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evaporated lead thin films 'in order to determine the 
/ .  - - - 

superconducting energy gap and the critical tempe$ature. 

The energy-gap me ureme3ts-were performed using $= . , 

. FourierzTrahsfom speCtr6scopy over the energy region from 
1 

- - ' 
-.- 5 to 100 c5-? ~ransmission measurements were made while . 

the film was in the supercoaducting and nohal states.. The 

ratio of the superconducting state transmission to the -- - -- 

normal s G i e  transmission was obtained for various sample ' 
. I' 

- thicknesses. The critical temperature was determined by 
- 

measuring the resistivity and magnetization as functions of - 
- . -  I 

temperature. 

-% The film was modelled as composed of small grains . 
- - - --. ---- - -- 

with di f f e r 6 h t g G  e i k G r e i T ' h e  eliperimentally observed 
s 

transmission spectra were modelled as due to a combination 
-- 

of'transmission through the grains and transmission through 
L 

gaps between grains, with the gaps between the grains- . 
; acting as wave guides. The theoretical model incorporates ' 

- 

the s'kin effect for normal and superconducting metals in 

the extreme anomalous limit (penetration depth << coherence 

- 
% 

ii'i , 
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The value o f  the c r i t i c a l  temperature fof all 
1 

- % +  
i -- - - - - 

i samples except one agreeli- with the l i t era ture  dl& within 
k' 

I 

- uncertainty ' l i m i t s .   he model did not g i v e  good 'u 

P 

I) * .  
-- - 

quantitat$ve 'agreementf7 with 'the observed spec% but did , - 

g i v e  qua l i ta t ive  features which agreed with the observed * -  

! i s - 
spectra.  
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- . .. . -  Cha~ter 1:-.Xntroduction and ~lstaricai Backumund - 

, - I '  - -- -- --- - / 

- i 

The ~ubject of this thesis concerns the mea.~ur_ement 
* . -  

of y e  super&?ducting energy gap- of contalginaked lead 
' i ( CI 

'films using'the experimental techniques af far-infrared 

, - \  'spectroscopy. Measurqments ot the superconducting critical. 
* \  

c- 
--- 

temperature were also perfo&ed-and the results of which 
- 

- -. 

- are included in this thesis. The ratio of 
t 

where Ais the superconducting energy gap, kg is the - 
~dltzmann constant and-T, is the critical temperature, 

provides a rneaspqe of the,electron<phonon coupling 

strength. .= 

A. History of far-illfrared spectroscopy of lead thin f i l m s - - - - - -  

The theory developed by Bardeen; Cooper, and 
* ,  

schriefferl hereafter referred to as BCS theory 

introduced an energy gap @ammeter to describe t\e pairing 
+ 

'-s r ,  
1 

of electrons in the ground sta'ie. The gap energy 1s the ' 

minimum energy needed to split a pair of,electrons and to 
I 

cause them to behave as tvnormalvt electrons-he excitakion 

energy can be either, thermal or electromagnetic in natire. 
- -- - -- - 

f 

The gap is largest at T=O and decreases to zero a l - t h e  

critical temperature. 



f 

- 

- - - - - - -- - 

Tho foundations ob far infrared spectroscopy on 
-- 

srrpercmdmztflrg r n ~ ~ ~ s  were dweToFedW Tinkham and , 

co~orlters~-~. Tho majority of the: work involved 
v I t 

transmission and-reflection measurements on thin films 

'except for the work of Richards and   ink ham^ which 
measured the,energy gap-in bulk s8mp?es. From the - - . . 

k 

transmission and reflection data, Tinkham and coworkers 
4 '  ' I  

-- 
developed methods to calculate the real and imaginaiy parts 

of the complex conductivity. This author adopts the 

convention of Ginsberg and g ink ham^ and the convention of 

carr6 ,et. al. in defining the comxex conductivity as 

J 

with a time dependen& of ;he electromagnetic fieid of the 

form- 

The complex conductivity is related to the complex 
- dielectric function by 

1 

It is from the coIRpfex dielectric -- function th -- i 

. . properties, such as the absarption m f  f zciont ,a - - - , 

calculated. The real and imaginary parts'of the complex 



conductivity are related to each other by the 

. 

Mattis and ~ardeen* have derived expressions based 
d 

- - 
on BCS theory for the real and imaginary parts of the 

complex conductivity for both normal and superconduc.ting - 
. - -- * * 

metals in the extreme anomalous limit. G o ~ d  agreement- 

\ above the'energy gap was obtained-between the 
2 

experimentally determined complex conductivity of Glover 

and  inkh ham^ and Palmer and   ink ham^ and the - 
- 

- - 

expressions derived by Mattis and Bardeen. However, 

 insb berg and  inkh ham^ and Richards and   ink ham^ saw 

evidence of a precursor structure below the energy gap in 
3 

I .  

the real part of the complex conductivity. According to 

the Mattis and Bardeen calculation at T=O, the real part of 

the complex conductivity is infinite at zero frequency and 

zero at finite values for 

frequency. ,The precursor 

2 
the frequency below the gap 

C 

structure su@jK6tspthat there are 
- -- 

absorptive processes within' tbe energy gap. 
- ) "  

Palmer and  inkh ham tried to determine details of this 

3 



P * -- 
- - -- - - -- - - 

- ~ r ~ r  but feuad pi3 e ~ ~ ~ f  
P -7 - 

of the magnitude reported by  insb be 
I * 

a s  calculated the energy 9ap for lead in the strong coupling -. 

case and found good agreement with the value oi the energy - 
gap measured by Palmer and Tinkham. 

r 
- 

More recent work on far-infrared spectroscopy of 
- - 

superbonducting films has been performed by car&' a, 
a;L. who observed anomalous behavior of theiralead fjllmsf 

They observed enhanced absorption compared with the 
<= 

prediction of BQS in the superconducting.state at - - 
frequencies - around and just below the gap freqtiency. They 

interpret the enhanced absorption as indicating that the 

real part of the complex, cqnductivity for the a . +  

superconducting state is greater than the real part of.the 
'. - 

copplex sonduckfvity for-the normal state. The-enhance-d . - 
absorption was limited to films with DC sheet resistances 

greater than 50 ohms-per-square. ,For films with lower 
f 3 

sheet resistance (greateq thicmess), ordinary BCS behavior 

was observed. 

The superconducting energy gap of bulk metals and 

alloys was measured by Richards pnd  inkh ham^ and by 
I 

Leslie ana ~insber~ll using far-infrared - radiation------p 

incident on non-resonant superconducting - - cavities. They - 

- - -- -- - 

determined tkeir absorption edges above the'energy gap from 

-. 
the difference between the surface resistance - ~ 3  the cavity 

+ 



Richards and Tinkham and-~eslie and Ginsberg observed that * 
' 

.the -- onset for absorption as predicted by Mattis anp Bardeen - 

was much more gradual than their bxperimentally observed 

absorption edges. ,/ 
In the superconducting state;. the extreme anomalous 

limit is valid only if the penetrat'im depth is mucPl'less 
Ca 

* than the coherence length. This, is 'known $S the Pippard 

limit. If the coherence length is much less than the ' 

penetratcion depth then the corresponding limit is the 
1 

London limit. Also for ouperconductors, if the mean free- 

path is not much greater than tKe coherence length then the 
& 

superconductgr can be called a "dirtyw superco'nductor. 
- - 
.The1 BCS value for the coherence length for lead3' is 820 

a 

Angstroms. The. ohservedxalue for khe London4enetration . -  - -- 

depth at ,T=O K for lead37 is 390- Angstroms. Hence, the 

ratio of the coherence length to the depth for 

lead is approximately 2.1. Although lead does not strictly- 

satisfy the condition for use of the extreme anomalous 

base, the use of the extreme anomalous limit should be more 

nearly valid than the use of the London limit. 
- 

One need not be confined to the extreme anomalous 
-- - - - -- - - 

.limit in order to calculate the complex conductivity. 
- -- - - 

I,eplae12 writes the real part of the complex conductivity 



for a superconductor in .terms of the normal state 
' 

conductivity and uses the Kramers-Xronig relktion 

to calculate the imaginary part of the complex 

conductivity. If one assumes that the normal state - - - 

-- 
conductivity is constant, the Mattis ~Lrdeen anomalous 

limit is returned. Another form for the mormal state * - - 
conductivity wobld be the Drude form . - -  - 

