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with differeht gap energies. The experimentally observed

@ MeasurementSJQave been perfommed on thermally

evaporated lead thin films in order to determlne the-

superconducting energy gap and the critical temperature.

o The energy-gap megsuremeptslwere performed u51ng

"Fourier Transform spectr%scopy over the energy region from

"5 to 100 cm'}f'”TransmiSSion measurements were;made While

,the f11m was in the superconducting and normal states The

ratio of the superconducting state transm1551on,to the

—— —

normal state transmission was obtalned for various sample'

-thicknesses. The cr1t1cal temperature was'determined by

 measuring the resistivity and magnetization as functions of -’

temperature

The fllm was modelled as composed of small grains,

*

transmission'spectra were'modelﬂed as due to a combination

»

——

of transm1551on through the grains. and transm1551on through

gaps between grains, with the gaps between the grains “

acting as wave guides. The theoret1ca1 model 1ncorporates

‘the skin effect for normal and superconducting metals in

the extreme anomalous 1im1t (penetration depth << coherence

length). : ' . LU N

-



The value of the criﬁical temperature'fer,a11A

S p— B oy 7 £
samples except one agreed w1th the llterature value thhln o
r = .
uncertalnty llmlts.; The model did not give good o ) i
quantltatlve agreement w1th the observed specE;a but did ,
give qualltatlve features whlch agreed w1th the observed .
spectra. o _" ' o - ) .
r?% ’ v _
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|
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The subject of thlS the51s concerns the measurement

of ﬁhe superconductlng energy gap of. contam;nated lead

fllms using the experlmental technlques of far—lnfrared e

spectroscopy : Measurements of the superconductlng crltlcal .

temperature were also performed and the results of whlch -

are 1ncluded in thls_the51s. The ratlo of

4

where A is the superconductlng energy gap, kg is the
Boltzmann constant and To ~is the cr1t1cal temperature,
prov;des a measure of theyeleCtron;phenon coupling'*“

‘strengthﬂ' -

A. History of fattinizllgdwgpgwt oscopy of. lead,thln,fllmsumem_;rl

The theory developed by Bardeen; Cooper, and

" Schriefferl nereafter referred to as BCS theory

introduced an energy gap’ parameter to describe t palrlng
of electrons in the ground state. The gap energy is the'
minimum energy needed to split a pair of electrons and to

cause them to behave as "normal" electrons*“”The exc1tatlon

energy can be elther/thermal or electromagnetlc 1n nature

-

.

The gap is largest at T=0 and decreases to zero at.the

crltlcal temperature.
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The foundations of far infrared spectroscopy on

supercondnctxng’materiais were deveIoped by Tlnkham and,'

coworkers2 5. The majorlty_of the work involved

transmission and reflection measurements on thin films

~except"for the work of Richards and Tinkham? which

measured the energy gapginvbulk_sampies; From the o ‘ ;r

o 6 , . : o v
transmisSion and reflectlon data, Tlnkham and coworkers .

s 5

developed methods to calculate the real and 1mag1nary ‘parts -

‘of the . complex conduct1v1ty Thls author adopts the

convention of Ginsberg and T1nkham3 and the conventlon of

Carrs,et.'al. in deflnlng the coﬁplex conduct1v1ty as.

(o) K(D)‘= o, + I 0'24 (1-1)

i o . R « ) i s .
with a time dependence of the electromagnetic field of the
form

Bt 171 S

£

The complex conductivity is related to the complex

dielectric function by

glo)=e +——o(®w) o Em e
S (Y L o (1-2) o

LB

It is from theAcomplexsd}eLectr%c funetion—that/thefoptrcai——l——rtf

propertles, such as the absorpt;on,coeffec&ent7~eanfbe/—

calculated. The real and imaginary parts of the complex



- .
==

i ' ‘ B —

- conductivity are related to each other by the

YKraﬁéfg;Krohig7'relétiqgég é

| o q{ oo (0)de I

- 00

' - ) - | - '(1_4)’. 7

‘ : S T .(Dl - O o | e

vMattis’and Bard%en8*have derived expressiohé basgd'
on BCS theory for the real and imaginary éarts of the
complex coﬁductivity fér Loth hormalvand supefconducting\
meﬁals‘in the extreme anomalous 1imit."Gon agreémént'

| aboverthe‘ehe;by gap wgs.pbﬁéinednbetween_the
ekperimentally determi;édvcémplex cohductivity<of GloVer

