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ABSTRALT: Phonon induced absorption spectra

!

areipresented for a variety of superconductors and compared -

. .

to phonon densities of states derived from tunneling and

Ly

neutron scéttcring éipe}imcnts. Good signal to noise ratios
permit differentiation: of the spectra andlfhereby a direct
presentation of the phonon spectrum. A simple weak.

coupling theory is used to interpret the results. For lead
the simple theory is sufficiently accurate to permit inversion
of the experimental spectrum to give a phonon density of -
states which contains fine structure that is in good agreement
with neutron, but 23; tunneling, results. Evidence is found .
of phonon lifetime cffects associated with the suﬁerconducting
transition. A comparison is made with the full stroﬁg
coupling theory, but only for the undifferentiated data,

showing good agreement. In other materials phonon induced

structure is weaker and in poorer agreement with the simple

theory.
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CHAPTER 1
INTRODUCTION -

The primary feature in the far infrared absorption
spectrun 0of a superconductor is the cnergy gap. Photons of
energy less ‘than 22 cannot break Cooper pairs and 56 cannot
be absorbed by the superconducting electrons. The absorp-
tivity of a superconductor is therefore zero below the gap
energy and approaches the normal metal value at high
frequency (Bw>>24) where the effect of the superconducting
transition on the electron energies is negligible. ?nitial
calculations of the absorptivity by Mattis and Bardeen (1558)
using BCS theory were in good gencral agreement with experi-
ments by Glover and Tinkham (1957) which showed this
behaviour. |

Subsequent experiments (Richards and Tinkham 1960;
falmcr and Tinkham 1968; Norman 1968; and-others) showed
deviations from the Mattis and Bardeen results for strong
coupling superconductors. These defia;ions were partly the
result of the assumption of BCS 5u§crconductivity and partly
due to the assumption of the Pippard limit, i.e. the limit
of very large wave vector, q>>1/£, where £ is the supercon-

ducting coherence length. Nam (1967) carried out calcq}ations
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incorporating streng coupling effects, hut =till in the

Pippard limit, and Ginsherg (1966} calculated the absorprion,

3

1"
—

taking into acc

o

t the wave vector dependence, but still

using weak coupling theory. Ginsberg's calculations partly
- Teproduced the extra absorpticn, relative to Mattis and
. Bardeen, observed just above the gap cnergy. ¥am's calcula- -,
tions predicted weak structure on the absorptieon cdge which
was subsequently observed in lead by Joyce and Richards (1970),
Gavini and Timusk (1971), and Brandli and Sievers (1972).
This structure, as it comes from strong clectron-phonon
coupling cffects, is a reflection of the phonon density of
states on the electron encrgies. Finally Swihart and Shaw
(1971) correctly combined the theory of strong coupling
superconductivity and the anemalous skin cffcct‘to predict
both the steepness of the absorption edge and the overall
shape oé the observed peaks, but not the fine structure pointed
out by Gavini and Timusk.
Thc prescnt work examines this phonon induced

structure in lead in detail and extends the experiments to

other materials. A major improvement over previous work is

an increascd signal to noise ratio which pe differentiation

of the experimental spectrum and, thereby, a ~direct.
presentation of the phondn spectrum.

< In analysing the data the full theory of Swihart
and Shaw is of limited value for two reasons. Firstly, the
calculation has not been carried out in sufficient detail to

permit a comparison of the derivative of the absorptivity.

.7\ °
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Secondly, the calculétion has so far been tied to lcad and,
furthermore, to the phonon density of states derived from
tunneling experiments (McMillah—é;é;Ragcll'1969). Fortunztely
an alternate theory exists which, though not 2lways quantita-
tively correct, reproduces qualitatively the essential features
of the observed spectra and is both easily unders:ood;and
easily computed.
" This theory, due to Allen (1970), again séarts
~with BCS, but introduces the electron-light and electron-
phonon couplings as pcrtufbations. The first of these
reproduces the results of Mattis and Bafdeen. The second
“gives analytic expressions for the phonon induced absorption
which are of great value in the interpretation of the
experimental resuits. Despite its weaknesses, this simple
theory agrees sufficienzly well with the experiment, in the
case of lead, to permit inversion of the data to give a phonon
density of states. The density of states is found to be much
-more structured than that indicated by tunneling e&periments;
" most of the observed structure is in good agreement with that
found by inelastic neutron scattering (Stedman et al 1967).
An additional peak, not present in either neutron or tunneling
results, corresponding to phonons of energy of about 22, i§
‘interpreted in terms of bhogon lifetime effzéts associated
with the superconducting transition. |
Phonon induced absorption spectra in other systems
.are also presented. In mercury only weak structure is observed,

AN

primarily because of expéf@@ental problems introduced by the
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sanple being liguid at room temperature. In indium and
niobium the structure is again weak because o0f the weaker
electron-phonen coupling in these materials. Analysis of
the data is made more difficﬁlt than%fn lead because of 2

- breakdown of the siﬁplé theory for these météls, despite
the fact that the weak coupling approximation is more

appropriate. Structure is seen in Nb3Sn but only to a

limited extent, because of the poor quality of the samples.
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CHAPTER 1II
THEORY

LY

An exact calculation of the absorptivity of a metal
requires a knowledge of the response of the metal to electric
fields of all frequencies and all wavevectors. The form of
such 2 calculation is outlined in section 1 of this chapter.
The full calculations for superconducting lead, as carried out
by Swihart and Shaw (1971), closely follow this prograrme and
are quite exact, but s{nce'they are tied to lead and are
exceedingly complicated they are of little wvalue in the inter-
pretation of the experimental results. The theory due to
Allen (1970), oh the other hand, makes a considerable simpli-
fication by treating the total absorption as the sum of
contributions from two limits of the general theory, those of
very large and very small wave vector. In sections 2 and 3

these two limits are discussed in general terms. In sections

4 and 5 Allen's derivations of expressions for these two

contributions to the absorptivity are outlined. ft is
.because these expressions are obtained in closed form that
the simpler theory 1s so useful in interpreting the experi-
mental results, even though thelunderlying assumptions of

the theory cannot be justified.

T g
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1. General Theory of EM Absorption in 2 Metal
Consider a transverse electromagnetic wave incident
on a metallic surface defined by z=0. Assuxming normal

incidence and plane polarization, the electric¢ and magnetic

fields at. the surface of the metal are then:

= -iwt
(1) E = Exoe X

- -iwt A
{(2) H = Hvoe

4

Within the medium, E, H, and the induced current J

are related by Maxwell’'s equations which become:

(3) 2_E(

z,t) = -1 3 H_(z,t)
- )

c 9dt

t4

(4) g_ Hy(::t) -'5% Jx(:’t)

3]

Here 1t is assumed that the metal is isotropic, so
that J is parallel to E and that the displacement current is
negligible in comparison to-J.

- Eliminating H from equations {(3) and (4)

[
o
n'J:
1
Fa

(6) 232 E (2) = -4miw J_(z)
322 . c x

The surface impedance is defined as the ratio of

-

the electric and magnetic fields at the surface.
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(7y 2 = 4= Exo
c H
yo

5 By integrating equation (4) to give Hyg:

(8) I = Eco //{OJXC:)d: |

’
The absorptivity is related to I byv:

(8) A = ¢ Re(Z)
T
Thus calculation of the absorptivity involves
solution of the differential equation (6}, together with
some relation, such as Ohm's law, between the current and
electric field, and substitution in equations (8) and (9).
However, Ohm's law in the real space form,

(10) 3(5,1) = o, E(F,1)

is only valid in the lo;al limit, i.e. when the electric
field varies appreciably only over distances large compared
to the mean free path of the electrons. Also the period of
osgillation of the field must be large compared to the
electron relaxation time. 1In general, the curﬁent at any
point in space and time depends not only on the value of the
electric field at that point, but on the field at all points
back along the path of the electrons contributing to the |
current at that point. Ohm's law is then replaced by a
relation of the form;

t r > -

Q1) 3t - f dt'Jd;' K(E-F', t-tHEGE,t)

~ <
_J

T -

~1
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The nature of the reflections of the electrons by the net

3

surface, whether specula

'

o]

“

¢iffuse, must also be taken into
account.

General calculations of the surface impedance
following this rrogramme have been carried out by Reuter and
Sondheimer (1948} (hereafter denoted RS) to give, in the case

of specular reflection

o= - -1 -
(12) Z_(e) = -8ic [ dqlq?-u® {1+47i c(q,e}]

2 2 W
c* “p Cc

and .for the diffuse case

(13) 24(2) = 4=%fw If”dq 2(1- w® {1v87i o(q,e) 1))}
) o

cZ - c2q2 w

Here c¢(q,w) is the wavevector and frequency dependent conduc-

tivity defined Ohm's law in- Fourier space.

(14) J(q’m) = U[Q»M)E(q.:“)

2. The Low g Limit

In the local l;mit, where Ohm's law is valid, the_
q dependence of the conductivity can be ignored and the w
dependence taken into account by the Drude formula.
(15) o(w) = _ %0
l+iwT
Here co'is the DC conductivity-énd T 1s the relaxation time
which maylbe a function of frequency. This formula is wvalid

for values of the mean free path (2) much shorter than a



wavelength of the applied field,

(16) & = Ve T << lfq

where v, is the Fermi velocity, and thus the lccal limit
correspends to small g contributions to the RS integrals.