, Go 
ON (a) = 

(I  - ior) - 
-- 

~areckil~ et . a1 . have used' this procedure for modelling / 

their data on the far-infrared transmission of the strongly. 
1 - 

coupled superconducting NbN thin films. 
7 

B. Original motivation f0r.th-i~ research 

f ,measurements on lead and lead-bismuth alloy thin films in 

order to determine the energy gap. We were-interested in 

comparing the energy gap value of Dynes ancEdowel1 with - 
3 

that determined by far-infrared spectroscopy. Then we- - 
attempted to grow', characterize, and measure w 

spectrkopically thin films bf lead-bismuth alloys with 

the goal of determining the.superconducting energy gap. It 
-- - - - - - - - 

was found however that the unalloyed lead films that we - . 
- -  - ---- - -- 

were growing as a starting point warranted sufficient need 

of investigation so as to compose thepresearch of this 

thesis. 



The films were deposited by thermal evap&tion of 
- 

pure lead from a tungsten boat.  he typical pressure 

inside the evaporator was 2x10-~ torr during the 

_ evaporation. The pressure was measured with a vacuum 

ionization gauge17. ' The thickness of the-sample was - - 

measured using a digital thickness monitor1* which - 
employed a water-cooled quartz crystar. 

- -- 
- 

- - 

- I 
The substrates used were fire-polished sapphire 

. . 
platelets for the critical temperature measurements and 

wedge-cut sapphire discs for the optical measurements. The 

sapphire' platelets. were approximately 1 cm2 in area and 
..- - 

/ 

had their corners removed in order to facilitate their 

rnaunting for the-crit-gal-temperature measurements T-The------ -- 
/' 

sapphire discs we=/l/2 inch in diameter. 
, ---. / 

At ,thidoint-this author cannot stre& enough the 
,// 

- 4 
importance of substrate preparation and substrate 

temperature d u h g  the evaporation on the, film quality. A 
- 

film of high quality can be viewed as satisfying two w 

criteria : 

a) the film should be electrically conductive; 
a- 

- - -- +-L- - - 

b) the film should have a thickness which 4s 
- - - - - 

. comparable to the skin depth. 

If the film is thicker, transmission measuremehts become - 
\ , - 

d 



impossible. It was found that high qualify films were free. 

-of large microcrystals. The large midrocrystals tendeeto 

, A 

give the film a cloudy appearance as opposed to a shiny 
- 

appearance. It was also found that high quality films was 
\ 

composed, of ?any small (on the order of a micron) grabs. - 

The cleanliness of the substrate was found to have a. 
4 

profound effect on hhe quality of thefilm. mis author 
\ 

adopted the guidelines from "Thin Film ~rocesses~l~' 

concerning the chemical etching of insulators and 
- 

d$eZectric$., In swmaryh the sapphire wedge-at discs and - 
? 

sapphire fire-polished platelets were first ultrasonically 

cleaned-in acetone and then' in ethanol in order to remove 
A 

- 
oiganic impurities. -The substrates were then'boiled in 

d - 

\ 
t, aqua regia and then in a mixture of 85% phosphoric acid and 

15% sulphurtc acid. The aqua regia cleaned the substrates 

of any residual lead that remained after the recycling of 
- - 

the substrates. The phosphoric acid and sulphuric acid 

mixture slowly etched the sapphire surface. The goal was 
Y 

not to produce a surface suitable for epitaxial growth, but 

to maintain a high degree of ,cleanliness nonetheless. The ' 

substrates were then rinsed several times in distilled . 

water and then stored in ethanol in a glass beaker covered 
- - -- - - - - 

with ahinurn foil. The subst6tes were dried in .dry 
s 

-- 

nitrogen bemfe 6eeing mounted. . t -- 

A copper sample holder, which was part of the optical 



substrates in the evaporator. ' This lessened the risk that - 

the optical s,ample would be damaged when the films were 
C 

transferred from the. evaporator to the - cryostat . . The * 
wedge-cut disc of sapphire, which served as the optical 
P - - 

substrate, was mounted lnto the optical path of hopper . 
- - 

sample ho1,dsr . Haunted pnto the sampze " holder next to- the -- - 
- 

optical substrate, but' not shadowing it, were two &pphhiee' 

platelets. The platelets were-used for the critical 

-temperature measurements. I - 

-- I, 
& 

~ h k  sample holder was placed. in the evaporator dnd ' 
+ 19 - 

d 

was placed in good thermal contact with the water cooled 

mount. It was necessa-ry to cool the mount beciuse of the 
* 

high mobility of lead atoms at temperatures that would be 

experienced durhEghe evapor&ion process .--The vapor -- 

temgerature161 for lead is 700 Celsius at ~ ~ l o - ~  Torr. 

If the substrates were not cooled, they would be ' 

radiatively'heated from the boat and lead atoms would tend , 

to form microcrystals. This is due to the preference a& 

lead atgms to attach to lead rather than th& substrate.. 

Controlling the, temperature of the substrates during the - 
, evaporation allowed films to be made which were free of 

- 4 
microcrystals and had a uniform thickness. 

> - - - -- - - 

4 The boat was. heated wftkgn AC power supply. .A - .  % 

shutter or vane was in place durilig the initial heating to - - 

/ 

= '  ,. - I a 

9 



-- 
I 
I 

/ A c r  

1 ! 
-- - - - - - - - 

+ -- - - -- - - -- - - 
---- ,- - 

protgct - the sub&htes. After approximately 50 . Angstrdms - 
-- - - - 07-lead ha-en ' evaporated onto the vane, the vane wai 

i 
I 

moved, the thickness monitor was quickly reset and the 'film 

deposited onto the substrates. The rate of evaporation was 
t controlled- by -the kurrent thrbugh the tungsten boati I 

LI I 
I 

The current was increased after the vane was removed iq @ 

order to evaporate quickly. This was necessary because 
I 

elapsed during the evaporation was approximately 30 

seconds. The current was turned down before the de+sired 
- 

thichess was reached, to anticipate the slow thermal 

response of the tungsten boat. ' 

4 

- 

After the evaporation was completed, the evaporator - - 

q wa; backfilled-Gith nitrogen gas and the sample holder was ' 

. - . removed and the sapphire platelets were removed. The - 

transferred to another room where the critical temperature - 
& 

- measurement was performed. The sample holder with the 
I 

optical substrate was then mounted onto the cryostat 
\ 

I insert. The cryostat insert was then placed into the 

cryostat sample chamber and the sample chamber pumped out. 

The sample chamber-with the opfical -sample was kept under 

high quality films. Some problems that were experienced 



- 

. were shadowing af f acts of the sa&le holder on the, 'optical 

- substrate, formation of visible pinholes in tHe film, and * .  - - 

-. overshooting the desired thickness by evaporating too 

quickly or not anticipating the thermal response of the 
C 

boataproperly. During the course of the research we ended 

\ 
up with six s?mpl&, designated ~b? . -$b3  that were well 

2 

characterized and whose optical properties gere measured. 