. and Tinkham? and Palmer and Tinkham® and the

expressions derived by Mattis and Bardeen. However,

Ginsberg and Tinkham?3 4

-and Richards and Tinkhan™ saw
gﬁidence'of‘a??recursor structure bélow the énergy(gap‘in
the real part of the complex éondﬁétivity. Agcbfdiﬁg~t6
the Mattis and Bardéehfcalculation at T=0, tﬁe real part of
the compiex conductivity is ihfinite at.zéro fre§téncy,and1

: . "
zero at finite values for the frequency below the gap -

;' o frequency. -The PreCUrsorvstruCtﬁfE }ﬁ&g@gférﬁﬁaEhthere‘EEe
_ absorptive processes within the energy gap. . R

Palmer and Tinkham tried to determine details of this



\

" of the magnitude reported by Ginsberg and Tinkham. Nam

precursor but £eund ao—experimental—ev1denc£rtd%a~precursor

9

calculated the energy gap for lead 1n the strong coupling

case and found good agreement with the value of the energy :,

gap measured by Palmer and Tinkham. )
, '

More recent work on far-infrared spectroscopy of

superconducting films has been performed by Carr10 et. o '~?f

,Ql who observed anomalous behav1or of thelr lead films

‘They observed,enhanced'absorption comparedeith’the

prediction of BES in the_superconducting,state 5§WW;A

freguencies around and just'belowfthe'gap freguency They4f

interpret the enhanced absorption as. 1nd1cat1ng that the

”real part of the complex cqnduct1v1ty for the Tl

superconducting state is greater than the real part of the

-complex conductxvityfforethe~normal state. The enhanced T T

absorption was limited to films with DC sheet re51stances
greater than 50 ohms-per-square, _for films with lower

sheet resistance (greater thickness), ordinary BCS behavior

~

was observed.
The superconductlng energy gap of bulk metals and
alloys was measured by Richards and Tinkham _and by

?

Leslie and Ginsberg using far-1nfrared radiation

incident on non-resonant superconducting cavities.frThey o

determined their absorption,edges above the energy gap from

»

the difference between the surface resistance -af the cavity -



"in the normal state and the enperoondncting,statellejxnipeeeeeeee

' Richards and Tinkham and Leslie and Ginsberg observed that A

.the onset for absorption as predicted by Mattis and Bardeen,hf’
was much more gradual than their experimentally observed o
absorption edges.r / | .

In the superconducting-statek the'extreme anomalous
limit is valid only if the penetratioﬁ’depth is much‘less
than the coherence length.' This. is known d% the Pippard
1im1t. If the coherence length,is muchrless than the
penetration depth then the corresponding_limit’is the
London limit. Also for'supercondUCtors;'ifthe’mean'free‘

~path isvnot,much greaterkthan7the coherence length then thef %

supercondgctorrcanlbe called a "dirty" superconductor{

“~ »The' BCS value for the coherence length for lead37’is 830

e

Angstroms.f The- obseryedlvalue for the London_penetration ;,_wi
depth at T=0 K for lead3? is 390 Angstroms. Hence, the:

ratio of the coherence length to the penetration depth for a
lead is approximately 2.1. Although lead does not strictly.f
satisfy the condition for use of the extreme anomalous

case, the use of the extreme anomalons limit should be more

nearly valid-than the use of the London limit,

One need not be confined to the extreme anomalous

:limit 1n order to calculate the complex conductivity

_,Leplae g writes the real part of the complex conductivity

=



4

for a superconductor in terms of the normal state B

conductivity and uses the Kramers-Kronlg relatlon in order

SR =

" to calculate the 1mag1nary part of the complex

o conduct1v1ty If one assumes that the normal state ..

conductlvlty is constant the Mattls Bardeen anomalous

limit is returned. Another‘form for thefnormal state.

