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Phonon Contribution to the Far Infrared Avsorpiivity of

Superconducting and Normal Lead
R. R. Joyce and F. L. Richards

Deparrmant of Phyalcs, University of Califoraies and
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IMRD, Lewrence Radiation Laboratory, Berkeley, Cslif.
ABSTRACT

Mea?”renagts of tﬁe fa nfrared stsorptivity of superconducting and
norral Pb show strucuure due to the Holstein bhonon g°n°"at"on Procass.
This st uctur° is EOmnarcd with a phencrienolegical theory including ﬁhe
generétion of a real acoustic‘phonon as the photon"scattefs a nofmal clec-
tron or breaks a Cooper pair, and to & non-local calculaticn of the sur-

face resistance from %tronv couocling superconductivity theory.

We have used the technigues of, far infrared spectroscopy to messurs
the abscrptivity of superconduecting and normal lead throughoui the regicn

. _ 1
of the phonon frzquencies. Our initial experiments™ in the ranges

<L

=3
23

-1, -1 . ; i
15 cm 7 to 200 cm T provided the first example of structure on the absoru-
ivity of a metal due to the direct excitation of phorons. %e used a
n LA ~ -2 ] ~ 4
Golden Rule™ treatment of the Holstein phonon gensration proczss to ac-
count for most of the features of our experimental data.
ThlS rep01u describes further investigations of the Helstein effect

in lead. We have extended our measurerents to a frequency of 350 em 7,

which is sufficiently greater than the energy gap (2422 cm—l) end the

highest phcnon frequencies (80 cm~l) that we expect the optical properties

of' the SUPCLCQdCdCuvT and nornal m@LaT to be identical. We have usad
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"Allen's fheoretical tréatment3 of the Holstein proéess in the superconduct-
ing‘state to obtain an imprbved fit of the Golden Rule calculation to our
data. Finally, we have comparéd cur data to Shaw and Swihart's nonlécal
calculationsh of the surface resistance of lead for frequencies up té'lOO
cmﬁl. The quéntitative agreément~found shows that tﬁe complex conduétivi—
ti%s calculaﬁed from strong-coupling superconductivity theory can explain
bot% real and virtuél phonon strﬁcture on tﬁe surface reésistance.

We measured the absorptivity of our‘samples by a ¢alorimetric method.
HA.chemically polished singleAcrysfal sample of pure léad (R3OO/R1.2:8SOOO)
-was mounted in a highly abéorﬁing cavity and illuminated with radiaticn
from a‘faréinfrared Michelson interferometer. A aoped germanium thermom-
etér cemented té the back of the sample measured the temperature rise due
fo radiation absorption. The experiments done. at 1.2K on samples in the
.superconducting state wefe compared to experiments Qn'normal state lead
done in a magnetic field ofA~l2OO dé apﬁliea parallel to the sample sur-

._ face. The_daté were analyzed by dividing the superconducting absorption
spectruﬁ by that of thé normal metal, since sfructure due to the background
and resonant modes of ﬁhe 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 ratiovrises rapidly from the emergy
gap at 2A=é2 cm_l tova ma#imum at 35 cm;l._ The decrease from 35 cm—l to
55 cm_l results from the inéreése in ;bsorptivity of the normél metal dve
‘tq phonon qregtion. The ratio then rises in tﬁo steps, centered at -~65
cm-_1 and f95 cm_l, which‘are due to the onset of absorption in the supercon-
ductor. In addition, the ratio gradually decreases ffoﬁ 120 em T to 2L0

em —, remaining constant to the upper frequency limit (350 cm~l) of our ex-
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periment. The scale factor of tbe data in Fig. 1 was eslablished by set-
ting the value of AS/AN at high frequendies to its expected value of unity.
The Holstein process involﬁes the scatltering of a conducfion electron
which absorbs a photon end emits a phonon. we were able to use a simple
phénomenological theory to calculate the transition probability for this
process and explaig the major féafures of our data. The initial state con-
sists of a'photon 6f_energy w and a filled Fermi sea of conduction elec-

trons at T=0. The final state is an electron of energy €., & hole of en-

1
ergy 62; and a phonon of- energy {!. The density of final states is assumed

to be the convolution of the independent densities of states of the elec-

tron (Ne), hole (m

h)’ and phonon.(F). The Holstein volume absorptivity is

then proportional tb

B = W fb!e(el)I\Th(sg)gg(Q)F(Q)S(€l+€2+§2—w)c‘.sld€2d9. o)

The function 02(R) is the square of the electron-phonon matrix element.