Integration of either (12) or

™

13} with this model.
conductivity vields, in the low fregquency or ''¢lassical skin

effect” region,

"
(17) A(w) = =2 w T << 1

and in the high frequency limit, or 'classical relaxation”

region,
(18) A(w) = 2 , w T > 1
K
P
where Lh is the plasma frequency
(19) w Z . Nez
P m

While equation (15) is true only for normal metals,

its high frequency limit

: 2
(20) Refo(w)]= ;L 1
W wT

has its equivalent in

LY

the case of phonon induced absorption
in a superconductor, so equation (18) can be used for both

normal and superconducting metals.

A
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3. The Large ¢ Limit

h

Drude thecry is not adecuate for a pure metal at

low temperature where, to a first approximation, the metal

r—

behaves as a collisionless £free electron gas. £, in the

absorption of a photon of frequency w and wave vecter g, a
free electron is scattered from state X to k', energy and

momentum conservation require

(21) fw = h (kz-k'z)

2
Zm

4

5y

4

q =
Since we are interested in photon energies much less than the
Fermi energy both k and k' are of the order of the Fermi
momentun, and it is easily shown that equations (21)
require

(22) q > & .
Vg

In an interaction between a free electron and a.
free photon this condition is not satisfied since for the

photon

(23) q=u (cw .

Cc Vf

It is the exponential decay of the electric field
in the surface layer of the metal that gives large q
components of the field. Thus large q contributions to the
RS integrals are known as the "surface absorption"”. In the
event of a collision between tﬁe electron and a phonon or

impurity, condition (21)°is relaxed and absorption is



possible for low q. Low q absorption iIs then deﬁendeﬁt
more on the bulk properties of the metal than the existence
of the surface and is called "volume' absorpticn.
The large g, or ''extreme anomalous' limit, 1is
deéined, in the normal metal, by
(24) q.>> 172
but in the superconductor the role of the mean frec path 1is

f11led by the coherence length and the analogous, or '"Pippard”

limit, is defined by

(25) q->> /g
In the case 0of lead this condition is not satisfied
even in the purest samples (Swihart and Shaw, 1970), so the
distinction between surface and volume absorptions is not

rigorous. This is one major weakness of the simple theory.

4. Allen's Theorv for the Surface Absorption

The real part of the conductivity can be calcelated

from the rate of energy dissipation by the electric field.
e

(26) |E_|’Relo(q,)] = huP(q,u)

 J

where P(q,w) is the transition probability per unit time

given by the golden rule -

(27) Pla,0) = 2z Z]<flhy,

[0>]25(Ef-Eo-flm)

The ground state |0> 1is the free Fermi sea or BCS
ground state for the normal or superconducting metal
respectively. The sum is over all excited states [f> of

energy E.. Tt



The Hamiltonian for an electron in an external
field is

(28) H=1_ (@ +

le

x|

n|o
';J
L

where p is the electron momentum and A the vector potential
of the applied field. Expanding (28) and neglecting the

term that is guadratic in A

b

+ e (;-K + K-v)
c

{(29) H = p

4

o

The second term is taken as the perturbation Hamiltonlan
and expressed in the second quantisation form by taking
matrix elements between Bloch states

30 H ... =1 e
(J ) ext E— E k-o-q/z Ck+q Ck

where c¢* is the creation operator for a Bloch state gf
velocity vkand wavevector k.q is the wavevector of the applied

electric field and the approximation has been made that

(31) 1 {v. +v}=v
7  k+q k k+q/2

The electric field is given by

(32) E=-1 3 A= iuA ‘ il
c 3t - @

and,as in section 1,1is assumed to lie in the x direction.
For the superconducting case the Hamiltonian must

be expressed in terms of the creation and annihilation

operitors for BCS single particle excitations, v+ and v,

by means of the Bogoliubov-Velatin transformation. At zero

temperature, where only terms with two quasiparticle creation
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pd
(V1]

operators enter

-+

.= ; .
(33) ¢ : x

ext

FSE B
njo
hO
+
Ne
-

ra

2

(34) P (k,k') = l I-Ckikr + .’lk.’f.k'
2

Ek is the energy of an excitation of wavevector k related

to the free electron energy and the BCS gap parameter by

+ L

ol £

2
k
Combining equations (29) to (33) and evaluating the matrix
elements gives the real part of the conductivity for normal

and superconducting metals, respectively

,
(36) Reloy (q,0)] = 152 D ovigfy (105, e hure eg)
<n | 2 2

(o/) Rc[cs’o(g,w)] = ﬂsz i ViexP (k,k*Q)5(hw'Ek+q‘Ek)

The subscript o denotes the collisionless gas contribution
to the conductivity and £ is the Fermi factor
(38) £ = — 1
eck/kBT_l
These expressions for the real part of the conductivity are
integrated and Kramers-Kronig transformed to give the

imaginary part. The absorptivity is then evaluated from the

RS integral expressions to give, for the normal metal



2

v 1/3

y

(39) A, =30

1P

= ]
2 r w
¢ P

and for the superconductor

(40) AS o " A&. o Re[ZCiw/s/T(U)]

»

where

-

0 hw<2s
(41) Re[r(Q] =<

(1+2LJE(n) - 42 K(n), Bw>2s
L fw Auw

[

Im(r(e)] = %. [1+§_A)E(n') - L1289k ()
= fuw

Here X and E are complete elliptic inﬁcgrals 0of the first

and second kind and

n = RAw-24 , n' = (1_n2)¥
Rw+2a
These results, which were first derived by Mattis
and Bardeen (1958), give an absorﬁf??ity for the superconductor
which is zero below the energy gap, 24, and smoothly

approaches the normal metal value at high freqguencies,

5. Allen's Theorv for Phonon Induced Absorption

The calculation of the phonon .induced contribution
to the absorpvitity is analogous to the surface case but the

golden rule must be taken to second order

(42) Pla,0) = 27 I|Z<£]H [n><n]H'|0>] 26 (E4-E )

£ -
h g EoEn



The perturbation Hamiltonian includes both electron-ligh: and

electron-phonon Hamiltonians

- +*
I +a )
h et ' k -
P xk'  Kk' Tk Q Q

+ - . .
aQ 1s the creation operator for a phonon of wavevector Q
and energy ﬁﬁQ. Mkk' is the matrix element for the
scattering of an electron from Bloch state k to k' by 2
phonon.

The conductivity becomes

1 wz T 2-’-’ -
(4}) ON,ph 2“5 _ ki'lek'i (v- V') £L1- k,)é(s £ *ﬁ”Q fu)
3 2

1 2 2 29 .
- L M Cvev )y 201-ee 720" Y5 (E+E rong -x
T T I f M vy e e s Q)
SN <W

These expressions are simplified by introducing the quantity

N{a) B ’,/’:‘/

Ve <<leerZ(;-;')zdtﬁnq-ﬁnj>> 1

2 .
(45) atrF(Q)

where N(o0) is the density of electron states at the Fermi
surface and << >> denotes averaging over the Fermi surface.

The quantity ai

F(2) is a phonon density of states,
weighted by electron- -phonon coupllng strengths, analogous
to the one that appears in the theory of strong coupling

Superconductivity

T <<y %

(46) ajF(n) - £0) 5>

Q



The difference is that for calculation of transpor: pProp iecs

0

rt

-
-

ct

h

4]

additional weight is given to large angle scattering by
factor (¥-V') in equation (45).
The £final expressions for the conductivity are of

the high frequency Drude form, equation (20), with frequency

dependent relaxation times given by

T —
[ - \x
_ 1 = o2n f éa(s-2)a; F(R) o -
Noph o Z h
(47) w-24
S
1 =27 | dafer)el F(R)E[1-(22 %)
— " = : o4 -
'5,ph “ 0

Here 24 is the superconducting energy gap and E is a complete

elliptic integral of the second kind.

-

The absorptivity is then given by equation (18)

e

T 2 '
/(’4’37 A = ¢(U) E ) - .

where the function ¢(w), which is expected to be slowly
’ varying, and‘of the order o% 1 at high frequency, is included
to partially compensate for the assumption
(49) wt >> 1

which is probably not valid at low frequencies.

W

"»



CHAPTER 111

EXPERIMENT
odu

1. General In tio

'
O
()

t

The absorptivities of various superconductors were

[

neasured by two technigues; indirectly, by detetting light !
reflected from the sample, and directly, by measuring the
power absorbed by the sample by its temperature rise.

The reflectivity measurements had the advantages
of being sigple and requiring only a 1.2 K cryostat but had
several disadvantages. Since the reflectivity of a metal
in the far infrared 1s very close to one, only a small
fraction of the light is absorbed even after many reflections.
This means that the structure in the spectrum due to absorption
in the metal is a small perturbation on a large background and,

o

therefore, extremely sensitive to uncontrolled variations in\-
the background‘ Thus, it was not possible to comparg the
spectrum of a superconductor to that of a normal metal taken
in a separate experiment; the superconductor had to be driven
normal "in situ” with a magnetic field. This was of course not
possible in the case of Nb3Sn and other high T. superconductors.