-4 
/ 

Sample characteri zation involved determination of the. 5 

critical temperature and examination of the film 

m-iarostmeeure - Two methods were employecf'to- determine- the---  - 

critical temperature; the first was a fouf-probe DC 
1 

resistance measurement and the second was a shielding 
- - - - - - - 

measurement. The critical tempe~ature measurements were 

performed by S. Gygax and coworkers. The microstructure 
- 

was examined with a -scanning electron microscope. A. E. - 
Curzon and coworkers performed the microscopic lj 

examination. This author would like to express his 

efforts. /--... " .  , 
- - L 

- Far-infrared spectra were obta,Wd by measuring the 

traismission through the lead iilms in both the 
i 

superconducting and normal states o b r  the energy range of 

5 to 100 cm-l. Transmission in the superconducting state 
\ 

.was divided by transmission in the normal gtate to yield 

the -- energy response of the ~ u p e r c o ~ ~  f i lmc. 
+ 

B, DC Resistance ~easurements 
-- - - 

maporated lead films were deposited on the sapphire 

.platelets as descr$bed in Chapter 2. The platelets were - 



mounted on the-copper tip-of a thin walled stainlesra steel 
- -- - -- - - -- 

probe using Apiezon grease which supplied the thenngl link - -- 

- 
between the platelets and the probe. Four short  orale el 

Y 

wires of 0.0031 inch diameter were stripped with Strip-X 

and were attached- directly to the film usinqsilver DAG.. 

These four wires w e d  gherally attached at the corfiers of 
, L 

i -- -- 2 a square gedmetry. The platelets were originally_l gnu ---A 

- - - L A  - - - 

irk area but had their corners removed so that the.platelets 
- 

would fit on-the end of the probe. The foyr wires were 
4 --- - - - - - -  -- - - -- 

then soldked to wires that,,%ravel the .iength of the-probe; 
\-,' 

! 
two act as current source.wires and two as voltage leads. 

B 
. A  calibrated thermal which is in good thermal 

contact with the copper tip, was used to monitor the sample 
. - 

temperature. The probe was then connected to the 

The probe is then inserted into a closed cycle ~ e l i u m ~  --- - - - 
refrigerator2 O. J . 

As the probe was slowly lowered into the closed cycle 

refrigerator, a plot of resistance versus temperature was. --- % 

,- 
s 

obtained. Figure 2 shows one such plot. By raising and 

L lowering the probe while in the vicinity of the critical - - 

temperature, the temperature immediately before the sharp 
- - M 

drop in resistance, Tcl, and the temphrature -- 
- - -- 

corresponding to the first point where zero resistance is -- 
d 

noted, Tc2, can be determined. These values, listed in 
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- ,  Table 1 for the fib; of the six films. measui-ed 
i 
, 

D 

- -- - *.- -, L L L L A -  

i b spectroscopioally, give a measure Of the: shcrp'ness of Ithe 
* -s 

- I - , ,  

b <  
& .  

superconducting trans'iti'on. - Phe average of Tcl- and TcZ 3. 

> 
L. . - 

b 6" . * ,  
I was taken to be the supercondu&ing trans jtion . - . .  / .  3 . .  2 

tedperature. The qatio of the resistance lbf the f i.lin' at .. 
<- 

- - - 
c '  

- - 390 K to the hsiskance at 10 K (knowh as the reszdual ' . ) .  b :  

? \ 
, I 

registance rat20 or l&R) is given in Table 1. From the' . 
, . .- A- -- 

residual resistance ratio the mean free path was 
% . ( .  - .  

calculated. This was done by multiplying the literature 
B 

value for the room temperatuce conductivity of lead by the . 
residual resistance ratio in order to obtain the : - 

conductivity 'of the .film at 10 K. T e conductivity at 10 K - ' 

i .  

. is then divided by the ratio31 of the conductivity to the 
> 

mean free path in order to obtain the mean free'path. The 
G 3  - 

uncertainty calculdtions drd described in 'detail in 

Appendix A. 

Table 1 

DC Resistance critical ~emderature Values 



1 .  

-A- 

, Figure 1 ' 
a 

. # < - 
- , b' '~chemati.~ for the supporting electro6ics used for 

1 

. the DC, resistan& measurements. BDC = Binary to 

Decimal Converter. CCS = Constant Current Supply. 
I 

; ,DMM = Digital Multimeter. 



Figure 1 



Resistance plotted against temperature for sample 

Pb2. Inset shows sharpness of the superconducting 

transition. 



I 

Figure 2 y 



C .  Shielding Effect l&asur~& - -- --- -- ---- 

The measurement of the superconducting transition . . - 
. .  temperature by nreansnof.the shielding effect wag performed 

4 * 
8 bn a lead film (designated as Pbl) that was evaporated onto J 

- e a small piece of a sapbhire platelet that-was identical to 
* 

t the platelet, used for the DC resistance measurement. The. I 

details of the apparatus and its operation are described .L 

In summary, the sapphire platelet was mounted onto a 
- 

sapphire tipped probe using Apiezon &ease with the film 
'& ,? 

- side against the probe. A small piece of niobium wire22 
t 

was mounted along the-side,of the sapphire tip, running Ti 
- - I 

\ 
parallel along the length of the sapphire. -The probe was 

\ 

then placed -in a ~ e ~ '  cryostat which contained a SQUID 

magnetometer system. The sample,was cooled in'zero field -- - 
to 4.2 K, a small =magnetic field was applied and the 

- - 
sample was heated by applying a current to the heating wire 

- - 
within the probe. The changes in magnetization of the lead 

I 

sample and the niobium reference were monitored as they 

went from the superconducting (Meissner) state to the 

normal state. The magnetic field was removed when the 
1 

sampye and reference were in the normal state and both were / 
- 

allowed-to* cool again in zero field. This cycle was 
-- 

repeated three times. ?/-@-- 



- 

- -  F -- 

The SQUID output showed two distinct steps, 
- - - -  -- - 

corresponding to the magnetic flux lines first entering the 

lead film and then the niobium wire. - Figr;'re 3 shows the 

magnetiz-on as a function of temperature for the-lead 

film, corresponding to the optical sample Pbl in Table 2, Y 

and the niobium reference. Figure 3 represents the average 

of four magnetization cycles. The midpoint of the change 

in magnetization for the niobium wire was measured to be . . 
8.90 2 .08 K. ,The midpoint in-the change of magnetization 

for the lead' film was 7.11 + .08 K. Details of the 

uncertainty ca~culations are presented in Appendix A. 
- 

D. Summary ' of critical temperature measurements 

The literature value for the critical temperature 

for bulk lead3* is 7.26 K. A more recent value for' . 

critical temperature for bulk lead36 is 7.196+0.006 K. 
t 

I .  - - - -  - 
- -- - - - - - - - - 

The literature value' for the critical temperature of lead 

thin films14 is 7.20 K. The lead films in Reference 14 . 
, 

were evaporated onto an aluminum oxide layer that had 

formed on a previously evaporated aluminum film. The 
0 

aluminum film was evaporated onto a glass substrate. Only 
0 

sample Pb4 did not agree with the latest literature value 
I 

for bulk lead within uncertainty limits. All of the 
4 

- - - -- - -- 
samples were clustered around each other to within 0.22 K. 

The value of the critical temperature by the DC resistance 

measurement aid agree within uncertainty limits with the 

, 20 0 



value of the eriCie%f temperatme as -w tthhe8-a~BB' 
h ,? . , 

- in lnagnetization except for samples Pb4 and Pb6. 

The literature value for the critical temperature 
' I 

for bulk niobium36 is 9 .25k0 .02  K. The measured critical 
5 

temperature of niobium did not agree within uncertainty 

limits. 1t.Gas in fact too low by 0.35 K. This may hwde 

been due to a calibration error in the thermal resistor or - 

$ due to a problem with the niobium itself. A pr~blem~with 

the thermal resistor may explain why samplq Pbl registered - 
I the lowest critical temperature. Yet Pbl st.i.11 agreed with -- 

the literature value within uncertainty limits. 
< 

The values of the residual resistance ratio that was' 

measured for two of the three samples, Pb3 and -Pb6, agreed, 

with each other within uncertainty limits.   he v h u e  of 
, = ' .  
the residual resistance ratio-for saple Pb5 did Xot agree 

pppp 

* 

with either of the other two samples 'but was very similar. 

