metal. This, admittedly, 
is not quite the same as what happens in an absorptive 
unpairing in a single superconducting metal. The physi­
cal explanation for the absorptive tunneling processes, 
however, is yet unavailable. It is hoped, therefore, that 
the calculations presented here on a single supercon-

9 A. H. Dayem and R. J. Martin, Phys. Rev. Letters 8, 246 
(1962). 

P H Y S I C A L R E V I E W V O L U M E 1 3 5 , N U M B E R 2A 2 0 J U L Y 1 9 6 4 

Bulk Absorption of Radiation in Superconductorsf 

ERNEST E. H. SHIN 

National Magnet Laboratory,* Massachusetts Institute of Technology, Cambridge, Massachusetts 
(Received 11 February 1963; revised manuscript received 27 February 1964) 

Perturbation theory is applied to calculate the spectral shape of the bulk absorption of radiation in a 
superconductor. The second-order processes involving one photon and one phonon are considered. The 
resulting spectrum exhibits a spike near the frequency corresponding to the energy gap. This is attributed 
to the large values of the BCS density of states at the gap edges. 



A300 E R N E S T E. H. S H I N 

•{p(E)F(E)} 

FIG. 1. Schematic illustration of the paired and the unpaired 
population distributions, and various competing processes of ab­
sorption (a,c,d) and emission (b,e,f) in a superconductor. 

ductor may be of pertinence to further studies on the 
problem. 

The absorption of superconductors has been observed 
by Richards and Tinkham4 and more recently by 
Richards.10 In fact, the earlier absorption spectrum ob­
served by Richards and Tinkham exhibited a structure 
which is indicative of the spike such as what results in 
the present calculations and the later observations by 
Richards,10 also suggest a structure similar to what has 
been obtained here.11 

It is pointed out, further, that the over-all shape of 
the absorption spectrum, as well as the spike of the 
present calculations, bear resemblance with the current-
voltage characteristics curves of a superconducting 
sandwich of metals,12 the spike of the absorption spec­
trum corresponding to the negative resistance region of 
the sandwich. The spike of the sandwich is known to be 
due to the high density of states at the gap edges.12 The 
same explanation is given for the spike of the absorption 
spectrum in consideration here. 

II. COMMENTS ON VARIOUS COMPETING 
BULK PROCESSES 

In a superconductor interacting with an external 
radiation field, various competing processes of absorp­
tion and emission can take place. In particular, the 
absorption may take place either across the energy gap, 
within the unpaired band, or within the paired band. 
Different processes of bulk absorption and emission are 
shown in Fig. 1, where the population distributions of 
the paired and unpaired electrons are also shown. 

Before proceeding to the calculations on the bulk ab­
sorptive unpairing processes, therefore, it seems perti­
nent to show first that other possible processes of ab­
sorption contribute little to the over-all absorption 
compared with the intergap transitions. 

10 P. L. Richards, Phys. Rev. Letters 7, 412 (1961). 
11 The author thanks Dr. Benjamin Lax for bringing this to his 

attention. 
12 See, for instance, S. Shapiro, P. A. Smith, J. Nicol, J. L. Miles, 

and P. F. Strong, IBM J. Res. Develop. 6, 34 (1962). 

For an absorption or emission transition from the 
initial state of energy Ei to the final state of energy E/, 
the rate of the process wif is proportional to 

{p{Ei)P{Es)F{Er){\-F(£,)]) , (1) 

E 
p(E)^N(0) 

(E?-AF
2yl* 

F(E) = 1 / (1+6^) , 

£ = ( e 2 + A i ? 2 ) l / 2 ; 

\E\>AF, 

| £ | < A F ; 
(2) 

(3) 

where /3= (kpT)-1, e is the Bloch single-particle energy 
relative to the Fermi energy EF, and A^ is J the energy 
gap at the Fermi level. 

If the absorbed or emitted quantum hco is equal to 
or only slightly larger than 2A^, and (Ef~ E^ — zLhu, 
the formula (1) leads to the following relations among 
the rates Wi/a)—Wi/ (/). 