A further disadvantage of the reflectivity technique is the

Tequirement of large samples to line a reflecting cavity. -

17
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These difficulties were at least partially overcome
in the second technique. Here the power absorbed was
detected directly by means of a bolonmeter attached to the
back of the sample and outside the direct radiation beam.

The sample could be small (~1 cm diameter) but had to be in
the form of a thin foil (~100u). Since the whole, rather
than just a small part, of the signal was due to light
absorbed in the sample, the sensitivity to changes in the
background spectrum was greatly reduced. Thus, comparison
of spectra taken on different days became possible. However,

the need for an extremely sensitive detector dictated lower

temperatures and a He” cryostat. -

2. Optics and Electronics

Measurements were made with Michelson and Lamellar
grating interferometers over the spectral ranges 30 to 350 cm_l
and 10 to 50 em”! respectively.

The Michelson interferometer used is basically a
commercial instrument (RIIC FS720) with two major modificatipns.
Firstly, the original mirgar drive has been replacedrby a
more accurate drive.stage (Aerotech ATS-301-M-D) with a
stepping motor (Slo-Svn HSéSV). A discussion of mirror
inaccuracies is included in the Appendix.

Secondly, the option of dual beam operation has

been included. This modification has been described in detail

by Douglas” and Timusk (1974) and is designed to minimize noise

‘.dué to fluctuations in lamp intensity. Light is allowed
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e

.

through the upper and lower halves of the interferometer

alternate?y by a half-zoon shaped chopper blade. In the

upper beam the moving nmirror is shadowed by 2 fixed mirror

by

located to form an interferometer at large fixed path
¢ifference. The lower beam forms the interferometer proper.

The resulting s detector is then a combination

'-d-
)
=]
£
l—‘
(%)
t
rt
oy
[1:]

'
of signayé from the actual and reference interfercmeters,
180° out of phase. When the sigral is fed into a lock-in
amplifier with a reference signal at the.chopper.frequcncy,
the output 1s the difference of the signals from the two
beans. The reference nirror is adjusted to give a null
signal when the moving mirror is at a position of large
path difference. In this way the large DC bagkground is
subtracted from the interferogram. )

The reference signal for the lock-in amplifier is
supplied by a phototransistor which detects light, from a
light emitting diode, reflected by a mirror a?tached to the
shaft of the chopper motor. The phototransistor apd LED are
mounted on an arm that can be rotated, from ocutside the inter-
ferometer, concentrically with the chopper motor. This
eﬁables the phase of the reference signal to be adjusted
simply and over'a.a&de range, even while the interferometer

|
1s under vacuum. The chopper 1is driven by a hys%e:csis type
2

synchronous motor with a variable frequency power supply to

permit chopper frequencies over the range 5 to 20 Hz.

*

The Lamellar interferometer 1s again a commercial

instrument (Beckman LR100) and has been described in detail



by Chantry (1971). The only modi

[ 341

ication here is the
inclusion of a double beam chopping svstem similar to that
in the Michelson.

Both instruments use a UA-2 type mercury arc lamp
with a fused guart:z envelope. All light of frequency .
greater than 380 cm”l is filtered out by black polyvethylene W

at the exit aperture of the interferometer and sapphire at

1.2 K just before the detector. In addition the Lanmel
J

=

arn 1is
operated with an interference filter that eliminates the
rest of the light above 100 cz"l. The interferometers are
maintained under a vacuum of 10°% Torr by liquid nitro%en
cooled adsorption pumps.

The detectors are doped germanium bolometers for
use at 1.2 X (Tumber 1969) or 6.3 K (Drew and Sievers 1971).

A block diagram of the apparatus is shown in
figure (1). The bolometer sigﬁal is amplified by a Brookdeal
450 low noise preamplifier and averaged by a Brookdeal 411
lock-in amplifier with a time constant of typically 1 second.
The output signal is measured by a Non-linear Svstems X-2
digital voltmeter and- recorded, via a NLS 2610 sérializer, on
magnetic tape for later analysis on a CDC 6400 computer.

The stepping motor control drives the miréor
rapidly (at 300 steps/s) through a series of steps and gives
a2 read signal to the DVM 100 ms before the next series. The
interval between each series of steps is typically 1 s.

Each step corresponds to a path difference change of 5p

(unfortunately 5.08u in the Michelson) giving a frequency

N



FIGURE 1

Block diagram of the experimental apparatus
T
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. Reflectivity Measurement .

Réflectivity measurenents were performed on
evaporated films of Pb, féils of Pb and Pb-In allovs, and .
bulk samples of Hg. Figure (2) shows the cavity emploved
for film measurements. The sample is evaporated onto the
walls of a non-resonant conical cavity machined from stainless
steel. Light is fed into the cavity through a polished brass
light pipe and condensing cone. The light exits, after an
average of about 100 reflections from the sanple, through a
sapphire filter to the detector. A small superconducting
solenoid, capable of providing a field of a few kilogauss,
1s wound around the cavity to drive the sample normal. The
whole asseﬁbly 1s immersed in a pumped He4 cryostat at 1.2 K.

For foil measurements the conical cavity is
replaced by a cylinder lined with the foil and for measure-
ments on Hg a hemispherical cavity is used with a pool of Hg
forming the flat surface.

The measured quantity is the ratio of the light

intensity reaching the detector with the sample in the

superconducting state to that in the normal state.

(50) S(w) = I (0}/Iy(w)

n

I-As(w)
l-AN(w)m

= 1-n {As(m)-AN(m)}

where Ag and .-’t.,q are the absorptivities of the superconducting .



FIGURE 2

-

The cavity used for reflectivity measurements
on lead films. The sanple is evaporated onto the inside
surface of the cavity which is then sealed onto the light
pipe-detector adsembly with indium C-rings. A small supersy
conducting magnet is used to drive the sample normal. ’
Different cavities ar%.used for foils of lead and lead-

indium alloys and for bulk samples of mercury.
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n ;ai/;aiAi

be calculated

fron

K, the average

Hy

&
ITon

the zbsorptiv

ity ©

rh

where A; 1s the absorptivizty of a section of the wall of area

ai.

Since the sum in the dencminator is dominated by the

entrance and exit holes, n does not depend appreciably on

frequency, or on whether the sample is superconducting or

normal. v

Signal strengths in these experiments were about

0.5 mV with noise levels of the order of 0.15.

Twenty to

thirty scans were averaged together to further rcduce the

noise, superconducting and normal scans being alternated

to

eliminate the effects of changes in spectral shape with time.

4.

HeJ

Crvostat

-

Direct Absorption Measurements -

The He? cryostat used for absorption measurements

is shown in figure (3) and the sample chamber is shown in

detail in figure (4).

a 4 in. diameter -glass He4

dewar and be completely self-

contained, requiring no external pumping system.

The crvostat is designed to fit inside

At the top of the cryostat is a storage chamber

which contains 80% of the He” gas at rToom temperature.

This

is directly®connected via a 1/4 in. diameter tube to the He”



FIGURE 3

The Hes cryostat used for direct absorption
measurements. At TrOOm temperature most of the He® gas
1s contained in the storage chamber and the valve is
closed, isolating the charcoal adsorption pump. At 1.2 X
the He> has condensed and dripped down into the liquid
can contained inside the sample chamber. The valve is

-

then opened and the He’ pumped down to 0.3 K. The He>

is permanently contained inside the cryostat.
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FIGURE 4

Interior of fhe sample chamber of the He®
cryostat. The samﬁle, a thin foil, forms the flat
surface of a hemispherical cavity. Thé detector, which
1s soldered to the rear surface of the sample and is
outsidé the direct radiation beam, measures the temperature’
rise of the sample due to the absorption of radiation: The
sample and detector are weakly thermally coupled to the

base of the He3 liquid can by a copper wire.
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liquid can which 1s contained in the vacuuz of the sanple
chambér. This car is a stainless steelﬂtylinder with a
copper base con which the saaple is mounted. The base is
machined from a solid piece of copper with fingers extendin ’
up into the can to provide good thermal contaét with the He3
liquid. The only #hzanical contact between the liquiéd can
and the walls of the sample chamber is via the He? puaping
line made of 1/4 in. thinwall stainless steel tubing and,
negligibly, by three 0.003 in. dianeter constantan wire§ 2o
the detector and thermometer. A calibrated-carbon TesistoTr
(Speer 4702) is mounted on the copper base to act as a

thermometer.

