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Phonon Contribution to the Far Infrared Absorptivity
of Superconductlng and Normal Lead

R. R. Joyce and P. L. Richards
Department of Phys1cs, Un1vers1ty of Callfornla
: and 4
Inorganic Materials Research D1v151on,

Lawrence Radiation Laboratory,
Berkeley, California 94720

ABSTRACT -

- Low temperature measurements'of the absorptivity of
superconducting and normal Pb in the phann frequency
region 15—260 cm_1 show an dnset of absorption when the
photon energy is large enough to excite appreciable
numbers of acoustic phonons. The onset begins around the
transverse phonon frequency :'35 cm—l’in the normal metal
‘ . '_avnd' aroﬁnd Q + 2A = 55 c‘.m'l'» in the 'supercbnductqr. Most

features of the data can be explained by a Golden Rule‘calcu—

lation of the'phpnon generation process proposed by Holstein.
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We have measured the far infrared absorption‘in single crystals of
pure lead over the frequency range from 15 cm—l to 200 cm_l in both
the superconducting and normal states. These data show the first

example of structure on the absorptivity of a metal due to6 the excita-.

tion of phonons. It is helpful to consider the analogy to the phonon &p:

sidebands commonly observed on electronic transitions in insulators.

In our cése the "electronic transition" is the excitation speétrum of

the normal or supercondnéting metal, so an iﬁcréase'in absofption due to
phonon creation is expected to start at characteristic phonon.fre—
quencies in the normal metal and at_the phonon frequencies plus 2A in
the superconductor. The absorption spectra obtained increase dramatically
at the expected frequencies, and structure is obsérved which can be
correlated with peaks in the density ofvphonon states in Pb. We have

thus observed the onset of the volume phonog géneratioh process proposgd

by Holstei%’gto account fér the near infrared absorptivity of metals.

In our experimént radiation from a far-infrared Michelson interfero-

3

meter~ was focused onto a single crystal sample of lead about TXTX0.5 mm
in size mounted in a highly absorbing cavity. A doped germanium

thermometer was cemented to the back of the sample.to monitor its

temperature. The sample was supported in the cavity by thin-walled ' k”

stainless steel tubing which served the dual purposes of thermally "

isolating the sample and protecting the thermometer from directly

ebsorbing any radiation reflected from the sample. The samples had

a residual resistance (R.../R_) of 13000 at L4.2°K and 85000 at 1.2°K._

300° T

Their surfaces were carefully chemically poiished.so as to maximize
the specular reflection of visible light. The experiments done at 1.2°K

on samples in the superconducting state were compared with similar



ordinary skin effect theory. This was calculated from Dingle's tables
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expériménts‘on normal state'lead done in a magnetié.fiéld of ~ 1200

Gauss applied parallel to the sample sﬁrface;b Reference sbectra
weré'obtained by substituting a highly absorbing éafbon resistance bolometer
for the lead sample. Analysis of the data consisted of calculating the
ratios of the lead spectra to thé'carboh bolometer spectrum and the

ratio of the superéonducting lead absorption spectrum ts the normal
absorption'spestrum. Thé_superconducting/normal absorptioﬁbratios

are more ﬁseful because‘any spurious structure aue to resdnant cavity
modes.shouid cancel sut of this ratio. The results of many experiments

on several samples in two different cavities were averaged and standard

deviation confidence levels wefe computed. No significant differences

were observed in the spectra obtained for (100) and (111) sample

orientations. This is to be expected since the frequencies are

generally too high for the anomalous skin effect to retain appreciable

Fermi surface selectivity.

- Figure 1 shows the absorption spectra for superconducting and

normal samples normalized to the carbon bolometer. The solid line

1

is the frequency-dependent (surface) absorption arising from the

k4

using the relaxation time derived from the resistance ratio measurement

and Cham.bers'5 value of 0/%. The shape of the theoretical curve is

not very ssnsitivé to errors in the chosen parameters. The absolute

accuracy of ‘the measurements is poor sb the scale factor is established
by fitting the curves'in_the regibn from 20-40 cm-1 where the theory is
expected.to be’valid. | |