W(c) W(d) W(e) W(f) 

W(a) U)(a) W(6) W(b) GH- (4) 

when /3AF:»1, where Dc is the cutoff value of the BCS13 

density-of-states function at \E\ = Aj?,14 

D^{P(AF)/N(0)}, (5) 

which is in general substantially larger than unity. 
Similarly, it can be also shown that the emission rate 

w(b) is smaller than w(a) by a factor of e~^hoi when 

Thus, it is quite clear that only the process (a) is 
important when j3AF^>l; i.e., when temperature T is 
much lower than that representing the energy gap. The 
spectral shape that will be calculated in III for the 
process (a) will, therefore, represent very closely the 
over-all bulk absorption of a superconductor at very 
low temperatures. 

III. INTERGAP ABSORPTION RATE 

The bulk processes of the direct, first-order intraband 
absorption and emission are not possible for electrons 
in a metal since they cannot be made to meet the re­
quirement for conservation of energy.15 We shall there­
fore investigate the second-order processes illustrated 
by the Feynman diagrams in Fig. 2, where each dia­
gram involves one photon and one phonon only. 

If we write the interaction energy HBy between elec­
tron and radiation, and HP, between electron and 
phonon, as 

13 T. Bardeen, L. N. Cooper, and J. R. SchriefTer, Phys. Rev. 
108, 1175 (1957). 

14 A discussion on the significance of the cutoff parameter is 
given by L. C. Hebel, Phys. Rev. 116, 79 (1959). 

15 See, for instance, H. J. G. Meyer, Phys. Rev. 112, 298 (1958). 
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TABLE I. The energies of the initial, final, and intermediate 
states, denoted respectively by Si, 8/, and £#, are shown. The 
numbers 1-4 refer to the Feynman diagrams of Fig. 2. 

8,- £/ 8B 

1 
2 
3 
4 

Eki+%a> 
£k;+&o 
^ - f f o d + ^ A q 
Ek^+fooXq 

£kt-+p 

•£ki-K+#COXq+&tf 

£kt-+K+&d 
£kt+p+^Xq 

£k/+#«Xq 
Ek/-l-^Xq 
£k/ 
Ek/ 

where ( + ) and (—) denote the creation and annihila­
tion, respectively, of a photon ha in the case of HR and 
of a phonon hco\q with polarization X ( = l , 2, 3) and 
wave vector q in the case of Hp, the relevant non-
vanishing matrix elements are obtained as follows15: 

(kf,Ov\HR^\ki}Ov\) 

,1/2 

\ha>vJ 

e y * /de(ki)\ 
ki+p> 

<k,,(iVxq+l) !#,<+> Ik îVx,) 

/ it V ' 

W<ox 0 / 

(7) 

^Xq-

/ ft \1 / 2 

= *( ) (NXq)^Ux^(kf,ki)dk/ kt.+ K , 
\2Fo)Xq/ 

where various symbols are defined as k; ,k/= electron 
wave vectors, e= electron charge, V= sample volume, 
&=unit vector in the direction of polarization of the 
radiation, p=wave vector of photon, K = q + g , g = ap­
propriate reciprocal lattice vector, iVxq= l / ^ ^ H — 1 ) , 
and Z7x(±)(k/,k») is the electron-phonon matrix element 
for creation and annihilation of a phonon.16 

The transition probability per unit time W(a) for the 
process (a) of Fig. 1 is found by the usual perturbation 
theory using the second-order matrix elements of the 
form 

M ( 2 ) ( ± ) = 
<J\Hs<->\B)(B\HpW\i) 

U\HP^\B'){B'\HR^\i) 

Si~ &B' 
, 18) 

where B and Br denote the intermediate states of energy 
&B and <§#', and 8{ denotes the energy of the initial 
states. The energies S^ SB, Sf, SB, include the electron, 
photon and phonon energies all together. These energies 
for each of the four Feynman diagrams of Fig. 2 are 
tabulated in Table I. The over-all transition rate, in 
number of electrons per unit time, in the entire sample 

16 We adopt the same definition as in Ref. 6. 

(2) 

= ( k i + K) 

+ (k, - K ) 

^ = (iT,-i< + F ) 

+ (ki + P) 

: kf = (k j+K + P) 

FIG. 2. The Feynman diagrams for the second-order absorption 
processes involving one photon and one phonon each. The solid, 
curved, and broken lines represent, respectively, the electron, 
photon, and phonon. 

volume V may be found from the formula 

2TT 

• E E \M\^\*F{E%) 
fl ( ± ) i,f 

x[i-F(E/)]|Mc|2a(s,.-s/), (9) 
where the electron energies Ei and Ef are to be dis­
tinguished from the energies Si and Sf, and the sum­
mation (dz) applies to the ( ± ) signs of the phonon. 
The quantity |juc|

2 represents the coherence factor, 

i r AkiAk2—€ki6k2n 
| M . ( k 1 , k s ) | i = - 1 + . (10) 

2L EklEk2 J 

The rate P is defined in such a way as to include the 
temperature dependence and hence the statistical me­
chanical properties of the electrons. 