S~

The He> is ;ﬁmped by a charcoal adsorption pump
connected to the liqui& can by about 8 in. of 1/4 in. diameter
tubing through a 1/4 in. bellows valve (Nupro SS-4UW-SW) which
can be operated froﬁ outside the cryostat. The pump contains
40 gm of activated charcoal looﬁély packed between two concen-
tric cylinﬁers of copper mesh. This arrangement is to provide
direct access for the gas to as much of the charcoal surface
as possible. B |

Radiation from the interferometer is fed to the _
's?mple chamber through a polished brass light pipe with a -
sapphire filter at the'entrance to the sample chamber. The
sapﬁhire excludes most of the room temperature radiation from
the top of.the light pipe which would otherwise put an
excessive heat load on the cfybstat. The sample chamber hﬁdi

light pipe form a common vacuum space maintained at the room

‘temperature end of the light pipe by a mylar window. Th%§



arraﬁgcment eliminates thé& need or a low temperature windowf -
T, Electrical le;§s pass through a 1/8 in. diameter

stainless steel tube from the sample chamber to 2 vacuum feed-

through at the top of the crvostat. The leads are thermally

anchored to the walls of the sample chamber to prevent

significant thermal contact between the He3 can andé the top

of the cryostat.

Operation of the crvostat is as follows. At rToom
temperature, with most of ﬁhe Hed g£as iﬁ the storage chamber,
the valve is closed isoléting the charcoal pump. A few
Torr of hydrogen exchange gas is admitted to the sample chamber
and the systenm is precodled with liquid nitrogen. He? is then
transfcfred slowly enough that the liquid can remains essen-
tially in thermal equilibrium with the He4 bath. Thus when
the H, exchinge gas freezes out, at about IOIK, the liquid
can 1s not at significantly higher temperature. The He* dewar
is then rapidly filled and pumped down to 1.2 K. . Cooling of
. - .
the liquid can'then.continues due to He’ condensing in the
pumping line and dripping down into the liquid can. When the
liquid has cooled to 1.2 K the valve is opened and the He> is
pumped down to the oberating tempergéuré iﬁ about 5 min.. The
whole cooling process, from room/temperature to 0.35 K, takes
1 to 1 1/2 hours. ‘ ﬁ -

The temperature versus heat load characteristics of
the cryostat with the light pipe blocked off are shown in
figure (5). The ultimate temperature reached was 0.29 K with

a2 base heat load of about 10u¥. The thermal conduction along

the pumpihg line was estimated to be 4uW, the rest of the heat

7]



FIGURE 5§

Characteristics of the He cryostat. The

ultimate temperature reached was 0.29 K. Under operating
conditions a 100uW heat }buﬂ”ls caused by radlatlon down
the llgh& pipe, raising the temperature to about 0.35 K.

A 32 STP charge of He gives a holding time of 6 to 8 hours.
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load coming from conduction by the He” gas. The Oozgerating
temperature was 0.35 X which indicates a3 radiation load of
100uW. The pumping specd is about 20 cn
temperature.

The favourable features of this crvostat are its
simplicity and reliability. All components, except the light
pipe and the base to the liguid can, are of stainless steel.
The joints are welded whenever possible, or otherwise hard
soldered. Thus the only joint likely to fail is the indiunm

O-ring sealing the cover to the sample chamber. The absorption
punp eliminates long, carefully baffied, pumping lines to an
external vacuum svstem éhd, since the He> gas is permaﬁently
contained inside the cryostat, there is little risk of its

loss or contamination. A disadvantage of the system is the
need to warm up the whole crvostat to 50 K to recondense the
He3 after it has all been absorbed on the charcoal. However,

a 3% STP charge of He® gives a holding time of 6 to 8 hours
under operating conditions, so this drawback is not serious.

The arrangement of the sample and detector can be
seen 1in figure (4). The front surface of thé sample forms the
flat surface of a hemispherical brass cavity. The detector
1s indium soldered to the back surface. Radiation is fed into
the cavity by a condensing cone. Approximately 1% of the light
1s absorbed in the sample causing its temperature, and hencer ™
that of the bolometer, to rise. In order for the sample
temperature to follow the intensity of the chopped radiation,
the sample must be weakly coupled thermally to the base of

-
o
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the He” can. This coupling is provided by a2 0.02 in. diameter
Copper wire about 1/2 in. long. Both the ambient Temperature
of the detector, and hence its sensitivity, and the thermal

time constant of the sample depend on the strength of this

by trial and error, to give maximum signal with a chopping
frequency of 10 Hz. The thermal time constant

~sample to sample over the range 10 to 100 ms.

strengths are in the range 0.2 tc 2 mV RMS.

Light is prevented from recaching the defﬁctor by
leakage around the edges of the sample by means of an O-ring
made from 0.030 in. diameter electrical solder. The initial,
more obvious, checice of indium as an O-ring material was
rejected since it provided too much thermal conduction between
the saﬁple and its mount. Another choice, copper, also works
well but requiré; inconveniently large forces to be squeezed
flat. Without the O-ring in place, despite the fact ‘that the
crack between the sample and the mount is much less than a
wavelength, signal strengths due to leaked radiation are ten
times those due to light absorbed in the Sample. With the
O-ring in place, leakage is reduced to less than the noise
level at 20 cm 1. _

A superconducting solenoid wound around the samﬁle
chamber can be used to drive samples of Pb, In, or Nb normal.
However, the magnetic field usually brings about a reduction

in signal of £X¥actor of five and an increase in neise from

the detector. This reduction is attributed to the increase



in heas capacity and thermal conductivity of the supercon-
ducting O-ring and solder when they too are ériven normal.
The reduction iIs less severe when copper is used as an O-ring
raterial. he high Te sampics can not of course be driven

rormal so background spectra are provided by separate runs

on brass foils.

S. Sarmplc preparation

The samples use& in the reflectivity experiments
were rolled foils of pure lead and lead-indiunm alloy,
evaporated {ilms of pure lead and bu;k samples of mercury.

The foils were annealed just below the melting point for

48 hours under a hydrogen atmosphere and etched in a2 mixture

of 7%% glacial acetic acid and 25% hydrogen peroxide. The

films were evaporated in a vacuum of 107 Torr to a thickness

of 30u at a deposition rate of about 10u/min. 4.2 K resistences
for the films, lead foils and lead-indium foils weré 0.1, Q.OS
and 0.45 q cm respectively. The mercury samples were formed

by placing a pool of mercury 1in a stainless steel dish in the
bottom of a cavity at room temperature, evacuating the cavity
and cooling with liquid nitrogen without annealing.

For direct absorption measurements films of lead and
of indium were ¢vaporated, under the same conditions as above,

onto substrates of 0.002 in. brass foil. The niobium samples

consisted of films evagg:;;i:?jhto 0.02 in. copper foils, held’
at 500°C, in a vacuum of ~ Torr. The NbzSn samples were

RCA vapour deposited magnet ribbon.
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CHAPTER. IV .
RESULTS -
1. Lead Foil
The results of reflectivity measurements on a pure
lead foil are shown in figure (6). Tﬁe quantity plotted is
: the first derivative of the experimental spectrum given by
{ equation (50). )
(51) S"(w) = & (Ag(w) - Ag(w))
' dw

Within the simple theory, the phonon contribution to S' is

given by the derivatives of Equations (47) and (48)
| 4

2
(52) L Asla) 483 $g(wlay | Flo-28)

? ) @ W) !
w24
sl (1-x%)
wzmp dQ @ F(Q){QE(k) + w-—;E— [E(k)-K(k)]}
o
w
2
(53) %E AN(W) = ;ﬂ ¢N(w) matrP(ﬂ)dﬂ
way
o

where E2= 1-(2&/(m-n))2and the qgantities ¢S(m) and ¢N(m)
which are expected to be slowly varying are assumed to be
constant.

A calculation of the expected~§honon structure has

been made using the phonon spectrum agF(w) derived from

—rey
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FIGURE 6

Reflectivity results for a lead foil (isotropic)
peaks in d (AS-AN) correspond directly to peaks in the
phonon deggity of states. The calculation is based on
Allen's theory and the éensity of states fronm tunneling
measurements. The calculated curve has been displaced
to higher frequency (by 5.5 cm'l) so that the positions
of peaks C and G agree. Peaks A, B, D, E and F are
attributed to phonon structure that the tunneling
measurements have missed. The.rise in the experimental
curve below 40 cm™! is due to the energy gap (24=21.5 cm-l).

The origin of peak X is unknown.
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ing experiments (McMillan and Rowell 1869) in place

F(z) in equations (52) and {(53). The calculated curve

n
o
[¢]
o
'

plotted in figure (8) ha displaced to higher energy by
5.5 emt {0.68 meV) so that the positions'of the twe nain
transverse and longitudinal ﬁeaks (c and G) agree with the
experiment. In other words, the phonon structure is cbserved
experimentally at higher energy than predicted by the simple
theory. Apart from this shift, the overall shape of the
spectrun is predicted quite well by the calculation. The
Tise in the experimental results below 40 cm-l is‘due to the
surface contribution to thé absorption, which is not taken
into account in the calculation.

Apart from the two main peaks, however, the
experiment shows considerable fine structure not predicted
by the calculation (peaks X, A, B, D, E, F). 1In equations
(52) and (53) the integrals over el smooth out any
Structure in the phonon spectrum, so any sharp peaks in the
experiment can be identified with corresponding peaks in the
phonon spectrum through the direct ternm, azP(w-ZA) in
equation (52). Thus, peaks A, B, D, E and F appear to arise
from structure in «?F that the tunneling measurements have
missed. Peak X is probably too low in frequency to be
attributed directly fo phonons.

