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.Jl.13S·I'RAC·r 

Measuremer-,ts of the far infrared 2.csorpti vi ty of supercondt..cc tit:g a!1d 

norr.,al Pb sho·,r structure d1.J.e to the Hols~ein :phonon generation :yro::!2ss. 

This structure is conpared with a phencr,enological theory inc·ludir!g the 

generation of a real acoustic phonon as the photon scatters a nor~al clec-

tron or breaks a Coo:;)er pair, and to a w:n:-loc:>.l calcule.ticn of the sur-

face resistance from strong cou:yling superconductivity .theory . 

. '\-Te have use:l the techniques of. far infrared. spectroscogy to rr:c;c,sur;: 

the absorpt:Lvi t:r of supercond.ucting and normfi.l lead. throu£"!:.out the reel on 

1 . 

of the phonon fr2quencies. bur il".itial 2A."}lerimer:ts-'- in the rang:) from 

-1 -1 
15 em to 200 em provided the first e:carn:ple of structure on the ai;::.crp-

tivity of a rnetal due to the direct excitatior: of phor::ons. "YJe used 3. 

"Golden Rule 11 treatment of the H0lstein
2 

phonon gen;:,ration proc2s:;; to a.c-

count for :most of the features of our eXIJerirnent::..l date •. 

This report describes further investigations of the Holstein effect 

in lead. We h&ve extended ou:c measurer.'.2~1ts to a fre•1uency of 350 
-1 

Cl~l 

which is sufficiently greater than the energy gap (2~::::22 cm-
1

) and the 

highest p:1onon fre1uencies (80 cm-
1

) that vre expect the optical properties 

of the superconductor a:~.i nonml meta!. to be identical. We heve used 
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Allen's theoretical treatment3 of the Holstein process in the super conduct-· 

ing state to obtain an improved fit of the Golden Rule calculation to our 

data. Finally, we have compared our data to Sha1·r and Sr,.rihart 's nonlocal 

calculations 4 of the surface resistance of lead for frequencies up to 100 

-1 em 1 • The quantitative agreement found shovs that the complex conductivi-

ti~s calculated from strong-coupling superconductivity theory can eY.!Jlain 
I 
I 

both real and virtual phonon structure on the surface resistance. 

We meas11red the absorptivity of our samples by a calorimetric method. 

A chemically polished single crystal sample of pure lead (R300 /R1 . 2~85000) 

was mounted in a highly absorbing cavity and illuminated vri th radiation 

from a far-infrared Michelson interferometer. A doped germanium thermom-

eter cemented to the back of the sample measured the temperature rise due 

to radi:;tion absorption. The experiments done at J..2K on samples in the 

superconducting state were compared to experiments on normal state lead 

done in a magnetic field of -1200 Oe applied parallel to the sample sur-

face. The data were analyzed by dividing the superconducting absorption 

spectrum by t.hat of the normal metal, since structure due to the be..ckground 

and resonant modes of the sample cavity should cancel out of this ratio. 

Our experimental ratio of superconducting to normal absorption is 

shown by the points in Fig. 1. The ratio rises rapidly from the energy 

gap at 2li=22 cm-l to a maxirr.um at 35 cm-l -1 
The decrease from 35 em to 

-1 55 em results from the increase in absorptivity of the normal metal due 

to phonon creation. The ratio then rises in two steps, centered at -65 
-1 -1 em and -95 em , vrhich are due to the onset of absorption in the supercon-

ductor. 
. . .. -1 

In addition, the ratio gradually decreases from 120 em to 240 

cm-l, remaining constant to the upper frequency limit (350 cm-1 ) of our ex-

t' 
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periment. The scale factor of the data in Fig. l vras establish<:;d by set-

ting the value of A8/~ at high freq_uencies to its expected value of unity. 

The Holstein process involves the scattering of a. conduction electron 

which absorbs a photon and emits a phonon. Vle were able to use a simple 

phenomenological theory to calculate the transition probability for this 
,, 

process and explain thE:: major features of our data. The initial sta.te con-

sists of a photon of energy w and a filled Fermi sea of conduction elec-· 

trons at '1'=0. The final state is an electron of energy s
1

, a hole of en

ergy e:
2

, and a phonon of energy n. _The density of final states is assumed 

to be the convolution ·or the independP.nt densities of states of the elec-

tron (Ne), hole (Nh), and phonon (F). The Holstein volm11e absorptivity is 

then proportional to 

The function a?(n) is the sq_u11re of the electron-phonon matrix element. 

The Holstein absorptivity in the normal meta.l is obtained by substitu-

tion of a constant N for. the electron and hole densities of ste.tes, while 
0 

the expression for the superconductor is obtained by usir.g a BCS density of 

states for Ne and Nh and including the effects of superconducting coherence 

on the electron states. The integrals were evaluated using Rowell and 

McMillan's values 5 for a·?F(n), modified by Allen3 to include the anisotro-

pic coupling of the electrons to the longitudinal phonons. Composite spec-

tra for both the superconducting and no!·ma.l states v.rere then calculate:J. by 

adding the Holstein absorptivity P to the anomalous skin effect absorp
v 

tivity P . P in the normal metal was obtained from Dingle's tables
6 

of 
s s 

surface resistance, using the electronic mean free path obtained from our 

7 10 -·1 -2 resistivity measurements and Chambers' value o/£=9. 4xlO rl em 'l'he 
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superconducting skin effect absorptivity was calculated inthe local limit 

using values of 0
1 

(w) and 0
2

(w) derived from: strong-coupling superconduc-
. . 8 

tivity theory for Pb. The ratio of P to P was estimated from Scher's 
v s 

calculations9 to be 0.8, quite close to the value P /P =1 vhich gave the v s 

best fit to our data. 

The theoretical ratio AS/~ calculated in this manner is shmm by the 

solid curve in Fig. 1. The shape of this curve clearly accounts for the 

major feature:s of the cla.ta. 

A better fit to our data is obtained from a coaputat1on of the non-

local conductivities 0
1 
(~,w) and 02 (~,w) from strong~coupling superconduc

tivity theory' and an integration over the allowed values of. k for each w. 

Shaw and S•-rihart 
4 

have calculated RS/~ in this ma,nner for several frequen--

cies 
-1 

up ~o 95 em Fig. 2 shows our data (cu.rve A) compared to their cal-

culations for diffuse (curve B) and specular (curve C) boundary conditions 

for the electrons. No adjustable parameters are used in the fit of the 

theory to our data.- Both theoretical curves accurately reproduce the steep-

ness of the absorption edge above the energy gap and show the Holstein ef-

feet structure at the· correct frequencie-s. The accuracy of the fit raises 

the possibility of using the infrared absorptivity to obtain 'information on 

the phonon density of states in materials •rhich cannot be easily investiga-

ted by the standard method of superconclucting tunneling. 

Calculations of AS/~ from either the local or the extreme anomalous 

limit of the strone; coupling theory shoH no significant phonon structure. 

Preliminary results from a series of allo~'S of PbBi and Pbln confirm the 

disappearance o~ the phonon structure when the electronic mean-free-path 

is less than the skin depth. The absence of phonon structure on the thin 
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film data of Palmer and TiYLK.hamlO.· can be understood in this •ray .. 
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FIGURE CAPTIONS 

Fig. 1. Ratio of experimental absot'ptivi ty in superconducting and nonml 

states compared \<lith phenomenoloe;ical theory. 

Fig. 2. Experimental absorptivity rat{o (curve A) compared \<rith non-loce.l 

strong coupling theory assurr.ing diffuse (curve B) and specul.B.r 

(curve C) boundary conditions for electrons. 
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