—

conductivity wolld be the Drudevform

1)

o S , -
‘ Y0 N ; ;

Oy \®@) = . : , : 1-5)-

Kareckil3 et. al. have usedgthis procedure'for modelling

their data on the far-1nfrared transm1551on of the strongly

'vcoupled superconductlng NbN th1n fllms '

B. Original motivatlon for thls research

-

Dynes and Rowell14 performed tunnelllng

7

-measurements on. lead and lead-blsmuth ‘alloy thln fllms in
order to determ1ne the energy gap. We were 1nterested‘1n
comparing thefenergy gap value of Dynes and?ROWell Yith,
‘that determined by far-lnfrared spectroscopy . Then we:i
attempted to grow, characterlze, and measure ', - |
'spectroscoplcally tbln films of lead-blsmuth alloys mith

the goal of determ1n1ng the. superconductlng energy gap It

was found however that the unalloyed lead films ‘that ve

were grow1ng as a startlng polnt warranteamsuff1c1ent need

of 1nvest;gatlon so as to compose’ the_research of this

thesis.
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‘The films were deposited by thermal evap ration of

pure lead from a,tundsten'boat. fThe_typical pressure _
inside the'evaporator’was 2x10~% torr during the

evaporation. The pressure was measured with a vacuum

ionization'Qauge17;/1The;thickness of the»samplewwas:« i
measured using a digital thickness monitor18 which -

. - Bongon.
employed a water-cooled quartz crystal. |

_The substrates used were fire-polished sapphire

platelets for. the critical temperature measurements and

wedge-cut sapphire dlSCS for the optical measurements. ‘The

. sapphire platelets were approximately 1 cm?

had their corners'removed in order to facilitate their"'

in area and

- mounting for- thescritical temperature measurements.,*The T

S
sapphire discs wé?E'l/z inch in diameter.

—

At thi 01nt this -author cannot stress enough the

1mportance”of substrate preparation,and substrate |
temperature during the evaporation on the film quality.v A
film of'high quality can be viewed as satisfying two< i *
criteria: | | ‘

a) the filmehouldVberelectrically conductive:

——

b)'the film should have a;thiéka??,Y§§9§}§§lw,;fr;llli;;,
. ,comparable to the skin depth.

If the film is thicker, transmission measurements become

L4 Y



w

impossible. It was found that high quality f11ms were free

-of large microcrystals. The large microcrystals tended'tov
L give the film a cloudy appearance as opposed to a shiny
appearance. 'lt was alsovfoundjthat}high quality filmS'was
| composed of many small (on the order of a'micron) grains. -
The cleanliness of the substrate was found to have a’
profound effect on the quality of the film.v This authori

, adopted the guidellnes from "Thin Film Processes"15

"1 concerning the chemical etching of-1nsulators and

dielectrics. . In summary, the'sapphire Wedgeécut discs and

Ty

sapphire fire-polished platelets were first ultrasonically
'_cleaned in acetone and then in ethanol in order to remove
organic impurities. The substrates were then b01led in
aqua regia and then in a mixture of 85% phosphoric ac1d and

.15% sulphuric acid. The aqua regia cleaned the substrates’

of any residual lead that remained after the recycling of

‘the substrates. The phosphoric acid and sulphuric ac1d

» mixture slowly etched the sapphire surface. The goal,was

h

‘hnotvto produce a surface suitable for epitaxial'growth,‘but

<

to maintain*a.high degree of cleanliness nonetheless. The -

'substrates were. then rinsed several times in d1stilled

water and then stored in ethanol 1n a glass beaker covered

witﬁ alumlnum foil. The substrates were dried indry

nitrogen‘before being mounted. o -

A copper sample holder, which was part of the optical



wh

subStratesin;the evaporator. This'lessened»the‘riskthati
“the optical samplevwould be damaged when”the films,were:
'transferred from the evaporator to the cryostat. The

' wedge-cut dlSC of sapphire, which served as the optical

’ substrate, was mounted into the optical path of copper
'asample holder.A Mounted,onto the sample holder next to- the
optical'substrate,vbut not shadowing it, were two sapphire
‘platelets.i The platelets were. used for the critical

‘temperature measurements. |

o . - ) ‘\/

> ———

% .
The sample holder was placed in the evaporator and
was placed 1n good thermal contact with the water cooled

mount. It was necessary to cool the mount because of. the

7 high mobility of lead atoms at temperatures that would be
experiencedfduring;thefevaperation—process —————— ~The vapor——

' temperature16«for lead is 700 Celsius at 1x10~® 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.nﬂ
lead atpms to attach to lead rather than the substrate.(
Controlling the temperature of the substrates during the

evaporation allowed films to be made which were free of

microcrystals and had a uniform thickness.