Since the residual resistance ratio-is a convenient 

approximate indicator of sample purity, it was concluded : 
- 

that the three samples whose RRR was measured@had an** 
A .  - - 5 

7 

. . .  
approximately equ valent degree of contamination. - 



~igure 3 J 
- \ 

~agnetization plotted against temperature for sample 
- 8 ' 
Pbl bnd for the niobium wire. Sample was\cooled in 

- 

a zero field and then'wamed in a small DC field. The 
d 

low temperature tail is related to the penetratibn 

depth of the field. 
I 
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Figure 3 



Figure 4 and Figure 5 'show photographs of two 
/ 

- different lead films that were examined under a scanning- 

electron microscope23. The purpose of the examination .&, , 

was to determine the granularity of the fllms. Table 2 n 

gives the thickness, measured during the evaporation, of 
L 

the aix samples that were measured opk&cally and gives 

representative !dimensions for the spaces between grains for 
-- 

the two samples that were measured under the scanying . - 
? - 

electron microscope, The dimension a is the' width of a gap 

- Between grains and b is the length of a gap. These values 
- - - 

will be important for the wave guide analysi 
. 1  

s/h3 the next \ 
e 

chapter. m 

-------- I 
Sample 1 -------- 

, I 
Pbl 1 
Pb2 1 
Pb3 I 
Pb4 I 
Pb5 . I 
Pb6 '1 -------- I 



8 

, Figure 4 . 
A - - - - - - - 

Top: Scanning electron microscope photograpk of -- 

sample Pb3. ,Black bar corresponds to 953 nm. 

~pplied voltage was 14 W. ~a~nification was lb. 4 9  - 





- 
Figure 

Bottom: Scanning electron microscope photograph of 

sample Pb4. White bar at the 

1030 nm. Applied 

WaS9.69kX. . 

voltage was Magnification 



Figure 5 



By comparing the dalues for the mKn-e path 

presented-in Table 1 with the size oi,the grains, it was 

concluded that the scattering of the electrons occurs ' 

mostly within the grain before the electrons reach the 

grain boundary. By comparing the values for the mean free 

6ath with the thicknesses of the film presented in Table 2, - 

- -- 
it was concluded that there may be a contribution to the 

/ 

the 

v 

conductivity due to the scattering of electrons' at 

surface of the film. 
I 



FIR Tran'smission Measurements 
- - 

i 

In the previous. chapter, the handling of the copper - 

sample holder was briefly discussed. A more thorough 

discussion follows. The copper sample holder was attached 
- - (Y 

to the theknal control stage which was a similar copper 
+ - L 

disc which contained the heaterZ4 and the thermal 
i* 

diode2'. Figure 6 shows how the two dibcsL (stages) are 

arranged. This design allowed the optical sample to be 

mounted-in such a way as.to minimize the risk of damage. 
- - 

Thin 'brass rings approximately 0.03 12 inch thick with an 
0 

1 

outer diameter of 0.500 inch qnd an inner diameter of 

approximately 0.437 inch were placed on the sample and on 
- 

the reference to block out any far-infrared radiation that 

might leak around the edges of the sample. 
I 

b - 

The two stages were then enclosed inside a brass can 
- - - - L- - - -  - - -  - - - - - -- 

I 

that inciuded a faekough which allowed the stage 

assembly to be rotated from outside the cryostat, The 

brass can was coupled to the interferometer and to the 

detector by means of 0.500 inch inner diamet~~brass light 
- - -  - --- 

pipe. A t  the interferometer end of the light pipe: black . _ - 

pdlyethylene was used to form a,vacuum window and to block 

out the visible components of the far-infrared source. 
- 

Within the light pipe that coupled the sample stages to the 
- -- 

- - 

detector section was a 0.500 inch- diameter, wedge shaped 

LiF crystal held in place with rings made from stainless 



Figure 6 
. .  

Side view and top view of  the thermal and sample 

s tages  'joined together. Heater wire wrap around the - - - 

thermal cbntrol s tage a f t e r  entering from the top. . 

Diameterof the  stage assembly is approximately 4 . 3  
% 
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steel tube. The LiF crystal acted as a.cold filter to 
- -  - -- -- - 

block out radiation at energies higher than approximately 

2 2 0  cm". 
I 

The cryostat that was used'served to cool the'sample 

and to contain a ~e~ bolometer that was used to detect 
- - 

the far-infrared radiation transmitted through the sample. 

The details of the cryostat along. with the details of its ' 

operation are described elsewhere. 2 6 t 2 7  In summary, the 

cryostat is a He4 immersion dewar with a one shot He3 
4 

refrigerator that is used to cool a composite geyanium 

bolometer that operates at 0.4 K. The sample section is - 

coupled to the He4 bath via exchange gas and is optically 

connected to the-detector via a tapered brass light pipe A 
, 

Mylar window provides the vacuum isolation between the . 
I '  

sample section and the detector section. The He4 bath 
--- - - - 

can be placed under vacuum and can be kept in a superfluid 

state for up to ten hours. 
! 

k 

-The modulation of the far-infrared radiation was 
.1 

accomplished by a ~ichelson interfer~meter?~ for several 

experiments and by a lamellar interfero~neter~~ for 
/ 

several other experiments. The interferometers were - 
I 

controlled by an IBM PC compatible microcomputer. Details 
- - 

-- 

of the interferometer'operation and its compute? I 

- 

interfacing are described elsewherez0. The computer also 

functioned as the collection port for the data generated by 
a 

- -  

3 3  \ 



u 
- 

the detector electronics and performed the necessary 

The Michelson interferometer and the lamellar 
\ 

interfe~meter employ a mercury lamp as the source of the 
- 

- -/---------- far-infrared,' . radiation. The Michelson interferometer - 
operates on the -. principle of amplitude divisgn while the 

lamellar interferometer operates on Ehe principle of wave 

fknt division3'. After their respective division, both 

F interferometers introduce an optical path difference, A , 

before recombining the divided radiation. The Michelson 

interferometer accomplishes the amplitude division by using 

a Mylar beam splitter. The path difference is introduced 
t i 

by using separate mirrors fo; each path, one fixed and one 

allowed to move. The lamellar- interferometer divides the 

wave front and presents an optical path difference by the - 

- - - -  

- --  

motion of one ~ a m e ~ l ~ g k a ~ f i n g  with respect to a fixed 
. 3 

1 "rating. , - 
1 

The radiation intensity that reaches the dztector is . 

L 

expressed mathematically by 

where A is the optical path difference and v is the 

frequency of the far-infrared r ~ ~ ~ + - m e a ~  L -- 
- 

cm% S (v )  is the intensity as a-=tz - 

of frequency, that reaches the detector. By changing the 



path difference between the wave front in incremental steps 
- - -- - 

and measuring the intensity of radiation transmitted 
, * 

f through the sample at each step, a distribution of 

I? n n t e n s i t y ,  I (A) , is obtained. This distribution of 
d I 

intensity is then Fourier transformed in order to obtain 
, = 

a the frequency response S (v) of the sample. I (A) is the 
i 

~ourier transform of the desired energy spectqm, S ( v f .  
- - - 

The transmission spectra were obtained through the 
t 

following procedure. The samples were cooled to 

approximately 2 K which placed the film in the - 

subercondkting *state, well below the superconducting 
* 

transition temperature (approx. 7 <  K).   he interferometer 

was set up to cover a specific frequency range for a 

specific resolution. Typical values of 100 cm'l for the 

cutoff frequency and 4 cm-I for the resolution were 
-- - --L -- - - - - 

used. Room temperature fiIlters were used to insure that 

frequencies higher than approximately 85 cm-I would be 

blocked, 

At each incremental step corresponding to a specific -- - 
path difference; signal was measured with a' lock-in ' 

amplifier. The incident radiation was chopped at a 

frequency of 30 Hz. The bolometer was in series with a 7 
- - -- -- -- - - -- -- - 

- - 
MOhm resistor, which was in the'cryostat. This series - 

- --- -- -- 

combination formed a voltage divider circuit and was driven 

by an external battery-powered source. The, applied voltage , 



G 

then sent to the lock-in amplifier. The DC output of the 
. -  

bolometer could also be monktored in order to assist in 

sample alignment and to determine if there were any hea'ting 
5 

effects due to large amounts of radiation incident on the 

bolometer. 