In figure (7} the same experimental Tesults are
compared with a calculation based on the density of states
derived from inelastic neutron scattering. The calculated

curve has again been shifted to higher frequency, this time



FIGURE 7

The same data as in figure 6 compared to a
calculation based on the density of states derived from
neutron sca.ttering. The calculation has again been
shifted to higher frequency (by 4.5 en1) . Peaks B, D, E
and F are predicted by the calculation.

-
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PR |
by 4.5 cn

(0.56 meV). Here all the phonon fine structure
except peak A can be identified with similar structure in the
neutron derived density.of states.

| Since there is good agreement in general spectral

~

shape between 20 and 100 cn ! it ig possible to use the
simple theory to ex:tract a phonon density of states from the
experimental data. The theoretical expression for the phonon
contribution is of the form P

2 2
(54) S'(w) = gl(u)atrF(u-Zs} + jgz[u,ﬁ)atrF(Q)dQ

If the experimental data are put in for S$'(w) then equation }/ﬂ
(54) is an integral equation for G%fF(m) whose numerifET\\yj
" solution is straightforwafd. Additional input into the
inveésion routine is a value for the energy gap (22=21.5 em 1
=2.67 meV); which is determined experimentally from the onset
of the surface absorption, and a value for the ;pper
frequency cutoff of the phonon spectrum, which is apparent
in the data and in good agreement with tunneling‘and neutron
data. The contribution of the surface ébsorption is.roughly
taken into account by adéing an adjustablé constant to the
S of equation (54). ¢S(w) and ¢N(w) are taken to be
c fant and equal. The final result degéqﬁs only weakly on
the ratio ¢g/¢, . ”fi:
' Since the theorywand experiment only agree above
40 cm™l an assumption must be made about the phonon spectrum
below 19 cm™* (40 em-1 -24). It is expected that a%rF should
go to 0 as wz at low frequency (Carbdtte 1975) and this is

assumed in the calculation.



The results of the inversion of the data in figure
(6).are shown in figure (8), compared to the tunneling derived
ch(u), and in figure (9), compared :d the nreutron derived
F(w). The far infrared has been shifted down in frequency so
that the positions of the main transverse and longitudinal
peaks agree. The major diserepancies'bétween far in}rared
and tunneling and far infrared and neutron are the frequency
shift and the width of the main transverse peak. -

The extra width of the transverse peak cannot be
entirely attributed to the low experimental resolution but
may well be due to the 1nadequac1es of the simple theory.

Most of the shift is certalnlv due to the theory but there
is a1 en-1 discrepancy between the neutron and tunneling
results themselves.

There is also a difference in the height of the
"longitudinal peak G. This again could be an artifact of the
51mp1e theory or it could®be due to the difference between
at F(w) and a“F(m) Allen (1870) has calculated that the
‘longitudinal peak should be half as high in ang(m) as gn
azP(wJ. This is clearly an overestimate of the difference.
Calculatlons by Tomlinson and Carbotte (1974) give u /u = (.90
*//fW“at the longitudinal peak which 1is in better agreement wlth

the value of 0.80 obtained here.
P
0f more significance is the appearance in the far

infrared data of fine structure which is missing in the
tunneling results. Peaks B, D, E and, to-:a lesser extent, F,
agree well with structure in the neutron derived F(w). A.

g

-



FIGURE 8
-

The “phonon density of states of lead derived
from the reflectivity measurements compared to that
derived from tﬁnneling. The transverse peak in the far
infrared data is broader than in the tunneling, probably
as 2 result of the inadequacies of the simple theory.

The tunneling density of states contains none of the fine
structure seen in the far infrared. The infrared data

has been shifted down in energy by S5 em~1,
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- FIGURE 9 |
The phonon density of states of lead derived
from the reflecylvzty measurements compared to that .
derived from neutron scattering. Most of the fine
structure seen in the far infrared agrees with that in
the neutron results. Peak A is attributed to phonon
lifetime effects associated with the superconducting

€nergy gap. The far infrared data have been shifted

down in emergy by 4.5 em™1,
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more recent calculation of agF by Coulthard (1573), based on
the tunneling experiﬁents of Blackford and March (1968, 1969),
also shows peak B, but otherwise agrees with McMillan and
Rowell, -

Peak A, which is not present in either the tunneling
or the neutron results, is due to phonons of energy close to

the superconducting gap energy 24, and can be attributed to

- phonon lifetime effects associated with the superconducting

transii}on. This peak is not expected in the neutron measure-
ments as they were performed above the transition tenperature.
The lifetime of phonons with energy less than 24 is very long
(Dynes and ﬁarafanamurti 1872) since these phonons have
insufficient energy to create excitations of the superconducting
electrons. Above 24 loss of energy to the electrons becomes
possible and there is an abrupt change in the phonon lifetime.
This discbntinuity in the imaginary part of the phonon self-
energy leads to /(;;;;E; in the real part and a corresponding

discontinuity ‘in the phonon density of states. A rough calcu-

~ lation of this effect by Schuster (1973) predicts a net

downwardtshift in phonon energies when the metal gées super-
conducting and a singularity in the density of states at 2aA.
Thus, the oBserved peak at 20.5 em~1 (figure 9), compared. to
24=21.5 em~?, is in good agreement with the theory.

For an impure metal the phonon lifetime below 24 is
limited by impurity scattering and the discontinuity at 24 is
iess<severe; Figure (10) ghows experimental¢results for an

alloy of lead with 0.5 at.% indium. Here the peak at A has

N



FIGURE 10

Reflectivity measurements on a dilute

lead-indium alloy. All of the phonon structure is

'weaker in the alloy but peak A disappears completely.

Peak X also disappears.

-
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disappeared while the rest of the pheonon structure remains
esséntially unchanged, although it is somewhat broadened.
The peak at X has also disappeared.

From the area under peak A, about 1% of the area

of the total transverse peak, it is possible to estimate the

rt’

lifetinme of phonons in the neighbourhood of 2 I

[

is found

tJ

rty

that these phonons have. a width 2T of about 1 of their
energy. This estimate is necessarily crude since the théofy
is for longitudinal rather than transverse phonons and*a
BCS superconductor and the experiment is not fully resolving
the peak, but the answer is consistent with the measurements
of Axe and Shirane (1973) on Nb. The results for Nb’give a
width of 5% but the electron-phonon coupling is weaker in Nb
by about a factor of two.
2. Lead Film

’Figure (11) shows results for an evaporatéﬁ’fiim of
pure lead. Here all the phonon fine structure present in the
foil results appear to be split. This is interpreted in terms
of the double energy gap in an anisotropic sample of lead.
The two energy gaps arise from the splitting of the Fermi
into a hole surface in the 2nd Brilldﬁgiz:one and an electron
surface in the 3rd zone (Anderson and Gold 1965), the energy
gap being different on the two surfaces.

The gaps on the electron and hole surfaces are
denoted 24y and 24,, respectlvely In figure (11) the phonon

peaks have been-labelled by a letter indicating the correspon-

ding peak in the foil results and a subscript denoting the



FIGURE 11

Reflectivity results for a lead film (anisotropic).
All of the structure seén in the foil results is split due to
the double gap in an anisotrépic_samble of lead. The calcu-
lation is based on 2 splitting in 24 of 5 em™? and the phonon
density of states derived from the foil measurements. All
~of the phonon.structure seen in the experiment is predicted
by the calculation but weakly. It is concluded that the
Phonon structure is sharper than is indicated by the foil

résults. Peak X is also split.



“r
his

A9YIN3I
o 00! 08 09 oy 02
) [ T | | I J

[+

tla
&
I>
x_
&
s
o
3
[ =4
3.
@

wo —K
.............. NOILYIND VS '
INIWINIIXI
YRIFECER
1 I |
AW 2l ]| 8



P
wn

appropriate gap. The dashed line Is a calculation o

iy

expected spectrum using the density of states derived from
the foil measurenments and adding together contributions from

the two gaps.
(55) S"‘OT L( ) =5 (“""'—7) h S [U,«--;)

All the phonon structure visible in the experiment is
reproduced by the calculation, although weakly. Peaks A,

B, C, D, and G appear split while peaks E and F combine to
.'produce the small peak at 80 cm-1l, The value of the larger
gap, 2A2=22 cn-l (2.73 meV), is accurately deternlned by the
position of peak C»r. Best overall agreement between the
expeégm;nt and calculation is obtained with 251=17 em”? (2.11 meV).
The absorption edge at the gap shows weak structure consistent
with this figure. However, this value for 284 glves a #x
splitting (2&2 2A ) of 5 em~1 (0.62 meV) which is somewhat
higher than the maximum value of 3.5 em~1 (0.43 meV) observed
in the tunneling measurements of Blackford and March (1969).
Also Peak A only seems to be split by 3.5 em~ 1. Thus the

~ value for 247 is somewhat uncertain Peaks Al and A, appear at
a slightly lower energy than predicted by the calculatlon anda
correspond to a peak in the phonon den51ty of states at 19 cm-!
‘'rather than 20.5 em~! as in the foil results Since the
position of peak A is determined by the effect of the energy
gap on the phonons the downward Shlft is to be expected as the.
average gap in the double gap system is lower than the single

gap in the 1sotrop1c case. The results would suggest an

average gap.of 20 cm~! (2.48 meV) which seems reasonable,



The results for this sample can therefore he

explained reasonably well on the basis of contri

0% the density of states derived from measurements on the
isotropic foil, in which only a single gap is apparent. This
would suggest that the structure in the density of states is-
in fact not being fully resolved in the foil measurenments,
and that, 1in particular, B and D are in fact p*onounced
peaks rather than shoulders on the 51des of the main transve erse
peak. In the case of B this is consistent with the neutron
data and Coultha:d's'calcufgtions of thelﬁunneling density
of states.