The boat was‘heated_with%an AC power supply.

shutter or vane was in place‘durihg the initial heatingrto

-



b

v
\

protect the substrates. After approximately 50 Angstroms -
' |

‘f%*f'” o offlead had been eVaporated onto the vane, the vane was

moved, the thickness monitor was qulckly reset and the film
~deposited onto the substrates.' The rate of evaporatlo was‘
. controlled by the current through the tungsten boat._ ;'

) The current was increased after the vane was removed 1n S

-order to evaporate quickly. This was necessary hecause
R . -

! ° —. S et

‘;“*', S 'lead is a good getter while in the vapor state. The time
| ‘elapsed during thenevaporation Was'approximately 30
seconds. ’:Thf current was turned déwn_,‘bef%thg desired .
‘ thickness was re;ched to anticipate the slo& thermal
'response of the tungsten boat.
After the evaporation was completed, the evaporator
; 's . 'was backfilled ™ with nitrogen gas and the sample_holder was )

h removed and the’sapphire platelets were removed. The

‘T;*"“;','**f sapphire platelets were usually stored in air. and later
- trxansferred to another room where the crit1cal temperature -
zmeasurement was performed. “The sample holder with the |
optical substrate was then mounted onto. the cryostat
insert. The cryostat insert was then placed into the
7 cryostat sample chamher and'the'sample?chamber‘pumped out.
The sample chamber'with the opticalysample_was Kept under
o vacuum,£rom—this~peint'enw rd. | .
R ;s.: Jhqujnuqxuundxuui4mu%eper£ermed~in’erder/to~obta1n**—*44**

high quality films.' Some problens that.were,experienced

‘. 10
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were shadow1ng effects of the sample holder on the optical

wvsubstrate, formation of visible pinholes in the film, and
overshooting thevde51red.th1ckness hy evaporatingwtoo
'quickly or'not‘antioipatingvthe'thermal response of theh
.boatkproperly. During the course .of the research we ended
up with six samples, designated Pbl Pb6 that were well.

characterized and whoseroptical properties were measured

- — . e e

11



A..Tntroduction
- SamplencharaCterization,involveddetermination ofﬁtheg\
criticai temperature and»examination of‘the ?i;m,l
'“;%;: | . umicrostrueturesssTwofmethods~werevemployed*tOWdetermine“thé’
| ” critical temperature, the first Yas a four-probe DC |
' resistance measurement and the second was a shlelding
vmeasurement. The critical temperature measurements were
'performed by S. Gygax and coworkers.r The microstructure~
. Qas examined with a~scanning.e1ectron microscope. A. E.

Curzon and coworkers performed the.microscopic ﬁ

examination. This.aUthor would like tofexpress:hisi

Awr——f~—~mL»fwwfgratitudeutOfthese/twouregggggh:groups for theirvtime and .

efforts. o ,' —

— . ‘

Far-infrared spectra were obtained by measuring the

transmission through the lead films in both the

superconducting and normal states over the energy range of
5 to 100 cm -1, Transmission in the superconducting state

LN
» was divided by transmission in the normal &tate to yleld

the energy response of th44superconductingrleadsfilmse

7/§.NDC Resistance Measurements

Evaporated lead films were deposited on the sapphire

.platelets as Gescribed in Chapter 2. The platelets were

. ) . @ .
’ A
- . . . A
- 4



‘vaOunted'on the-copper tip-of a thin walled‘stainl

a square gedmetry ) _ The Platelets were origlnally 1em?

".A calibrated thermal resistor

o drop in resistance, Toqr and the température

probe u51ng Apiezon grease which supplied the thermal link

:between the platelets and the probe. Four short Formel

——

wires of 0,0031finch diameter were stripped with StripéXj
and were attachedvdirectly to the’film using/silver‘DAG.T

These four wires‘weré“g;herally attached at the corners of |

in area but had their corners removed so that the platelets

would fit on the end of the probe. The four wires were~‘

then soldered to wires that travel the length of the probe,

two act as current source wireS;and two as voltage leads.
19, which is in good thermal = -
contact with the copper tip, was used to monitor the sample

temperature.‘ The probe was then connected to the

7”7support1ng electronics, shown schematically in Figure 1

The probe 1s then inserted into a closed cycle Helium .
20— v . o

—~——

refrigerator

g

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_‘

lowering the'probe while in the vicinity of the critical o=

temperature, the temperature 1mmed1ately before the sharp

— —_ = —_

corresponding to’the first point where zero resistance is
4

noted, T,,, can be determined. . These values, listed in

e

13 .



superconductlng tran51tlon.

temperature.‘

300 K to the re51stance at 10 K (known as the re51dual ,:

rspectroscoplcally, glve a measure of the sha;pness of the

R

rd

) calculated

’Table;l for the flve of the s;x fllms measured

e

-

‘re51stancerratlo or RRR) is given in Table 1.

was taken to be. the superconductlng transrtion

-

The aVerage of Tcl and T c2 .