- The output of the lock-in amplifier was sent to both - a 
a chart recorder and to an analog to digital converter 

(ADC). The gate time on-the ADC was usually 5 seconds if 

the signal was strong and up t,o 12 seconds if the signal 

wa8 weak. As the interferometer through the zero * 

path difference point, a peakin the intensity was 

observed. The total distribution of the intensity at the 

bolometer, I ( A ) ,  is Mown as an interferogram. Each 
/' 

- interferograrn wasstored in-+he computer- and was - - 

P individually Fourier transfbrmed. The resultant spectra 

were then averaged together for several scans of the sample 

in the superconducting state. 

The sample was then driven into the normal state by 

applying d small curren't of approximately 0.3 mA to the 
heater2( (17.44 onms) that war in good thermal contact 

with the sample stage assembly. The temperature 

coriesponding to the normal state was approximately 10 K. 
- 

P A - - -  - 

A .  corresponding drop in signal was, obseqed on -the chart 

recorder output which was due.to the sample becoming less 



-- - - ,-- 

transparent in the normal state. Any exchange gas in the 

sample chamber was pumped out in order to avoid excess I 

liquid helium boil-off; The data for the normal stat4 was 

handled in the same way as the superconducting state data. 
3 

~igure 7 shows two average,d spectra for both the . I 

superconducting state, TSI and the normal state, TN. 

The r&io of TS to TN was performed digitalxy. - 

A- 

- This is also shown in Figure 7. The noise in the TS/TN 
I 
'spectra at high and low energy results from the division of 

ca - # 

low intensity for the superconducting state by low' - - -- -- 

intehsity for the normal, stqte. The plots in Figure 7 

represent typical spectra that were observed during the - I 
course of'the experiment&. These ratios and the ratios 

* 

corresponding to the remainder of the samples will be 
- 

presented in the following chapter. 



7 

Figure 7 -- 

Top: Superconducting and normal state transmission 

plotted versus wavenumber 'for sample Pb4. 
-- -- 
- 

Chaindotted line is the TS/TN ratio. Arrows 
b 

C 

show instrument resolution (4.05 cm-I) . 

Bottom: Same for sample Pb5. 





- - - -- -- 

rarea Results a n < ~  nalvsxs 

. -  - 
- 

~ - -  - ~ ~ - -~ ~ 

A. Obse,rvations and ~ypothesis * 

As stated in Chapter 1, Mattis and ~ardeen* 

derived expressions based on BCS theory for the real ar.d 

imaginary parts of the complex conductivity for both 

superconducting and normal metals in the extreme anomal-ous 
% 

l i m i f .  Figure 8 shows the calculated complex conductivity - - -  
L;." d 

at T=O K; the details of these calculations will beg 

presented later in this chapter. Glover and ~inkharn~ 
- - - - 

have derived an expression to calculate the TS/TN 

ratio as a function oi the real and imaginary parts of the 

complex conductivity and as a function of the normal state 
- 

transmission. Figure 8 also shows the TS/TN ratio 
P 

calcula ed using the Mattis'and Bardeen expressions for the 1 .  re+& a -ima&ftary-parts-of-th'e compkex -conductivity; pp 

There are two distinct features of the theoretical 
, 

TS/TN ratio -.which were used as a basis of comparison . ' 
2, 

with the experimentally observed ratios. The first' is that 

the theoretiral rabio apdroaches zero at zero energy. 
-- * . k . 

According to the. Mattis and 'Bardeen calculation, the film 
-- 

' I wo+~ be perfectly reflecting at zero energy. This is due - 
A 

, a: 

. . '  
-- 7 

to the existence of a. delta function. in the r e a l  
C - - - -- -- - - * 

, the.com$ex -4.- -:- conductivity -- at zero enarqy, corresponding to 

infinite DC' conductivity. This is in 'qualit&ive 



Top: The real and imaginary parts of the complex 

.conductivity as a function of reduced frequency . 
Also s36ini is the TS/TN ratio calculated for a 

normal state sheet resistance of 228 ohms per square .. L 

Bottom: Ratio of the superconducting to normal 

surface resistance as a function of reduced 
--- -- - - -- 

frequency 

,imaginary 
",. 
were us& 

The same values for the real and 

p a e s  of the complex conductivity that 
/-  

to calculate TS/TN wgre used here. 





- - -  - A~ -- - 

- - 

- 
i 

-- 
- ' I  " .  

- 
- - -- - - -- 

agreement with the ~bsenred ratios-of Palmer and 
- - - 

--  inkh ham . 5, 
\ 

b The second distinct feature of the theoretical 

TS/TN ratio is the grad;al ta g off of thebratio to p - unity at energies w l l  above the gap energy. At energies 
0 / 

< 

well above the gap e n e m ,  the influence of the gap will no 

longer be-05servabl*e and the superconducting state will . - - 

9 
behave like Che normal state. This feature is in good 

quantitative agreement with the observed ratios of Palmer 

and Tinkham. 
I 

The experimentally observeddratios presented in 

Figures 9, 10, and 11 differed from the theoretically 

calcblated ratios in two ways. The first is that none of 

the experimental ratios approached zero at zero energy. 
-P 

- - -  - - -  - -  -- - - -  --- 
-- - --- -- - --- 

- 

For all. of the measurements, TS/TN21 for frequencies 

down to the observable limit (approximately 5 cm-l) and 
6 

for frequencies up to a characteristic frequency., from 

which point onwards, TS/TN wars approximat&ly equal .to 
. .I 

unity withi the noise limits.- This characteristic 
- 

frequency was not the same for each sample but generally 
0 

rn fell in the range. of 25-28 dm''. 



Figure 9 
f 

Top: Sample Pbl. Solid line is the ubserved 

TS/TN ratio; ch-otted line is the modelled 

I 
/ 

TS/TN ratio. 

for sample Pb2 Bottom: Same 



a Wavenumber (criil) 100 
- 

Figure 9 
L 



Figure 10 

Top: Sample Pb3. 

~ottom: Sample Pb4. 



Wavenumber ( c f i  ') 

Figure 10 



@ 

Top: Sample Pb5 

- Bottom: S a m ~ l e  Pb6 
/ ' 



Figure 11 



- 
The sec-i fferekce bstween f heobserved TS/TN - 

ratios and thoee predicted by Mattis and ~ardeen* was " 

that some of the ratios%dropped more rapidly to unity above 

.the previously described-characteristic frequency than the 
+ 

P 
calculated ratio. This was especially true for samples 

. designated Pb2 and Pb4. -- 

8 
- -- -- 

Analysis-of these two characteristics and their 
F 

implications-in view of the. Mattis and Bardeen theory have . .- 

led to the hypotheses that: - 

1) The observed transm'lssiop spectra resulted from a 

superposition of transmission through the grains of 
? 

the film and transmission through gaps between the 
4 

grains. The gaps between the grainsacted as wave 
- 

guides for the far-infrared radiation. - 
- --- - 

2) Thq film~were~oaiposl'~ in structure with 
-i- 

different grains being characterized by different , 

gap values. 

The remainder of this chapter will justify the use of these 

hypotheses and present &e mathematical formalism that 'was 

used to incorporate these hypotheses into' the theoretical 
- 

models used to fit the experimentdl TS/TN ratios. The 
- 1 

The formation of the wave guides between the grains 

could be due to the different coefficients of contraction 



- - - 
of the film and the substrate. ~ewhouse'~ states that 

films ob soft superconductors partially anneal at room 
i 

temperature, which-tends to relieve stresses. On cooling, 

the film usually contracts more than the substrate. ThiS 

can cause a tensile stress in the film sufficient to cause 

plastic deformation. Hence it was hypothesised that the 

plastic defcnnatiop was sufficient to produce openings in 
* 

the film which acted as wave guides. ' ~1thoug)PZhe , 

dimen'sions of the wave guides were small, wikh 

representative dimensions taken from the '$'EM photographs. 

with respect to the wavelengths of interest, the incidmt 

waves. wgre not totally attenuated. This is due to the 

thinness of the sample. This assumption shall be shown to 

be reasonable in the following section. 
- L 

- -- - 

Using the expression from Lorpin and  ors son^^ for 
an electric field inside a hollow rectangular wave guide 

with perfectly conducting walls 

the attenuation for the wave guide can-be calculated' if the 

dimensiens of the w&, guide a r & t t r r r ~ e n g t k ~ -  
. . - .  

incident plane are known. b 4 s  Hte.vldth * e f * m * -  

in the y direction. For perfectly conducting walls, 



the free-space wavelength $or an - - - - - -- 

is related to the wavelength of the guid 

the following equation a - 

' where the dif ierent values for n correspondJ to different 

modes of propagation and k is the wavelength of the 

incident plane wave. % 

- - - From Eqn. 4-2 we see that the wavelength of the 

guided wave will be real if the wavelength of the incident 

plane wave is less than twice theThc&of the wace guide. 