Peak X appears split in the £film measurements
(30 and 35 ec=~1) and at a lower energy than in the foil
(37 em™1) in the same way as peak A. This would indicate
‘that it is in some way associated with the energy gap but

its origin is not obvious.

3. Comparison with Strong Coupling Théory

The simple theory discussed so far has two major
drawbacks. Firstly, the anomalous skin effect has been
ignored and, secondly, the superconductor has been treated
by BCS theory. Neglecting the non-local nature of the
electric field is expected only to introduce errors that are
smooth functions of frequency an& so have little effect on

the derivatives of the absorption. However, strong coupling
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cerrections to the theory of supercorductivity‘can be cxgec:ed‘
to give additional structure due to the influence of the phonon
spectrum on the electron self-energy. The second drawback is
therefore nmbre sericus.

Both the limitations have been overcome in the
calculation by Swihart and Shaw. Unfortunately the calculation
was not.carried out 1n sufficient detail to permit a comparison
with the experimental derivative S'(w). A comparison is
possible only for the undifferentiated daté, which is a far. ~

less sen51;1ve test. This is shown in figure (12).

\r

N2

The experimental curve is S(u)= l+n(AS &N) for a
pure lead film. The calculated spectrum is the ratio Ag/Ay.
Thesc are, of course, different, but have the sane general
behaV1our,g§cept near the gap frequency. At high frequencies
bo;h quantities approach 1 and the phonen structure, coming
Primarily from Ag, 1s the same in both. Below the gap S(w)
goes to 1-Ay(w), whereas the ratio goes to zero, so the two
quantities diverge; but the ratio is the only curve cﬁ?rently
available for comparison to the exberiment.

Bearing in mind that the two quantities are different,

it can be scen that the calculation agrees well with the

‘experiment throughout the region-25 to 190 cm™!, although no

reliable experimental data are available between 105 and 125 cm™!
The calculation shown here is for the case of diffuse electron
Scattering at the metal surface. The case of specular

reflection gives results that are similar but with stronger

phonon structure and in poorer agreement with the experiment.

i

l\‘

K
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FIGURE 12
Results for a lead film (not'differentiated)
compared to the full strong coupling calculation of

Swihart and Shaw. The measured and calculated qQuantities

are different but have the same generpl behaviour, <A~

) . L2
1 eml discrepancy is noted in the po?&tion of the phonon

peaks but otherwise the agreement is good.

%
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There is Still a discrepﬁnc? in the position of the phonon
peaks, -but of only 1 em™1 here, rather than 5 cm™! as in the
simple theory. This calculation is based on the tunneling
data of Rowell and McMillan which give phonon peaks 1 em™i-
below those found by neutron scattering. Therefore, combi-
nation of the neutron mcasureﬁents and these far infravred
measurements would indicate that the frequencies measu*ed

by tunne11ng are too low by 1 cm 1,

4. Indium
'‘Direct absorption measurements were performed on
indium evaporated onto a brass foil. A background was
supplied by measurements of a polishgd brass foil performed
the next day. The results are shown insfigures (13) and (14)
compared to calculations based on the neutron and tunneling
densities of states (Rowell and Dynes 1971). These densities
of states are shown in figure (IS)f The main factors visible -
in_the experiments are a transve;se mode_(Tl) peaking at 65 cm‘l,
a broader transverse mode (TZJ be&ween 80 and 110 cm'l; and
the longltudznal mode (L) at 135 em’l, A shoulder is
apparent on the low frequency side of the T, peak at 50 cm 1.
These features are qualitatively reproduced by t;e calculation,
Quantitatively, the agreement is poor though somewhat better
for the neutron case than the tunnéling case. - 3 |
In.;rder to obtain agreement in the frequencies
of the rransverse peaks the calculated curves have been

shifted to higher frequency by 13 em™~1 (1.61 meV) but evem




FIGURE 13

Direct absqrption measurements 6n an indium
film. The calculation, Ali::;f’zﬂghqy with the density
of stafes from neutron scattering, predicts qualitatively
. the two transverse and the one longitudinal peaks as well -
as the shoulder on the l;w frequency side of the first
transverse peak. The calculated curve has been rshifted
to higher frequency by;IS em”l, An additional shift of

5 em~L is needed for the longitudinal peak. Extra

structure is seen at 20 and 160 em !,
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FIGURE 14

The same results for indium as in figure 13
compared to a calculation based on the tunneling derived
density of states. The calculation has again been shifted
by 13 cm'l. Thé agreement is not as good here as when the

~neutron data are used.
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FIGURE 15

.
-

The phonon density of states of indium as

found by tunneling experiments and by neutron scattering.
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this large shift is insufficient for the longitudinal peak.
This large shift is surprising.- Indium is a much weaker
coupling matéerial than lead so it would be expected that[
the simple theory would work much better in the case of
indiun. This discrepancy is discussed further in section 8.
Additional structure in the experiment, not even qualitatively
reproduced in the calculation, are peaks at 23 and 160 cm~1.
The apparent splitting of the Tz peak is probably noise; the

small ripples above 190 cm1

certainly are. The peak at
23 em”? may well be the same feature as the mysterious peak X
in lead; it is certainly too low in frequency to be

attributed to a peak in the phonon density of states.

S. Niobium
| Results for a'niobiuﬁ film on a copper substrate
are shbwn in figure (16). The calculated curve iS based on
_the neutron denéity of states (Nakagawa and Woods.1963). No
tunneiing densgty of states is‘availgble though phonon peaks
have been observed in tunneling junction characteristics
(Shen 1972a) in rough agreement with the neutron data.

.There is considerable noise on this spectrum so it
is not certain wflich of the smaller peaks are real buti the
main transverse-and longitudinal peaks, at 172 and 236 em™ 1
respecti#ely, are clear. Here the calculation  has been
shifted to higher frequency by 23 cm (2.85 meV). Again there
is a peak, at 90 cm"l, which is too low in energy to be caused

directly by phonons.



FIGURE 16 S .

Direct absorption measurements on a film of
nicbium., The high noise level makes the smaller structure
uncertain but the main transverse and longitudinal Peaks
are clear. An additional broad peak is-seen at 90 cm !,
The calculation uses the neutron derived density of states

and has been shifted to higher frequency by 23 cm°l,

Iy
e e ————
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6. Mercury

Reflectivity measurements were performed on bulk
samples of mercury by placing a pool of the liquid in a hemi-
spherical cavity and then freezing. This technique provides
only a small number of feflcctions off the sample so the
absorption is weak.® The results are shown in figure (17).
The large peak at 14 cm"l is due to thg energy gap. The
calculation, based on ugF calculated by McMillan and Rowell
(1969) from experiments by Bermon and Ginsberg (1964),
predicts ;he‘peak at 29 cm'! with a shift of 1 em 1. The

source of the slightly weaker peak at 21 em™? is again

unclear.
7. Nb.Sn
< ‘Absorption measurements werc made on a commercial

ribbon of NbSSn vapour deposiﬁg? on stainless steel. The
rEsults are shown in figure Ela) compared to a calculation

‘using the density of states
1

nd from tunneling by Shen (1972b).
-The peak at 340 cm™* is due to the energy gap (24=36 em” !

= 4.47 meV) and the broad peak at 95 cm"l can be identified
with that seen in the tunneling data. There is no evidence
of the peaks expected at abou; 160 and 230 cm'l. Little can
be concluded from these results since th f;urface of the
spméio is obviously of poor quality.’ﬂ@fﬁn-Shen's tunneling
experiments on this type-of sample the enérgy gap is found
to be considerably lower than the bulk value, although the

transition temperature of the ribbon is high (17 X). This is

-~



FIGURE 17
~

. Reflgctivity results for merc ?§§& The large
peak at 14 cm ! is due to the energy é‘:. he peak at
29 em™! can be attributed to the peak in the phonon |
density of states. The calculation is based on tunneling

data and has been shifted up in frequency by 1 cm'—z. The

origin of the peak at 21 cn™l s unclear.
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FIGURE 18

Direct absorption results for a commercial

, Nbssn foil. The peak at 4&?cm "1 is Que to the energy
gAD. The calculation. based on tunneling data,
predicts peaks at 100, rﬁo and 240 cm"l,. only the one

at 100 cn,l is observed.
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taken as an indication of free niobium at the surface. Since
the tunneling produced no'phonon structure at all in these
poor samples these results show considerable promise of
significant measurements on NbySn when better samples beeome

available.