The Holstein absorptivity in the normal metal is obtained Dy substitu-

. tion of a constant NO for the electron and hole densities Qf staﬁes, while

the expression for the superconductor is obtained.bylusing>a BCS density of
states for Ne and Nh and including the effects of superconducting coherence
on the electron sfates. The integrals were evaluated using Rowell and
MecMillan's values5 for GQF(Q), modified by Allen3 to inclﬁde the anisotro-
pic coupliﬁg of the eléctrons to the longitudinal phonons.- Composite spec-
tra for both‘the superconducting and normal states were then calculated by
adding the Holstein absorptivity‘PV to the anomalous skin effect absorp-

6
tivity Ps' PS in the normal metal was obtained from Dingle's tables” of

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

-1 - ,
resistivity measurements and Chanbers' valueT 0/2=9.MX1010 Q cm 2. The
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superconducting skin effect ébsorpiivity waé calculated iy;the local limit
using values Of,oi(w) and 62(w) derived from'stfong—coubggﬁg superconduc-
tivity theofy f-'o;_r‘-Pb.-8 The retio of Pv to.P; waé éstimated from Scher's
calculations9 to be 0.8, quite close to the value Pv/Ps=1 which gave the

best fit to our data.

l

sclid curve in Fig. 1. The shape of this curve cleariy accounts for the

The theoretical ratio AS/AN calculated in this manner is shown by the

major fealures of the data.’
A better fit to our data is obtained from a computation of the non-

1

ioccal conductivities O (k,w) and o, (k,w) from strong-coupling superconduc-
tivity”{heory,band an integration over the allowed values of k for each w.

Shaw and Swihart)4 have calculatéd RS/RN in this manner for several freQuenu

ies up tec 95 cm—l. Fig. 2 shows our data (curve A) compared to their cal-
culations for diffuse (curve B) and specular (curve C) boundary conditions

for the electrons. WNo adjustable parameters are used in the fit of the

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

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

fect structure at the correct frequencies. The‘aCCUracy of the fit raises

the possibility of using the infrared absorptivity to obtain information on
~the phonon density of states_in'maﬁerials vhich cannot be easily investiga-
ted by the standard méfhod of superconducting tunneling.

Caiculétions of Aé/AN f;om either the local or the egtreme anomalous
limit of the strong coupling theory shOW'no-Significant phonon structure.
Pfeliminéry results from.a series of élloys of PbBi and PbIn confirm-the
disappearaﬁce of the phonon structure when tﬁe eleétronic mean-free—patﬁ

is less than the skin depth. The absence of phonon structure on the thin

B
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film data of Palmer and Tinkhamlq.can be understood in this vay . .

" KCKNOWLEDGEMENTS

This work was performed under the auépices of the U. S. Atomic Energy

Commission.



g

o ~ ON W

10.-

Fig.

Fig.

6- _
UCRL-20311

REFERENCES

e

.R. R. Joyce and P. L. Richards, Phys. Rev. Lettersﬁgﬂj (1970), p. 1007.

. T. Holstein, Phys. Rev. 96 (1954), p. 535.

P. B. Allen; private communication.

W. Shaw and J. C. Swihart, private comﬁunidation.

w. L. McMillan and J. M. Rowell, Ph&s. Rev. Letters 1k, (1965) p. 108
R. B. Dingle, Physica 19, (1953), p. 311.

R. G. Chambérs, Préc. Roy. Soc. (London), Ser. A 215, (1952), p. 481,
W. Shaﬁ and J. C. Swihart; ngs.“Rev..Letters ggs'(l968), D 1600;‘
to be published. |

H. Scher, to be published.

‘L. H. Palmer and M. Tinkham, Phys. Rev. 165 (1968), p. 588.

FIGURE CAPTIONS

1. Ratio of experimental absorptivity in superconducting and normal

. states compared with phenomenological theory.

2. .Experimental absorptivity ratio (curve A) compared with non-local

strong coupling theory assuring diffuse {(curve B) and specular

(curve C) boundary conditions for electrons.
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