This corresponds to imattenuated transmission. 1f the 

wavelength of the guided wave is imaginary, the field is 

attenuated exponentiallx along the length of t h e  xaye - - - 
- A 

- - - --- 

0 

gu-we. If reasonable dimensions for the Itwave guidem are. 
1 

taken from the scanning electron microscope photographs and 
I 

the thickness of the film and the ihcident wavelength'are 

known, the attenuation of-the electric field can be 

calculated. 

The transmitted power is attenuated by the square of & 
the attenuation factor for the electric field. Table 3 

- 

%A 
I 

gives values for the dimensions of the "wave guidestt., taken 

from Table 2, attenuation constants (kg1=2 Z/ X g l )  and 

the square of the attenuation factors for n=l and perfectly 



-P - - - A -  

- - - - - - -- 

conducting walls. 
-- - - -- 

- 

.When the film is in the normal state and the finite 4 

I 
-- 

-L- 

conductivity of the walls is taken into account, there is 

addifionel attenuatioz due to Joule losses in the walls of 

the wave guides. Again, -the attenuation constant kg2 - 
1 

2 v /  X gZ , may be calculated for this case. The 

, - attenuation constant for walls of finite conduction is ' 

where a and b are 'again the dimensions of the wave guide. 
- - 

From this we can calculate the factor, exp(-2kg2z) by 

which the average transmitted power is decreased due the to 

attenuation constant, kT=kgl+kg2, should be used to 

ca$culate the attenuation of the average transmitted,Lpower 

'due to the,wave guide when the film is in.the normal 

state. Table 4 summarizes the attenuation constants and 

attenuation factors for both the inf initel; conducting case 

and the finite case for the two samples, Pb3 and Pb4. 

- - - - - - - -- - - - - 



Table 4 

i ' # 
/ Thus for perfectly conducting walls, the average P 

z--'-' 
1 

transmitted power through the "wave guideM is 84% of the 

incident power for sample Pb3 and 76% f o r  sample Pb4. For 

walls of finitecanductuuty, . . R Q  P - m n t  powcr i- 

transmftted - - -  for sample Pb3 and 68% for sampl- phq. 
- 

Therefore our hypothesis that the spaces between the grains 

couldp act as wave guides is plausible f o r  the dimensions 

characteristic f o r  c u r  samples. 
5 4  



superconductors was supported by microwave experiments on 

qranular aluminum films. K. A. Muller & d. measured 
3 4 ~  

DC resistance, microwave loss and-cavity frequency shift as 

a function of temperature., They observed that although the 
* . h f  

- 
afuminumlfi-lm-had z&o DC resistance, the-microwave- lii8 

decreased below Tc, but did not go to zero. The 

microwave loss, as the cavity entered the superconducting 
- 
- - - - - -  -- - - - -  - 

state, is proportional to the real part of the complex 
--- - 

conductivity. They attribhted the large excess microwave , 
& 

loss to losses in oxide' barriers between grains in the 

normal and superconducting state. Even though a continuous' 

DC superconducting path existed, the AC fields. would still 
d 

--+ - -- - - 
' be sensitiveo-any-normal-regions. - -- 

, The application of this idea to the present 

experiments is as follows. If the real pa'rt of the complex 
I * 

, conductivity is non-zero below the gap energy, as was \ 

--  - - ' 

measured by Palmer and  inkh ham^, f ar-inf rared radiation 

would continue to be absorbed in the film even though there 

would be4a continuous superconducting DC path. Because our 

films had -- a critical - --- - L e ~ 9  36 
1. ' 

- 
/ - 

- bulk- value, a k-  fra tion of the grains must 'have had a 
5 - - c- 

~ a = L t e m p e h t u r e  (and energy gap) like that ,measured by 
-- 

--..-Palmer and Tinkham (Tc=7.1K and 2 -22.5 cm-1). 



But sinbe the film continued to transmit and not. reflect 

radiation while in-the superconducting state at energies 
f 

well below 22.5 cm-l, there must be a distribution bf '. 

energy gaps throughout the film. The influence of the 

ot:ler gaps would not be experienced5n a DC resistance 
b 

.: 

measurement if there was a sufficient fraction of grains 

with the 22.5 cm-' energy gap which formed a continuous 
- a--- 

superconducting path. 

D. Modelling of the FIR Data 

F a r  the sake of s i - i d t y ,  'eaeh film was moaelled -- - 

as being composed of small (compared to the wavelength of 

incident radiation) grains that either had the high gap 

value (22.5 cm-l) or a lower gap value, which was, 

determined by fitting the ratio spectrum. The model film 
b 

was separgtLd into regions which 'allowed either 
----p------ -- 

- 

transmission through the grains of the film or transmission 

through spaces between the grains which acted as wave 

guides. ~igure 12 represents this diagramatically. 



L a  ." 

Figure 12 

~iagrammatic repr&entation of the composite 
" 

structure of the film showing the grains with 

different values for the gap and showing the spaces 

between the grains which act as wave guides. 'shaded - - 

grains arewsmall 
1 p..̂ -, 

compared to 
8 

the wavelengths of 

interest. 
- 



= Wave Guide 

- - - - ~ - - p  

. ., _ - -- - 

Figure 12 
. . 
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I E. Models useeddto describe the transmission throu. the - - - - -  

/ 

grains. 

As stated 3.n chapter' I&, Mattis and ~ardeen* have 

derived expressions for the complex conductivity for 

superconducting and normal metals in the extreme anomalous 

'limit. They describe the extreme anomalous limit as the 
I" 

case when the enetration of h e  field is small compared to -y 
the coherence length. For temperatures greater than zero, 

the ekbressions . must . be numerically integrated to obtain 

, I  values for the complex conductivity. "'At T=O K however, the , 

integrals can be evaluated h the form of elliptic 
- 

integrals. They have the form 

02 I 2 A  --- 2 A  - {(- + 1 ) E (kt) + (- - 1 ) ~ ( k ' ) }  (for a11 w) (4-5) 
ON 2 h a  h ' ~  

where the arguments of the elliptic integrals E and K are 

1 

These calculations have'been carried out and tha results 
- - - 

' were shown in Figure 8. 



TM T ~ J T ~  htie ean * ea~-- P -- 

values  f o r  t h e  r e a l  and imaginary p a r t s  of t h e  complex 
/ cdnduct ivi ty  obtained from t h e  above , in t eg ra t ions .  + This 

r a t i o ,  due 
w 

This r a t i o  

The 

metal f i lm 

t o  Glover and ~ i n k h a r n ~ ,  has t h e  form 

Ts 
, 

-- - 1 

T N  [ ~i + (1 -T; ) (0') ]2+ [(I - ~ j  )(Sf 
(4 -6 )  

-0, ON -- 
a 

i ' 

was a l s o  p l o t t e d  i n  Figure 8.  
" 

r a t i o  of t h e  

has t h e  form 
' >  * 

t h a t  with 

t 'ransmitted power through a t h i n  

no f i lm,  from Glover and Tinkham, 

where d is t h e  f i l m  th-i;ckness, n - i s  t h e  i n i e x  o f  re-fZracfi30C - 
. J 

, o f  t h e  s u b s t r a t e  and Z O  is t h e  impedence of f r e e  space. 