-

o

8. Brenkdown of the Simple Theory -

: A
Allen's theory for the absorptivity gives results

EP“ are qualitatively correct but quantitatively poon.
However, the errors involved are largely smooth functions of
frequency so;thet the thgory predicts quite well the deriva-
tive of the absorptivity, except for a shift in the ‘observed
;phonen frequencies. "Errors of this kind are not surprising
in the case of a strong coupling material like lead but the
simple theory was expected to be much better for weaker
coupling materials. v

Figure (19) shows a summary of the experimental
, results. The shift in observed frequhﬁcy from that expected
on the basis of tunneling and neutron data has been plotted
versus the strong coupling parameter, ZA/kT The frequency
shift has been normalized to the Dedye frequency. There is
considerable scatter in the points,. largely due to dise*reement
between tunneling and neutren data, but the: generel trend is
clear. Contrary te expectation, the theory works best fer '.‘._5
the stronger coupling materials. That is, the frequency
shift is smaller the more the parameter 24/kT departs from
" the BCS value of 3.5, o .




FIGURE 19

'The differonce betweoen the observed positions
of the phonon peaks ﬁnd the poﬁitions expected on the ba;is-
of Aligg)% theor} and phonon froquencies” determined by

tunneling and neutron scattering experiments is plotted
versus the strong coupling parameter 2A/ch. The shift
is normalized to the Debye frequency. The shift is
smaller for the eronger coupling materials and so cannot
be’atyributed solely to the assumption of BCS supefcondug-
'tivity. Much of -the scatter is due to disagreement

betwWween the tunneling and neutron measurements.
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The failure of the theory to give the correct
frequencies cannot, therefore, be entirely attributed to
the assumption of BCS superconductivity. It must, therefore,
arise from the ;ther weakness of the theory, the neglect of
the non-local nature of the electric field. It is not easy
to see how this comes about; but granted that the eoffect is
there, it can be understood why it is worse in the case of
the weaker coupling materials from the following.

“The expression for the derivative of the absorption

in the superconductor is (equation (52))

2
d Ag(w) = 4728 o F(w-24)
EE S ww T

P
w=24 »
411‘ 2 l_kz
X3 de o, F(Q) [QE(k) + 22X (E(k)-K(X))]
wp tr 2
o

In the casc of lead the first term is larger than the second

/,__l"\

by a factor of fiye or so and there is falrly good agreement

with“experiment. "In weaker coupling materials th

A

term becomes more impo:ttnt and agreement with experiment
deteriorates. Tbis is~to be expected since the second term -
is similar in form to the expression for the absorptivity

(equation (47) -
w=-24

Asfu) - %&_ | dn(w-n)uirF(u)Btk)

P
0

.which does not agree with oxperiment very well (Allen 1970),



A measure of the relative strengths of the first and second
terms is the ratio of their coefficients, ?% . The larger
the ratio is the more importgnt is the second term and the
more severe is the expected error in the calculation of the

derivative.

As a test of this argumen the normalized /
frequency shift is plotted versus huw in figure (20). Again
there is considerable scatter in tgg points but the géncral
trend is in the expeéted direction. In fact, the points
Tepresenting neutron results fall within 25% or so of a
straight line. The line drawn is a least squares fit to

af{ the data points,

{7
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FIGURE 20

The\normali:ed frequency shift versus the
reduced frequency %w/2A. The trend is in the expected

direction. The straight line is a least }quares fit to
the data poiht;. -

I
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CHAPTER V
CONCLUSIONS

This work has dcmonsiz&igﬁ the applicability of
far infrared absorption as a probe of the electron-phonon
interaction in superconductors. The results are most
complete for(lead. the system most easily investigated
experimentally and the only one for which calculations
have been carried out taking into account both the anomalous
skin effect and strong coupling superconductivity. It has
been demonstrated, however, that the full theory is not
strictly necessary,that the simpler; and more generally
applicablé, theory due to Allen is sufficiently accurate
to be useful in intarprqfing the experimental results.

Using the simple‘theory as a guide, the experimental
spectrum for legd h:;}bedn inverted to yleld a phonon density
of states. This density of states differs from that derived
from superconducting tunneling experiments 15 two ways.
Firs;}é, the main phonon peais are broader than indicated
by ,the tunneling results. This is prpb@ply due to the
woaknesses of the simple theory. Secoﬂd}y. the density of

states dorived here contains congiderable

structure not

ovident in the tunneling measurements. Most of this structure

is, however, contained 1n.the daniity of states derived from

S
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2 inclaﬁtic neutron scattering and can, therefore, be believed.

| In particular, a peak corresponding to phonons of energy

\\Eose to the superconducting gap cne*gy 24 is taken as direct
evidonce of the influence of the superconducting transition
on the phonon spectrum. There is a 1 ep-1 discrepancy in-
pﬁonon peak energies between the neutraen and tunneling densi-
ties of states. Again this work agrees with thé neutron
results, -

Strong pheonon structure has also beoﬁ found in two
weaker coupling sufcrconducto;s. indium and niobium. Here,
surprisingly, the simple theory seems less applicable than
in the case of lead. The breakdown of the simple theory
manifests itself primarily as a shift in the positions of
the phonon peaks. A partial explanation of this breakdown
has been preannted and a systematic variation in the shift
from material to material has been obsorved. This empirical
Telationship between the frequency shift and two material
parameters, the Debye frequency and the energy gap, should be
usoful in the study of new materials, enabling @he y .
frequoncies of phonon peaks to be established with;ﬁ a few
percent, despite the breakdown of the theor& T

) These results. llong with wenke: ev{dence of phonon
- Structure in mercury and NbgSn, indicate that goenersl
applicability of the techn}que is to be expected as experi-

mental methods a:e'improved.



APPENDIX

/

An inherent problem in Fourier transform
Spectroscopy is that the noise is transformed along with
the signal. Thus, unless the noise is "white'", the noise
level will vary across the spectrum mnking it difficult to
decide which structure in the spectrum is roal and which is
due to noise. Real structure in one part of the specgrum
may be dismissod as errontous”because it is smaller than
what is obviously noise in another rogion of the spectrum,
Alsernatively, a noise source may be persistent and-of g
woll defined frequoncy giving rise. to an erronoous peak, on
an otherwise quiot spectrum. which is reproducible from scan ‘A
to scan, Confusion may also occur i§ there are noise sourcos
thut‘primarily affect the region of the interferogram clese
to the zoro path difference position. These can give errors
in the spectrum thst v:ry slowly with frequency, producing v

a large overall noise level, while sharper and much smaller

structure evident ‘in the spoctrum is in fact real.

<

Of primary concern in these experiments are noise

‘fources that givo cscillations in the spectrum of period

-

comparlble to the width of the phonon pelks. 30 to 50 em 1.

» .
o 65.
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However, much sharper noisb\gfn be important when, as in lead,

the phonon spectrum has fine structufe. Also nolse sources
that add a smooth bnckéround to the spoctrum can indirectly
give structure that may bo ccnfused'with the phonon spectrum,
This is because reul but irrelevant structure in the spoctrun
will not divide out when a ratio is tokon of two spcctrn,
cach with u different orroneous background. ‘
) ?n soctions 1,2, and 3 the cffects of the most
important sourcogzof nolse are discussod," In soction 4 the
method of averaging many spectra to minimize the noise is
sdescribed, An estiﬁnto of tho total noiso oxpocted on the

final spectrum is quotoed in section 5. . .

1. Electrical Noise

Rnndom olectrical noiso is always.present on the

intorforogrnm to a lovel of at least 100 nV RMS. About half

_of this can be attributed to Johnson noiso from-a 5 mogohm

bias resistor at room. temporature. The rpmaining 50 nV of
noiso is duo to a variety of sources that can be minimized
but never complotely eliminated. Theie'includo poor-di;ctriéal
contact to tho detoctor mechnnicsl vidbrations of dotector
loads, and noise. inhorent“in tho morcury cells usod as a .
bias _voltage source. S
Typically signal strengths are 0.1 to 1 mV so0 tho ~
olectrical noise 1ovol on tho intorforogram is about 0.1%,
Since this source of noiso 1: ossentillly rnndom its effoct
on the apoetrum is again random noise,.acrosl the whole spectrum,

{ - : - : - .
. A - e e
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of about.0.11. This can be further rcduced by averaging of

many spectra and is the lcast problematic source of czror.