_The‘speCtrum for the superconducting sample shows a well-defined
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enérgy gap absorption edge at 22 cm-l with very iittle signal at lower:“
frequencies; this indicates that at least 95% of the signalAis due to-
absorption in the lead sample.6 In addition, the aﬁsorption incfeasés
sharply-at.about\SS cm—l.. A similar but less‘shafp'increase begins at
about 35 cm—; in the normel sample. Although the onset of the additional
volume absorption is slow in the normal state,'i£ muét‘be invoked to
eiplain the fact that the spéctrum becomes conca&e upward. The skin
effect tﬁéory prédicts & curve which is éoncéVe downward throughéut ﬁhis
frequency region. These:¢urves show that the_Holstein absorption is
comparaﬁle to the skin effect absorption for fféqﬁencies abo#e’the'phonon
rangé. | N

Thé details of thé onsét of .absorption aré seen moreucleariy-in‘
Fig.:2,:wheré ﬁhé ratio of supérconducting to néfmal gbsorption is
plottéd. Thé ratio fises rapidly from thé gap at 24=22 cm'—l to a maxi-
mum at 35 em™l. The decrease from 35-55 cm © is due to the absorption
onsét in'thé normal spéctrum. Thé ratio théh rises in two steps,
centéréd ét ; 65 and ~ 95 cm_l, which aré due to the onéet of absorp~v

tion in the superconducting spectrum.

N

C The accuracy of the data in Fig. 1 decreases toward each end of the

measured frequency range. Error bars are shown which indicate that the

details of the structure around 150 cm—l are probably not significant. Many
errofg both random and systematic, are expected to disappear from the ratio
shown in Fig. 2. The data shown there are probably accurate to + .02. Thus.

the fine structure near 30 cm-l andfbeyond 100 cm-l is probably not signifi-

cant, while some of the sharp features hear 85 cm'—l may be.’
As an indépendent check of our absorption measurements, we measured

the power reaching a bolometer after many reflections in a

e
{

¢
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cavity whose walls were slabs of single crystal Pb, a cavity used
.8 ’
previously to study energy gap absorption edges in superconductors.

The ratio of superconducting to normal absorptivity derived from this

'experiment was in good agreement with our direct absorption data.

The Holstein process involves the scattering of a conduction
electrén which simultaneously absorbs a photon and emits a phonon.
A rigorous treatment of thié process requires-a knowledge of the Fermi
surfacélaﬁa phonon spectrum of Pb, as well as‘detailed.éonsideraﬁion
of the superconducting state. A phenomenologiéal approach suggested
by:Faliéovg can be used, however, to understand_the main features of
the data. This approach assumes the conduction gléétrons to be a
free eleéfron gaé at T=0 and includes energy con%ervation but not
wave;véctor conservation seiection ruies. The initial state is a

photon of energy w; the final state is an electron of energy €., a hole

1

of energy €50 and a phonon of energy §). The density of final states
is assumed to be the convolution of the independent densities of states
of the electron, hole, and phonon. The matrix element is assumed

1/2

which arises from the initial

photon state, and a possible dependence of the electron-phonon interaction

on the phonon frequency. Thevvolume absorptivity is thus proportional

to

a, = % v (e)) W, () (@) (@) 6(E:L’L"::zJ'»Q"”) ae

4 1

where Ne and Nﬁ are the electron and hole densities of states, and

a2(Q)F(Q) is the product of the square of the electron-phonon matrix -

element and the phonon densiﬁy of states. Substitution of a constant

' 1
dede (1)
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for the normal electron density of states and a BCS density of states

in the superconductor gives the expressions:

N2 B} i .
_avN('w) « ;gof“ (0-0) o°F(R)an - (2)
) Q—QA | . |

@) =2 [6PR@) (0B (a) - -2 K(a) a0 (3)

s W w o w EaV"(w_ij alld | 3)

PN \ ' . N 2 . 1AZ
~where B(a) and{(a) are complete elliptic integrals with a“=1 - —-

| ' o (w-R)

These intégrals were calculated using values of o2(Q)F(Q) obtained from
supez;conducting tunneling?'o A composiﬁe speétru‘m was then calculated
by addiﬁé the .supe"rconducting»or normal theoretical Holstein volume
a.bsofptivityﬂv to the theoretical anomalous skin effect sbsorptivity
[Z . v'r"I'he ratio of these two absorptivities was estimated byib Holstein _

S

"~ to be a/d=16 0.8./15 Tv_T in the limit hw >> kO_ where both J. ana i
v s bf F D v 8

are independent of frequency. Here vais the high fr‘equéncy skin

depth 'c/wp , and T is the high temperature, le.rg_é compared to OD’ at

- which the phonon limited relaxation time T is evaluated. The compOsi'te ‘

apsorptioh.in this high.ffequency limit has been used successfully to
fit the near infrared absorptivity in copber-aéa silver at low tempera-
turesQll Using the experimental value.of 0/21andkthe London penetra-
tion depth c/wP for>Pb12.we estimateClv/gs ~1.9. A feasonable-fit
to the data in Figs. 1 and 2, however, requires the sinaller2 vaiue
ﬁv/O;s = 1_.