Here we shall evaluate P for the simple case of a de-
formable ion model with spherical band structure. In 
this case, we simply have6 

| ^ x
( ± ) ( k / , k i ) | 2 ^ ( C x V / P M ) ( g = 0 ) , (11) 

where C\ is the Bloch interaction coefficient and pu is 
the mass density of the lattice in grams per cm3. For the 
present purpose, we may take | /x c | 2 =l . This approxi­
mation is justified in view of the large values of the 
BCS density of states at the gap edges thus enabling 
the states at or near the Fermi level to participate more 
actively in the transitions than other states. 

Upon using (7), (8), and (9), and after completing 
the usual algebraic steps, we obtain 

2ir/he2\/ h \ / h \ / 1 \ 2 4F 2 

H If — H — 1 YACx2 
2ir/he2\/ 

X 

xD 

i/\m*J\fkaJ 

— / dei / . 
V/J J 

2VpM' 

dSidSf 

hvi dvf 

-F(Ef)1{Nxqd(Ef-Ei-ha>X(l-fia>) 

dJl\F(Ei) 
\a>xq/ 

(12) 
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where (dSi) and (dS/) represent elements of the energy 
surfaces at k; and k/, and the integrals over e* and e/ 
are to be carried over all possible range of the single-
particle energy, and we have taken 

hvi= 
dei 

dki 
\%Vf — 

de/ 

dkf 

(Vf-Vi)^-
*(k/-fc) 

(13) 

-=±—q. 

In obtaining (12), we have explicitly used the energy 
values tabulated in Table I. We have dropped the 
photon wave vector p entirely since it merely con­
stitutes a correction of the order of (v/c)(~10~2).15 

The integrals over e; and €/ can be converted to inte­
grals over Ei and E/ upon using the relation, 

de=£P(E)/N(0)']dE:(\E\>AF) (14) 

Henceforth, the vector sign of q will be dropped entirely 
due to the assumption of (11), and hence take 

The surface integrals can be reduced to simpler form 
in the case of a spherical Fermi surface. We may thus 
use 

rdSidSf 8 T T 2 & / rqD 

, qdq---, (15) 
fihiVf h2vF

2 J o / / -

where qn is the Debye cutoff, kF is the magnitude of the 
wave vector at the Fermi level, and vF is the magnitude 
of the Fermi velocity. Denoting the phase speed of 
sound for polarization A by S\, we use the relations 

hu\q=hS\q, 

kB6DX=hS\qD. 

The formula (12) is transformed into 

2TT 4 

(16) 

P=-
8 T T 2 / ^ 2 \ / * \ 

h (2TT)6 3 \ w /\2pMh7ni*2a>2vF
2 

X E -
2 pZn / • — A F /•+<» 

- ZVZ dEj 
J 0 J —co J -\-AF 

+- P(EMEf) 
dEf • 

XF(Ei)ll-F(Ef)2 
l-e-pz 

-5(Ef-Ei-Z~ha>) 

-b(Ef-Ei+Z-fio>) , (17) 
r.W-

with Z—ho)\q, where the fact that the transitions take 
place from the paired band to the unpaired band has 
been made explicit by denning 

- o o < E t - < - A F , 

+ 9 0 > £ / > + A F . 

Upon completing some further algebraic steps, (17) 
may be written in the form, 

e2kf Cx 

6TT3 Wm*2vFPMo? x p*S\6 

• ^ x xA<p(x) ra2 x*(p(—x)] 
X I dx f- / dx [ 

Jai ex-l J o l-e~x J 
(18) 

where 
a i = 0 : M > 2 £ A F 

= (2t3AF-v):jj,<2l3AF, 

a2=fx-2fiAF: (xD
x+2j3AF)>}ji>2l3AF 

OCD* »>(XD
X+2I3AF) , 

and 

l / a + ^ 2 / " 
<p(x) = -[ — 

a\ 2 )7>( i-(~ icos!9 2b \ 2 

i+b) ) 

(19) 

+PAF) ( > 2 0 A , ) , 

b=[ -f3AF) ( > 0 ) . 