2. La%p'Fluctua:ions
| The light source uscd in these experiments, the
_ Hé arc lamp with.a quartz envelope, échs greater intcnsity
below about 250 ‘¢cm™! than the glew bar or tungsten filament
which arc-also used in infrared sources, but suffers the
disadvantage of instability. The fnstability is not random
but usually takes the form qf sudden fluctuations between:
two relatively stable levels of inécnsity. The- noisc on the
interferogram is then an irrcgﬁlar square wave with a period )
10 to 100 s. Since the interferogram is usually sampled at
oﬁc data point per sccond the primary effect of these
fluctuations is on spectral components below 20 em”l, but- the
rapid transition from one level to the other causes nd{sc
"across the whole spectrum. The size of the intensity fluctu-
ations varics from lamp to lamp, and even f;om day te day with
the same lamp, being at best 0.1% of the total intensity and
frequently 1 or 2%,
Noise from - the lampfinstaSility is to a large
extent climinated by the double beam operation of the inter-
ferometer. The double beam system, hpwcver, has iwo major
drawbacks. Firstly, using half the light intensity as a
reference beam reduces the siﬁnal size by-a'factor of two.
A further reduction is caused by the waveform being no longer
a squarc wave and by the shadowing cffect of the chopper shafe.,

The total loss in signal is then about a factor of three,
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whereas the ¢lectrical noisg level remains cons:dn:; Double
becam operation i{s then only uﬁcful 1€ lamp fluctuations are
the dominant source of noise by at lcast a2 facter of three.
The second drawback is that the lhmp fluctuations
are not eliminated in the region of the intcrfcrog?am near
zero path difference where the net signal is coﬁpa}ablc to
- the total =nignal. The cffect of noise in this region of the
interferogram is to give smooth oscillations across the
spectrunt while leaving the details of fine structure relatively
unnffcctcd: The double beam opcrn:ioﬁ, then, while useful
for measuring finec structure in the phonon spectrum, still

permits large crrors that influence overall spectral shape.

3. Stepping Errors

. Ideally the interferogram should be sampled at
equally spaced intervals of path difference. ‘Also, if
clectfonics with a significant time constant is used to aver-
age the sfgnal, the sampling should occur at ecqually spaced
intervals of time. Thcroriginal drive in the Michelson
interferometer employed a lead screw and nut driven continuously
by a synchronéus motor through plastic gears. Such an
arrangement inevitably led to "slip-stickTmOtion'and a highly
variable velocity. The tipc between read pulses produced by 
2 Moire fringe system varied by 10%. This timing error is
equivalent to a position error of comparable si:ce.

' Conversion to a stepping moter system rated for

sﬁecds up to 300 steps/s ;cducc& the timing errors to less

than Q3% with a stepping interval of 1 s. This then left

/
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position crrofs duc to the stepping motor of 2¢/step and due
to the commercial drive stage of about 1%/step. Thus, the
—
~Expectod inaccuracy in position on a 500 cm*} cutoff run is
y ~
1.5%.

The offéct-of.this residual error on the spectrum
chn be seen from the following calculation. Consider an ideal
double sided interferogram V(x) sampled at path diffcrence

~points equally spaced 4x apart., The true interferogram is
"then a set of points

-

Vn = V(n&x) ne -N, ---, 0, ---, N
Fourier transforming gives the truc (complex) spectrum
+ N
e v a-imnk/N- ,
(1) - Z«V_ e kK ® N --- +N.
Ak n-'N n . ' ~
- and the invcrsg Fourier transform

(D) Vy o= oy T i wmn,
n N+ N)\mc

me -

Suppose that stepping errors cause the actual

position after the nth step to be nbxtdxn then the actual

interferogram is, to first order in dxn/Ax -
' dav
- n
(3) Vn Vn - —= dxn
p
with the Fourier- transform
' N ' -imnk/N
(4) " A = £ ye-i™
k ne-N B

Differcentiating equation (2) with TCSpeCt to Xenix



. d‘l' - N dx : f
(5) 2dx, = ATz mg SXn iemnyN
ax no IRT me-N N ™ TTx ¢
and suSstituting cquations (1), (2), (3) and (5) into
cquation (4) -
(6) ’ Ak - Ak * dAk
‘ - N N dx
iw ‘ ,
(7} A s ey I BA. I B e-imn(kem)/N
k N m-‘N N = n-'N “wX
Assuming for Eimplicity that the truc interferogram is
perfectly centered then A-n'nq'lﬁml and cquation (7) becomes
a ,
() ea = Iy T Bl P ¥ imm(em/N-imm(kem) /N
i oneo P pely EX

The amplitude spectrum calculated from the actual interferogram
is

: ' v ! ' EAy + SA_
(9) 1ALl = [ALAL 17 2]A ] (1w 22K k
| A

k=0,1,---N
Thcréforc, from equation (8)

o - Nooodagl
O I d = Al gy 1 2 o] Feen  Erenl]
‘ - \ X -

-

where E is the sine Fourier transform of the stepping errors

N dxn : o ins
11 E, = I ~—— sin(Tin
(an ey - Do tin( -~

Figure (21) shows the effect on a spectrum of

stepping errors randomly distributed on the interval £10%,

calculated according to equation (10). This is an extreme

example but serves to demonstrate the smooth background that

-~



FIGURE 21

The effect of stepping errors on a spectrun.

The size of the errors in this calculation is extreme

but the graphs demonstrate the kind of structure that

is introduced into the spectrum by random stepping

errors,

AN
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that is added w0 the spectrum in the presence of random crror,
The magnitude of the background {s about 5% of the peak

intensity so that even in the more realistic casc of a 1l or

© 2% orror the effect is significant.

Figure (21) also sﬁows the ratio qf thc-snpc spectrum
with the two different sects of random crrors present to the -
level of 10%. The region of the curve above 100 cm’ ! clearly
shows that the stepping errors can give structure in the

spectrum of width of the order of 50 cm™>. In a morc_rcnlli:ic

caso the structure would be reduced by a factor of 10 but

even so would be significant in relation to real, phonon'

induced, structure. -

N
4. Signal Averaging

~ The signal to noise ratio on a single fast scan
could be ‘improved by as much as a factor of 10 by signal
averaging, the limit being sct‘by the time available before
the He® or Hcg ran out. |

Signel averaging can take the form of scanning -

slowly with a long time constant or averaging together many
fast scans., If the noise is purely rﬁndom the two methods
arc almost cquivalent but the former is inappropriate to both
lamp fluctuations and stepping errors. ~This is because the
lamp fiuctuations are of period much longer than a time
constant qnd, obviéusly, the time constant has no effect éﬁ.

the positicnal accuracy of the mirror drive. Ny

The averaging together of many scans is, therefore,



the preferred technique but has the inherent difficulﬁy that
the noisce on amplituéé-spcctra wiil not average o :tcro _but
to its RMS value. This can be .shown as follows.

The sine and cos{ne cocfficients of a double sided
transform can be represcnted as a two dimenslional vecter S(v),
for cach_frcqyén;y v. This vector will be the sum of the

_ vectors representing the true spectrum, ST(u), and the

noise, N(v).
(12 36+ 500 « N
Thc'avoragc of many ampliFQdc spcc:r; is‘then
(13) <I3()]> = <|510) + T ]>
Expnndlﬁz cquation (12)

_:q +* N2]H>

S <dEmls

. <[S§ ¢'2§
(14)

T

(esp? = 28N + N%>]7

The approximation is valid i{f the noise is small.

-
"

Thus
(15) <|§(J§|> - [<S%> + 2<§T-§> + ~:I~«Iz>]l:I

The first term on the right hand side of equation (15) gives
the true spectrum, ST(U)'- Since the angle between §f and N
will be random, the second term will average to zero. The
third term, however, fs strictly posisive and will average
to the mean squarc value of the noise, '

One wishes, therefore, to average the scans before
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taking the modulus

[<S(v)2] = [« (v)> » <K (v)3]

This i accompli:hod by .the followlng procedure.

For cach scun, first S(v) is determined from the
sine and cosine cocfficients of the full interferogranm. -A
noise frce, but low resolution, cstimate of the phase of St (v)
is then made by transforming a few points on either sidc of
tho central maximum. The assumption here i3 that the phase
of ST(U) fs a smooth function of frequency., The vector S(v)
is then rotatc¢ through an angle equal to the phasc of S?(v)
so that the contribution of ST(v) to. S(v) is at zero phase
for cach scan. The scans can be added together vectorially and,
lastly, the modulus taken to give the amplitude spectrum.
S{nco 8 vector, rather than an algebraic, average is taken,
the noisc will average to zero after many scans.

This technique is similar to that developed by
Mertz (1967) for the phase correction of single sided trans-
forms but no assumption has been made concerning tﬂé symmetry

of the 1ntérfcrogram.

S. Total Noise -

Each of the throo sources of noisoc is oxpectod to
give a noise level on the derivative of a single spectrum of
about 0.001 cm. (The specfrum is taken to be dimensionless
and of the order of 1. The units of thc dorivative, with the

1

energy measured in cm™*, are then cm.) The electrical noise
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Is expected to be cssentially white but the other two sources
are expected to give oscillations across the spectrum of
period of 30 cm:? and longer. When these are combinced and
account takoen of averaging, typlecally, 25 scans and of taking
a ratio the final noise level expected on the derivative is
0.0005 ¢cm. The ohserved structure in niobium,for instance,
has an amplitude’ of about 0,003 cm, giving a signal to noisc
ratio of 6. This {s consistent with the noisc level observed
in figure (16), although the noise is t upY formly distributed
across the spectrum,

' In the case of lead the structure is stronger by a

factor of 10 so the noise lcvoi is 1 or 2%.

<
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