Thé theoretical ratios of the superconducting and normal specﬁra

are compared with the.’ data. in Fig. 2. The two curves shown for the

theoretical ratio differ by the way in which the conventional skin

2%

:
i
i
i
i
h
i
‘
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éffecf céntribution to the absorption was estimated. In‘B the correct
normal'éﬁate skin effect from the Dingle'tabulatiOn of the theory‘ﬁas
used for both the normal and sﬁperconduéting states. Energy gap effects
on thé‘superconducting skin effect sbsorption are ignored. The shape.
of curve B clearly accounts for many of the major:features of the data.
Thé computed curvé drops smoothl& abové 35 cm—l due to the onset of
aﬁsorption in the normal state obtained from Eq. (2). It thén riseé
in‘two.sfeps due to the onset of absorption in the superconducting state.
vThé sharply peaked BCS dénsity of electronic states at the energy gap
wéightS‘ﬁhe phonon density of stéteé for Q near w-2A. Thus.the peaks in
dQF(wQQA) shown in curve D contribute step inéréasés to Eq. (3) and thus
to AS/AN" |

Although qgalitatively correct, the structure predicted from our

simpie:modél deviates from the measurements in that the latter are

- systematically broadened and shifted to higher frequencies. For example,

the theoretical absorption steps centered at ~ 59 and ~ 88 em™t appear
in the measurements at ~ 65 and ~ 95 emt respéctively. This is an
understandable consequence of wave vector selection rules neglected in
the theory. Eq.‘(l) implicitly assumes that any electron momentum is
available, a good but not perfect apprqximatiqn for Po.

In cﬁrve C the skin effect absorption was.computed in the extreme

anomalous limit from values of Ol(w) and 0_(w) calculated from strong

2

coupling superconductivity theory for Pb.l3 The extreme anomalous
limit is not accurate for our experimental conditions; it is known, for
example, to underestimate the steépness of the onset of A, above the

S
7

gap. The more.accﬁrate vave vector dependent calculations of
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AS/AN'by'shaw and Swihart'> are in excellent agrééﬁept with the experi_“
mental'gap'édge, but do not exténd to tﬁe phonon'ffequéncy‘regibn. Despite
this inaccuracy, curwe C illustratés two importanﬁ points.' The compiex
conducti&ities calculgﬁed frém strong COupliné superconductivify theory
show_stfucture due to virtual phonon effects. bThis sfructure appears as
small (25h%) peaks in thé skin éffect absdrption céntered above the peaks
in dzf(w—éA) (curve D). These péaks are small comparéd with the stefs due
to‘réai pﬁonon'generation'and aré'not identifiablé in curve C or in fhe
data.: A_second important'éfféctl3 (a'dispérsion in.the gap function)

‘ causes’a broad dip in curve C betwéén lOO and-300 cm—l. The fall in the
data beyond 120 cmql'may.thus be due to strong'coupliﬁg_effects. 'Prelimi¥>
naryjméasuremepﬁs;at higher frequencies show that AS/AN continues to fall
untilv210 cm_1 and thén remains constant to 350 cm—l. This shape, but not

the ﬁagnitude, is in égreement with our approximate theory.
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FIGURE CAPTIONS -

1. Measured frequency dependent absorptivity in superconducting

,and hormal lead>compared with the prediction of normal state

anomalous skin effect theory. The limits of the error bars

are plus and minus one standard deviation (75 péréent confi-

dence).

2. Measured ratio (curve A) of the absorptivity in superconducting/

normal. lead compared with B) a theoretical estimate of AS/AN

which .ignores the effect of the energy gap on the superconducting
surface absorption, but treats the anomalous sgkin effect correctly,
C)va second estimate of AS/AN with the surface absorption taken

from the extreme anomalous limit of strong-coupling superconductivity

theory, and D) dz(w—2A)F(w_2A) the square of the electron-phonon

coupling constant times the phonon density of states shifted in-
frequency by the amount 2A. Curves B and C are plotted on the

same scale as curve A, but have been shifted vertically for

_clarify.
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