The integral <p(x) may be solved by expanding the inte­
grand in powers of [(b/a)2 cos2d~] since (b/a)2<l. W e 
can then write it in the form 

<p(x) = -
2w /M+A2 

where 

/ ( * ) = i + - • 

2/3AF+/i+* 

l/y-2pAF\2 l/y-2pAF\2 

(20) 

)-rr) 4\y+2(3AF 

3 /y-2/3AF\2f3/y-2l3AF\2 

v n v ) 
16\y+2j8AF/ L4Vy+2/3AF/ 

/y-2(3AF\2-l 5 /y-2pAFY 

\ y / J 128\y+2/5AF / 

:y = ( * + / . ) . (21) 

A careful inspection of (21) reveals that f(x) is of the 
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order of unity for all values of x that are involved in 
(18): at y=2pAF, f= 1 and for yS>2f$AFy / ^ f so that 
/ decreases monotomically from 1 to ~ f as y is in­
creased from 2/3A j? to + oo. This permits us to drop f(x) 
entirely from <p(x). The integrals of (18) can then be 
solved immediately. 

While P represents the total rate of absorption in the 
sample volume V, it will be useful for practical purposes 
to define the absorption rates per unit volume per unit 
intensity of incident radiation (i.e., the absorption co­
efficient having the dimension of inverse length per 
unit energy of incident radiation) given by 

A (co) = (P/hV) = (P/hac), (22) 

where Jo represents the intensity (in ergs/sec cm2) of 
the incident radiation which is equal to (hcoc/V) since 
we have adopted the convention of one quantum nor­
malized in volume V. 

Upon solving (18) as a function of co, we obtain A (co) 
for different ranges of co as shown below. 

(i) fto)<2AF(ftto, 2APy>kBT): 

2 / e2\ kF
2AF 

A (co) = --{-) Cx V 1 

• 2 W A W p i i A x S^/pifihai)* 

Xe-MAF-n*)l l + / 8 ( 2 A F - ^ c o ) 

+i/?(2AF-fc)2+4|33(2AP-M3 

+/34(2AP-M4} , (23) 

(ii) 2AP<hw<(kB6D)'+2AF)(a,ll\): 

A(u) J-(f-\ 
2\hcJn2*n*2t» -2 

x|-+0(ftw-2Aip)+|& 

/ Cx2\ 1 
(£ —)—-
\ x Sx 6 /S 2 (# 

ir \nc/ n'm^vp'pM 
[5 (2A^)2 

PifihuY 

2Ay+feo 

(2AF)2 

+ (fio1-2AFY-
120 to+2AF 

H Oo-2AiO« 
720 

(24) 

(iii) hw> (kBdD*+2AF) (all X): 

A(, 
l ( e \ kF

2 / Cx2\ 1 
'«) = - { - ) (E —) 

2/e\ 

i. i82(/5M3 

1 C\2 

I 120 x 6 \ 

/ 5COD*\ / C x 2 \ l 

xfi )fe(—) 
\ 6 co / I x \ 5 x 6 / J 

:<02>*=(Mi>x | f t ) - (25) 
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FIG. 3. The spectral shape of the absorption A (co) is plotted for 
co in the neighborhood of the gap frequency cog. Notice the spike 
very near the gap frequency. Corresponding curve at JT = 0 ° K is 
also shown. The spike collapses at T—0°K. Note that the value of 
A (co) at ftw = 5AF is approximately 10 times the value at the peak. 

These formulas represent the spectral shape of the ab­
sorption in a superconductor. 

In order to gain some knowledge on the magnitude 
as well as the shape of ^4(co) we shall compute it nu­
merically for co in the neighborhood of the gap frequency 
for Pb at Z=1.4°K. Since Pb has a transition tempera­
ture Tc of the order of 7°K, the condition fiA£$>l is met 
reasonably. We consider Pb here since, being a metal 
whose normal state conductivity is relatively low com­
pared with some other metals, it is expected to show a 
relatively large bulk absorption; i.e., Pb has a low 
Debye temperature. Note that, due to the condition 
/SAJTVM for applicability of this formula, we may take 