Glover and Tinkham s t a t e  t h a t  t h e  e f f e c t i v e  conduct ivi ty  of . 

a t h i n  m e t a l f i l m  i n  t h e  normal s t a t e  is l i ini ted by sur face  

s c a t t e r i n g  and i s  independent of frequency f o r  t h e  

frequencies of i n t e r e s t  i n  t h e  far- ihfraked.  Moreover, 

they  make t h e  approximat,ion th* t h e  normal s t a t e  

canduc t iv i ty  has  only a r e a l . p a r t  a n d i s r o n s t a a t L - m y  

t h e  product of t h e  th ickness  and t h e  - DC- conduct ivi ty  k+he-  

- rec iprochl  of t h e  s h e e t  r e s i s t ance .  By measuring t h e  

e i t h e r  t he  DC shee t  r e s i s t a n c e  of t h e  f i lm i n  t h e . n o m a 1  
I 

0 "  



state or by directly measuring €he powarpKirGGmitted 

through the film by the.use of a reference substrate, the 

! .  

TS/TN ratio can be calculated~rovided that the gap 

frequency is known. Palmer and p ink ham* determined the 

gap frequency by measuring both the transmission and 

reflection of the film and from these values the 

determined the real part of the complex conductivity as a 

function of frequency. They took as the gap frequency that 

frequency where the real part of the complex conductivity 

went to zero. I 
I 

P F. Models used to describe the line shape of the 

transmission through a "wave guide." 
4 

L 

As stated in chapter 1, Richards and ~inkhurn~ and 

~eslie and ~insbbr~" measured the energy gap of bulk 
- 

- metals. They moXeIIea €bZTr absorption edges above the 

energy gap by the difference between the normal state 
- - 

surface resistance, RN, and the superconducting state 
f 

surface resistance, RS, for the non-resonant cavity. The 

surfoce resistance is the real part of the complex 

impedenceCand the RS/RN ratio can be-obtained from the 

ratio of the superconducting complex+impedence to the 
4 

normal complex impedenee, ZQ/ZHl la tha rvtromP - -- 

/ I  

anomalous limit8, Z d Z w  has the form 

I 



* 
  he complex impedence' & related to the surfade . P 

* . '  
resistance and the 'surfxe reactance by the 'followingw: 

=.. - 
. - .  

equation 
0 '  - * .- t 

. . rr 
, , 

ZN= R,+ i x,=R,+ i-fi, R, I 

. ,  qi 
% 

(4,-9) " 
- 2  

r" P * 
where the square root of three term 

'\I 

specifically for the 

extracted from . , extreme anolkalous limit. RS/RN can 
c = 

ZS/ZN by the following equation9 
P , 

(I 

I 

some elementary - - complex analysis, one obtains - 
- ---- t - - - - - -- - 

f .- = 

R, a - = B ( C O S (  an- ( -~f i  sin( m @n=-'(Y$) 
R N  3 J '  3 (4711) ' 

' .  ,. . .  
, . #  B and y, are given by - 

, 

' where 



- %maginary parts of the complex conductivity calculated from 

the previous section. 

Richards and  inkh ham^ and Leslie and ~insb.er~ll 

subtracted 1 from the ratio of the power reaching the 

- detector when the cavity was superconducting to the power 

when the cavity was normal. They then modelled their --- 

cavity response above the energy gap by * i 

I 

This functional form is unity at the energy gap and falls 7 
1 

, , to zero at energies hell aiove the energy gap. 

* & ,  since: the model presented here demands that 
-. 

TS/TN be unity at values well above' the energ$ gap,, the 

response ,ibr transmission. fhrough a wave guide above the I 

since it is assume.d that Rg 'is negligible below tks . . 
* 

r ' 

\ 

'-.. 
energy gap, the . T ~  j~~ for the wave guide is two up to 

1 .  

the energy gap and .unib&.at energies well above the-energy 
-t. 

Y 

gap . - , ' 

--i . , 'G. Fitting the data I .  

 he calcula-tion for the complex conductivity for the -p 
\ - - - - -- -- -- - 

r- . . 
, composite macerial is -as follows. The real part .and the 

- T -- - k 

imaginary part will be calculated twice; once fof.,each 

- 

@ 

63 ' 

% - 



- -- - - 

~value~of the energy gap; The real parts are then added 

-- 

- 

= ,  together as are €he imaginary parts a s ,  shown below 

0,' = f 0, {GI) + (1 -6 9, (G2) (4-13) 

- 02'=fo2(G,)+(l-f)*q*(G;) 
(4-14) 

1 L 

where 0 < f 5 1 is the fraction of grains with'gap value 
1 

GI.  he resultant coiplex conductivity is then used to 
+, 

calculate the transmission through the grains, according to - 

' equation (4-6) and the transmissi6n thrbugh the Iswave - - 

guides" , according to equation (4-12).. ,The transmissions L 

. . are then added together according to the equation 

T~otal'@grain+ (l-q)Twave guide (435) 
* 

where q is the &action of the transmitted energy through 
.", 

the grains. 
- - - -  

-- -- 

'H. Fitting procedure and observations 
A 

The first step was to choose the lower gap value, 

GI. The upper gag value, G2 was fixed at 22.5 cm-l. 

The second step was to chose the fraction of tHe grains 
> 

that had this lower gap value. With these two parameters 
B 

set, the effective complex conductivities could be 

calculated using Eqns. 4-13 and' 4-14. After the complex - 

using Eqn. 4-6. The resulting transmission ratio was then 



plotted onto the observed - - 
- -  

ratio for comparison. _ThJ lower 

, 
gap value and the fraction of grains with this lower gap 

value were then adjusted until the best fit was obtained. 

The criteria for the best fit was my personal judgement as 
* 

to how well the calculated TS/TN ratio followed the 

observed ratio within the noise level present in each. 

ratio. Then the effect of the.transmission through wave 
* 

guides, calculated using'Eqns. 4-12 and 4-15, was added 
1 

into the'model TS/TN ratio in order to see if the best 
- 

fit could be improved. The resulting choice of parameters 
3. 

I may not be unique but they represent my best choice given 

the low signal-to-noise ratio of the observed TS/TN 

ratios. 
{ e  

E 

It was found that the addi'tiqn of transmission 

- through the Itwave guidesn1 caused the model T T LI - - -  - - 

- S/ N 

drop to unity faster than transmi~sion through grains 

alone. The samples that had a combination of transmission 

.through the grains and throughrthewave guides, for example 
i, 

Pbl, appeared to deviate only slightly from the model 
t 

predictions. It is interesting to note1 that for the 
$ 

samples t,hat 'were modelled on trahsmission through the wave 

guides alone, the deviation of the model calculation from 

the observed ratio was the greatest. 



ft was sku f o m ~  3 Z a f  using. two very different 
P 

v a l v s  for the gap energy when calculating the effective 

Figures 8 ,  9 and 1 0  showed the results of these 
- 

-3. cuf &ions-fvr the f f ttf ng parameters &own in Table 5. 

The value for TN in equation (4-6)  was experimentally 

determined for all simples except P b l .  For P b l ,  TN was - ' 

complex conductivity (equations 4-13 and 4-14) tended to 

suppress ahy strong (Ts/TN>l. 5) features in the model ' 
4 

. . 
an additional fitting parameter. C P 



t 

T 
- - - --- --- - ---- --- - 

I. &&uation of model and di cussion of results 7 
me exceljtim of-s-le -3, the model curves 

did not exactly match the observed excitations within the 

noise levels present. However, the was a general trend 

that the excitations followed,, Above the energy gap,.the 

Ps/TN ratios fell to unity more rapidly than the model 
\ .  

predicts for all values of parameters.. This was especially 

true for samples PbZ and Pb4 and to a lesser e ~ t e n t , ~ ~ b l  

and Pb5. Similar behavior was observed jn thin film's by . 
Ginsberg and Tinlcham. Richards and  inkh ham^ and - -- - 

Leslie and ~ i n s b e r ~ l l  also observed a sharp absorption 

edge above the energy gap for their bulk samples. 
d 

The characteristic of suppression of strong 

features, due to very different values .of the gap energies 

in the calculation of the effective conductivity, was in 
--- -- - 

,agreement with the obseKad ~a ratio of samples Pb3, 
b 

Pb5 and Pb6. Thus strong features in the observed ratios 

would be dus to either 

a) trensmission through grains that had a single 

value for the energy gap or grains that were 

composite in nature but with sJmilar gap energies. 

 his was observed in sample P$1. 

h) transmisaFoa that~sail-~ by tr-, C- 

throuqh wave a l l a a ,  This 

Pb2 and Pb4. 