.

The - ratlo of the re51stance of the f11m at

From the\ .

'; residual resistance ratio the mean free path was:

'.This was done by multiplYing the literature

value for the room temperature conduct1v1ty of lead by the

conduct1v1ty of‘the fllmrat~10 K.

re51dual re51stance ratlo in order to obtaln the .

The‘conduot1v1ty at»lO'K

is then divided by the ratio3® of the conductivity to the

mean free.path in order to obtain the mean free'pigh. The

uncertalnty calculatlons are descrlbed in detall in

Appendix A.

| Pb2

| Pb3.
"| Pba

1 Pbs

| Pbé

~3
Q
[

~3
Q
N

Table 1

DC Resistance'Critigal Temperature Values

| 7.25K|7.40K]|

I - | |

I I [ o

| A T|] RRR | ARRR|m.£f.p. |

I | S |
| m———- | === e | ====] === | ===~ | === |
|7.15K}7.20K| 7.18K |.O03K]| | . | |
|7.15K|#+-20K| 7.18K |.05K| 12.4| 1.4 | 636 A|
|7.30K|7.35K| 7.33K |.03K] N | - |
|7.00K|7.30K| 7.15K |.20K| 15.1] 0.4 | 775 A|.

7.33K | 2.2 | 6Q0 A]
I I
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FiQure 1
‘Schematic for the supporting electrdﬁics used for

_the DC, resistance measurements. BDC = Binary to

5

Decimal Cbnverter. CCS = Constant Cﬁrrent:Supply.

DMM ='Digita1 Multimeter. .
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Figure 2
Resistance plotted against temperaturg'for sample
Pb2. Inset shows sharpness of the superconducting

transition.
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'bn’a lead film (designated as Pbl) that was evaporated onto

“the platelet used for the DC res1stance measurement The . - *~f':fn:
details of the,apparatus and its operation are described - e
‘elsewhere21

sapphire tipped probe u51ng Apiezon grease w1th the f£ilm

. went from the superconducting (Meissner) state to the

C. Shleldlng Effect Measurement A . L S
| ~The measurement of the superconductlng transition

temperature by.means of the shielding effect was;performed'

a small piece of a sapphire platelet that was 1dentical to

In summary, the sapphire platelet was mounted onto a =

side against the probe. A small piece of niobium w1re22 R 'i“
was mounted along the'side of the sapphire tip,»running : o
parallel along the length of the sapphire. -The probe was

then placed in a He4

cryostat which contained a SQUID
magnetometer systema The'sample‘was cooled in zero field ]'Wf;kig
to 4.2 K, a small Dc.magnetic field wasrapplied and the

sample was heated by applylng a current'to the heating wire

within the probe.‘ The changes 'in magnetization of the lead

sample and the niobium reference'were monitored as they

normal state. The magnetic field was removed ‘when the

.

sample and reference were in the normal staterand both were
allowed to cool again in zero field. This cycle was

repeated three times. : , T

19




for bulk lead within uncertainty limits. All of the

., o

7{ The SQUID output showed two d1st1nct steps,

corresponding to the magnetlc flux llnes frrst enterlng the'

lead film and then the nioblum w1re. Flgure 3 ‘shows the

'magnetii&t&on as a functlon of temperature for the lead

ffllm, correspondlng to'the optlcal sample Pbl in Table 2, —

and the niobium reference. Figure 3 represents'the average

fof four magnetlzatlon cycles. The midpoint of the change
'1nﬂmagnetlzatlon for the nioblum wire was measured to be

.8.90 + .08 K. The m1dp01nt in- the change of magnetlzatlon

for the lead f£ilm was 7. 11 + .08 K. Details of the

uncertainty calculations are presented‘in_Appendix A.

D. Summary'of critical,temperature,measurements

The literature value for'thelcritical temperature-
for bulk lead35 is 7. 26 k._ A more recent value for

crltical temperature for bulk lead36 is 7 196+0 006 K.