AF(T)^AF\ 

where AF° is the maximum value corresponding to 
T= 0°K. Since we have no knowledge on the magnitudes 
of Cx2, we shall resort to taking an average value (C2)av 

thus taking it out of the summation over X. Due to the 
appearance of the sixth power of 5x in (23) and (24) 
and to the fact that the longitudinal phase speed of 
sound SL is generally larger than the transverse speed 
ST, however, taking 

E ( — ) « ( C 5 ) a v ( — + — ) 
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does not do justice to the longitudinal phonon contribu­
tions. For instance, in the case of Pb, it would make the 
transverse contributions larger than the longitudinal 
contributions by as much as a factor of 102. In general, 
when g = 0 , it would be reasonable, even in the case of 
a relatively complicated lattice, to expect that, at the 
most, the magnitude of the transverse contributions 
may not exceed that of the longitudinal contributions. 
Therefore, there will not be a serious loss in order of 
magnitude in taking only the longitudinal term such 
that 

x Sx6 \ £ L 6 / 

We shall use this in our numerical calculation. For Pb 
at 1.44°K, we shall use the following values for various 
parameters: A^-2 .1X10- 1 5 erg, ^ ^ l ^ X l O 8 cm"1, 
SL=2AX10B cm/sec, m=mo, pjif=ll gm/cm3, 
M=3.5X10- 2 2 gm, » a = 1.24, <C2)av= (1A6EF)2, 
£ F = {(h2/2?n*) {naPM/WMY1*}. These numerical 
values are those which were used in Ref. 6 for computing 
the nonradiative recombination rate. 

The spectral shape A (w) for hca in the neighborhood 
of 2AF=Jkog is computed from the formulas (23) and 
(24), and is presented in Fig. 3 for three different tem­
peratures.17 Here, A ((a) has the dimension of inverse 
distance per unit energy so that (A(oo)Xfooj) has the 
dimension of inverse distance. I t is seen that a spike or 
an absorption peak is present at a frequency slightly 
below the gap frequency. The position of the peak 
varies with temperature. Note also that the spike 
exhibits a sensitive temperature dependence considering 
the small temperature range 0°<T<Tc that is in­
volved here. At 0°K, it collapses entirely; the absorption 
vanishes for co<oog. As the temperature is raised to a 
value comparable to the transition temperature Te, the 
spike may be broadened so much that it would be in­
distinguishable from the over-all absorption curve. 

I t may be pointed out that the curves of Fig. 3 bear 
a resemblance with the curve of the current-voltage 
characteristics observed in the normal (i.e., not in­
volving radiation) tunneling phenomenon in a super­
conducting sandwich of metals,12 the spike of Fig. 3 
being equivalent to the negative resistance region in 
tunneling. This resemblance is not surprising in view of 
the fact that presence of spikes, in both cases, is attrib­
utable to particular properties of the density-of-states 
function in a superconductor, and in particular, to the 
large density of states at the gap edges. In fact, this may 
also account for the peaks observed by Dayem and 
Martin9 in their radiative tunneling experiments. 

In the present calculations, the physics underlying 
the appearance of the spike is as follows: at very low 
temperatures (i.e., /3AF^>1) , the unpaired band is nearly 
empty and, likewise, the paired band is nearly filled up 

17 The author thanks Dr. A. J. Freeman for the help rendered 
with the numerical computations. 

so that the absorption at <a<<a9 due to the processes 
(c) and (d) of Fig. 1 is relatively insignificant. On the 
other hand, a substantial absorption at o)<cog asso­
ciated with the intergap transition (a) of Fig. 1 is 
possible through the inelastic phonon processes in which 
the energy difference (koog—hco) is compensated by ab­
sorption of a phonon quantum. Since the probability 
for absorption of a phonon is proportional to 
Nx q = (ePhtaH— l ) - 1 , the absorption at o><o?ff clearly 
vanishes at T=0°K, and would be significant at 
T > 0°K for only small values of the phonon quantum 
of the order of, say, kBT. Since the integrand of (17) also 
contains (#co\e)

4 multiplied to A^\q for the phonon ab­
sorption term, A (a>) has a minimum at co=coa. For these 
reasons, the peak appears at a frequency slightly below 
the gap frequency cog. Further, since the large value of 
the density of states at the gap edges makes the edge-
to-edge transitions most favorable, the spike would 
appear at a frequency which corresponds to (a)g— (o)q)), 
(o)q) being the average phonon quantum which partici­
pate in the processes in consideration at a given 
temperature. 