Thus although we ware not able to fit the data by our model 
- - -  -- -- 

- - - 

t within the noise limits present in the data, there were 

I J. Relation of the model parameters to sample 

t - The orfgin of a distribution of energy gaps, where 
r - -- 
-- 

A -  - 

GI represents a possible lower limit, could be due to the 

oxidation of the film. The grains of the tilm'could have 

cheaieorbed oxygen when the fiIm was transported to th; 

cryostat from the evaporator. Another possible scheme is 

that the outer layer of the film is oxidized while the film 

closer to the substrate is purer. The dirty lead on the 

surface of the grains or on the outer-layer could have a 

-- 

lower gap energy than the pure lead in the interior ofthe 
- - - 

-- --- -- -- - - - --- -- 

grains or in the layer closest to the substrate. 

carrlo &.' d. have observed broadened DC 

resistivity superconducti transitions for b lead films on 

sapphire. They also observed voltage steps and reduced 

critical currents in the.1-V properties below Tc. They 

infer that the& steps are characteristic of Josephson 
. , 

- devices, pkoviding evidenre that the superconducting 
? . ,  . . 

coupling be'tween grains was wepk. We do not observe a - d .  h 

Y * --- -- - - 
- - - -  

broadenedmC tran8iticTi'in our samples. Thus the effect of 

the oxidation OR the film.on DC transport measurements may 



the effect of the oxidation may be observable using ' 

. ,  
far-infrared spectroscopy. 

From fitting the data, it was found that the sanpl~ 

which had the smallest thickness, Pb3, also had the lowest 
4 / 

value for G1. It was also found that the thicker - 

- - w samples, Pbl ,  Pba, and Pb4 , had the higher-values--for - 

GI. This is consistent with the above discussion. 

Sample Pb6 could also be grouped with samples Pbl, Pb2, and 
- - - - - 

- - -- 
- 

Pb4 with respect to its thickness but it had a low value 

for GI. ~ithar the thickness as measured by the -- 

thickness monitor did not accurately represent'the 

- thickness of the sample or during the handling of the , .  - 

sample from the evaporator to the cryostat it was exposed 
. B 

One result from fitting the data using the model of 

- ~ a composite film was the indirect determination of the 

amount of lead with the high gap value that appeared to be 

present. From the analysis it appeared that there needed 
I - 

to be only approxirnataly 10% pure lead present in the film 
4 

for a bulk value of the transition temperature. This is 
- - 

. * 



-- 

-- - - - 

consistent with the observation6 of Meissner a. a. 35 on 
7 - -t&e auperc~nductin~ f ~ k i t ~ n  temperature of lead-bismuth 

alloys. They %oun& that an alloy c.omposed oS 90% (atomic) 

bismuth still gaveI a transition temperature Above that of 
- - 

bulk, lead whereas a concentration of 93% gave a transition 
, 

temperature lower than the-bulk value. 
I 

In Table 6 the value for the ratio of the energy gap 
- * 

-- 
- -  A to the product of the ~01,tzmann constant and the criticaluL - 

temperature are listed for each sample. Only the higher 

value of the enprgy gap (22.5 cn-I) is used. 
' 

v 

Table '6 
b 
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A. Summary 
PI 

The model presented kor dirty lead thin films 

consisted o'f a film composed of grai with YtWo different 

energy gaps that allowed transmission thrdugh the grains 
- - 

- and through * the openinqs between grains. The model 

the complex conductivity calculated in the extreme 
, 

anomalous l-imit for superconducthg and normal metals in 

order to fit the observed TS/TN ratios. The 
I 

. conventional models based completely on transmission 

through the grains were incapable of fitting the data. The 

model, while ,ialling short of good quantitative agrgement - d 
with the observed TS/TN ratios, gave qualitative 

- -  - features --which-agreectwith the- observed Tk7TN - --- -- 2------- 

ratios.  his suggests that the overall approach has 

d merit. The measured criticdl temperature values were in 
B 

agreement with the literature value within uncertaintihs 
! 

, >, 

for all of the lead films except for sample Pb4. 
I 

1 

A .  B.Future experiments 

One set of measurements that was not performed was - \ 
'\ 

the .temperature dependence of the superconducting energy 
a 

- - - 
- --- 

gap. This is important - - because - p - - the - - BCS prediction is well 
- 

b 

Icnown. However, an absorption edge like that observed in 

-sample Pb4 is necessary in order to clearly observe the 

effect in films of the type under study here,- 
?1 



- 3 e k t s e  the sttrdy &%eat3 ~ s ~ ~ c c u p i e d  the 
B 

i ~ 

e~pe~imental efforts, the far-infrared &termination of the 
0 .  

superconducting energy gap of. lead-bismuth alloy films 

still needs to be Ideally the transmission 

and reflection should both be measured in order to 
r 

r 

experimentally determine the real part of'the ccrmplex 
- 

-con&uctivitys - 
I 

.. 
4 

with. the -3ntroduction of better interfsrometers, } ' 
reflectivity measurements on bulk samples may be preferred, 

- + -  - 

,a - 
- 

ta transmission measurements on thin films'. The advantages , - c -  

, .I 

in ease of sample preparation should outweigh the 

difficulty in'observing the small change in reflectivity 
+ * >  

between the normal and superconducting.states. % 

' I  
I 

b I 
Y 

- --- - - --- 
- - - - -- 

- 

'l 
.-d 

/ 
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h Calculation of Uncertainties - 

y . /  * 

1) Measurement of the critical te'mperature by DC res-istance 
B 

b 

The uncertainty in TC is the reading uncertainty 
r *+ - 

p . from reading the data PIotted .on the graph paper. - - 

The reading uncertainty was + the small6st division 
I 

- on the graph paper, lmm. This corresponded to 
- - 

different vdues of uhcertainty in TC due to the 
2 _L_- 

different scales used to plot the data. 

2) Measurement of the residual resistance - - 

- The uncertainty in ' ~ ( 1 0 '  K) -was 1/2 the highest minus. 
7 - 

3 
the lowest values for the resistance taken ifom 'the 

,' 

same plots used to datekine the critical 

temperature. The uncertainty in R ( 3 0 0  K) was the 

reading uncertainty from reading ,the value 'from the 
- - 

- -- -- - - 
- 

graph paper. The reading uncertainty was lmm. The 

fractional uncertainty iq R ( 3 0 0  K ) / ' R ( ~ O  K) is the 

. , sum of the fractional uncertainties for R ( 3 0 0  K) and % . , 

. R ( 1 0  K)  . -- I- 

3) leasurement of the transition temperature by the change 

in magnetization 

Four cool'ing and warming cycles were p&foAed for 

this sainple: Furiiig these cydles, the exchange gas 

- 

Cc L 

was ymnpet3- out of the sample ohamber and the sampl'bs 

were in better isolation &om the main ~e~ bath: 
i 

P- 



- -  --- -- -- 
I 

i 

k t h e - ~ m e s p o n s e  of the film T h e r e  +- a ' lag 

the thermal resistor due to the \ with respect to 

presence of the exchange gas. 'The change in the h 

thermal response from the first cycle to the last 

cycle was 0.08 K. This was taken to be the 

uncertainty in TC. 

4) MeaGurement of the dimensions of ~ the Uwave g&.destl 
1 

A 

*e 

were to be representative values, no Since these 

values uncertainty were given. 
4 .  
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