The literature value for the cr1t1cal temperature of lead
thin_fllms14_is 7.20 K. =The lead films in Reference 14
were evaporatedAonto'an aluminum'oxide layer that had:
formed on‘alpreviously»eyaporated aluminum film. The
aluminum fllmrwas.evaporated onto a glass substrate. Only

8

sample;Pb4 did-not:agree ﬁith the latest literature value

'

‘samples were clustered around each’ other to w1th1n 0. 22 K.

" The value of'the critical temperature by the DC re51stance

measurement aid agree within uncertainty limits with the

20



" the residual resistance*ratiorfor'sample PbS’did*nottaﬁreé’";*‘“’

approximately equ}valent degree of contamination.

= —

value of the erxtical temperature aS'nmmmnnnnrin(ﬂﬂﬂfﬁﬂnnﬂﬁs*”“‘*A

in magnetization except for samples Pb4 and Pb6. -

The(diterature value for the critical temperature '

~ for bulk niobium3® is 9. 25+0.02 K; The measured critical

temperature of niobium dld not agree with1n uncertainty

'limits. It was in . fact too low by 0. 35 K. This may haae

been due to a calibration error in the thermal resisto"'orr R

due to a problem w1th the niobium 1tself. A problem with

the thermal re51stor may explain'why sample\Pbl reqistered :'Vl' 77777

the lowest critical temperature.’ Yet ' Pbl Stlll agreed with : |

the literature value within uncertalnty limits. R
The'values of the residual,resistancearatio that was”

measured for two of the’three samples, Pb3'and;Pbo,_adreed§

with each other within uncertainty limits. The value of

with either of the other two samples but was very similar
Since the re51dual resistance ratio is a convenient
approx1mate 1nd1cator of sample purity, it was concluded

that the three -samples whose RRR was measured had an .

A}

21



depth of the field.

N -
) 'Figure 3"‘, i o \:
Magnetizatlon plotted agalnst temperature for sample
Pbl: and for the nloblum wire. 8Sami:le was\cooled "in
 zero field and then warmed in a small e fleld.,,Thete w
low temperature—tall ;s‘related to,the penetrat;on o

22
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Figure 4 and Figure 5 show photographs of two

- different lead filmsfthat'were eXamined'under aﬂscanning_

" electron microscope?3.,EThe purpose of the examinationv

was to determine the granularity of the films. Table'z .

gives the thickness, measured during the evaporation, of

the six samples that Were measured optically and glves SR

representativeIdimensions for the spaces between grains for

the two samples that were measured under the scanning

) electron microscope. The dimension a is the w1dth of a gap

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

will be important for the wave guide analysis/im the next '§

chapter. ’ Ve

e Table 2 o

sentative Wave Guide Dimensions

N .

|

| Sample | Thickness |
| ====——= - | m————————— | ===r==f e |
| Pbl | 59.0 nm | | |
| Pb2 | 50.5 mm | | « |
- | Pb3 | 43.5nm | 120 | 1,560 |
. | Pb4 | 49.0nm | 230 | 1,110° |
.| Pb5 .| 46.0 nm | | . |
| Pb6 ‘| 49.0 nm | | ' |
| mmm————— | mm——————— | === | === I

4 ’ . R
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a \'. - ’ \ |
~Figure 4 ST : S
) Top: Scanning electron microscope photograph of f
sample Pb3. , Black bar corresponds to 953 nm. _
Applied voltage was 14 kV. Mégnificatibn.was 10.49 —
o - kX. -
» _
’
. E :
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N . o
o -' ‘ \
- Figureﬁ 5 e S
. Bottom: Scanning'electréh ‘microscope 'phc}tograph of -
bsamp]‘.fe Pba. AWh_ite bar at- thg,,fh,ott,onﬂ”cgrr,esp_ogdg,:;g,f,,, L
1030 nm. Applied voltage was 25 kV.. Magnification |
was 9.69 ka. : - N
v ' ) ‘ '
. T
— - - - - Wi
27 7 . , A ~ .- . ‘
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-Ey comparihg the Véidéé[fofjtﬁé'hean free path }
'presentédlin Téble'l with the size df'fhe grains, it was

: ¢oncluded thaf the scattefing of the electrons occurs
moStly‘withinvthe graih before thé-electrons feach the
grain boundary.‘ By cdmbaring the vaiﬁes for the‘mean free
Eath with the thicknesses of thevfilm\pfesenfed;in'Tableiz,
it‘was conq;gdéd that there may be a contribution to the
condgctivity'due,to thé_scattering of electroné’at the

surface of the film.