I t may be noted that the sharpness and the sensitivity 
to temperature of the spike are largely attributed to the 
sharpness (i.e., the singularity) of the BCS density-of-
state function at the gap edges. For real supercon­
ductors, however, one should use an appropriate cutoff 
density-of-state function, thus removing the singularity 
at the edges.13 This might effect in making the spike 
less sensitive to temperature and less sharp than what 
has resulted in the present calculations. Further, the 
position of the peak would be also affected by the cutoff. 

As T is increased in the range 0<T<Tc, the position 
of the peak would shift to lower frequencies since (co2) 
increases and the energy gap shrinks with increase in 
temperature. At the same time, the spike would be 
gradually smeared since the absorptions associated 
with the processes (c) and (d) of Fig. 1, for example, 
become more important at higher temperatures. 

I t may be reminded here that the results of the 
present calculations are not capable of showing the 
complete behavior of the spike for the entire tempera­
ture range, 0<T<Tc since we have assumed fihu, 
0 A F » 1 . 

In order to obtain a comparative order of magnitude 
of the bulk absorption, we may calculate some typical 
values of the power absorbed per unit volume W in 
W/cm3. In terms of A(co), W is given by 

W= {(A(a>)Xha>)(cmrl)xIo(W/cm2)} , 

where 70(W/cm2) is the intensity of the incident radia­
tion. At the absorption maxima, we have A = 1~5X 1013 

for T= 1.4—1.8°K as shown in Fig. 3. This corresponds 
to 

W « (0.03-0.2) X/o(W/cm3) . 

For a penetration depth 5^400 A, this represents an 
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absorptivity of 

(^(aOX^XS)~10- 7~10- 6 

at the spike frequencies, and is smaller, for example, 
by a factor of 104~ 103 than the absorptivity of 2.5 X 10~3 

in the normal state Pb at aig measured by Richards and 
Tinkham.4 At co substantially larger than AF, the ratio 
of A (co) relative to that at o)0 is given by 

AM 45 \ A F / 

for ho)<kB0D. Using A(a>g)~2X109 at T= 1.4°K which 
is calculated from the formula, 

(e2/hc)kF\kBTy Cx
2 

we obtain A «1X1014 at ha>=5AF and T= 1.4°K, which 
is approximately 10 times the value at the spike 
maximum. 

While all these suggest, beyond any doubt, that the 
bulk absorption is too small to explain the observed 
absorption and hence is likely to be insignificant com­
pared with the skin absorption as far as the order of 
magnitude is concerned, the fact that the bulk mecha­
nism considered here gives rise to an absorption peak 
at co<cuff which is not found in the skin absorption7-8 

may have some practical significance. 
The experimental evidence for the presence of the 

spijke may be found in the observations of Richards 
and Tinkham4 and Richards10 which show a structure 
suggestive of the spike that has been obtained here. 
These authors present the curves for (PS—PN/PN) 
which represents the power absorption of supercon­
ductor (Ps) relative to that of the normal metal (PN) 
at the same temperature. In their curves, the spike of 
the present paper corresponds to a dip since the normal 

metal should exhibit a larger absorption than the super­
conductor of same temperature due to its residual ab­
sorptivity (and hence residual resistance) at very low 
temperatures: see Refs. 1-3. In the measurements of 
Richards and Tinkham4 on Pb and Hg, the structure 
appears to be an absorption peak at co<o)g, thus in 
agreement with the present result. On the other hand, 
while Richard's curves on Sn appear to have spectral 
shapes which resemble what is given by the present 
theory, they appear to suggest absorption maxima 
above the gap frequency wg. In this case, therefore, the 
present theory does not fare well with the experiment. 

Finally, it is important to note that we have con­
sidered only the non-umklapp processes here, and that 
neglecting the umklapp contributions is not always 
justified since the relative importance of the umklapp 
processes varies not only with the materials in con­
sideration, but also with temperature; e.g., at very low 
temperatures where only the very low-energy phonons 
contribute significantly, the umklapp contributions can 
be quite substantial in some metals since g4 multiplying 
Â xq and (I+JVX*) in the integrand of (17) would then 
be replaced by i£4= (q+g)4—^4. This would clearly 
shift the spike toward the gap frequency cô , the mag­
nitude of the shift being determined by the "nearest-
neighbor" values of the reciprocal lattice vector g. The 
umklapp contribution to the bulk absorption in super­
conducting Pb and Sn will be the topic for a future 
publication. 
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