F. FIR Transm1ss¢on Measurements IR

hY

In the prev1ous chapter, the handllng of the copper
sample holder was brlefly discussed. A more thorough
dlscuss1on follows. ‘The Copper sample'holder was attached'

&

to the thermal control stage wh1ch was a s1m11ar copper

—

disc which contalned the heater24 and the thermal ‘
diode25. Figure 6-shows~how‘the two diSCsV(stages)‘are
arranged. This design arlowed'the optical sample to be

i mountéed in such a way as .to minimize the risk offdanage.
Thin(brass rings‘approximately 0. 0312 inch thick.with an
‘outer dlameter of 0.500 inch and an 1nner dlameter of
approx1mately 0. 437 inch were placed on the sample and on :

the reference to block out any far-lnfrared radlatlon that -

m1ght 1eak around the edges. of the sample.

The two stages were then enclosed 1n51de a brass can’

- that included a feedthrough wh1ch 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 ofpo.soo.inch inner diameter brass light.

pipe. At the interferometer end of the light pipe,.black . _

—po6lyethylene was used to form a vacuum window and to block

out the v1sible components of the far-infrared source.

Wlthln the llght—plpe that coupled ‘the sample stages to the -

detector sectlon was a 0 500 inch dlameter, wedge shaped

"LiF crystal held in place with rings made from stainless

30
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Figufe 6 ' | -‘ ; A s
Sidev view and top view of tl';e tiqermal 'a‘nvd sal;\pie
stages 'j:o,ined together. Heater wire ‘.wr'ap around the -
thermal cam?rol stage after entefing from the top. 7
Diameter of the ,si':’”agg asseinbly is a_pproximateiy 4.3

A

"CIt.
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Heating ,Sapphire

Shaff : - Wires

Thermal : Light Pipe
Diode -
Wnr'es
B 1

= ¢ -
8 = Thermal Pb Film
= é\2 - Diode _on

— —_— T Sapphire
1-Thermal Control Stage -
2-Sample Holder Stage -

Figur'e 6.
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steel tube. The LiF crystal acted as a cold filter to

“'block out radlatlonzat energlesvhrgher than‘approximately
220 cm™t. ' ' | R
o ' ‘ ' S
The cryostat that was used' served to cool the sample

and to contaln a He3

bolometer that was used to detect
Athe'far-infrared radlatlon transmitted through the sample.
The detalls of the cryostat along with the details of 1ts'
operatlon are descrlbed elsewhere. 26 27_’In summary, the
cryostat is a He* immerslon dewar with a one shot He3 .
‘refrigeratorvthag is used to cool a conposite geqmanium
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 llght pipe A
Mylar w1ndow provides the vacuun 1solatlon between the
.sample section and'the detector sectlon. The He4 bath -
can be placed under vacuum and.can be kept in a superfluld
state for up to ten hours.

5
H

The modulation of the'farfinfrared radiation was

accomplished by a’ﬁichelson interferometer?8 for'several
experiments and by a lamellar interferometerzg'for

several other experiments. The interferometers were -
controlled by an IBM PC compatiblekmicrocomputer; Details_
of the 1nterferometer operatlon and its computer L m{

30 S

interfacing are descrlbed elsewhere The computer also

functioned as the collection port’for the data generated by -

i

33 SN



s

\/r

the detector eleetronics and performed the necessary =
Fourier‘transforms.

‘1 The Mlchelson 1nterferometer and the lamellar
%

"interfepémeter emp{oy~a mercury lamp as the source of the

far—infraredfradiation. - The Michelsonvinterferometer

—

operateS‘on the,principle of ampiitude division while;the
lameilar>interferometer operates on the principle of wave
front division3l. After their respective‘division,fboth

interferometers intrbduce‘an optica}:path difference, A "
before recombining the divided‘radiation. The Mieheison'

interferometer accomplishes the amplitude division by using

a Mylar beam splitter. The path dlfference is 1ntroduced

. B ¢
by using separate mirrors for each path, one flxed ‘and one
allowed to move. The lamella;Vinterferometer divides the'
wave front and presents an optlcal path dlfference by the

motion of one lamellar graEing w1th respect to a flxed

grating L S 7”

9

The radiation intensity,that reaches the detector is -

-

expressed mathematlcally by

- j S(v 1+cos 27ch)dv .
| g (3-1)

where A 1s the opt1cal path dlfference and v is the
frequency of the far- 1nfrared rad;at;on7fnmemnuxxtags’—
cn~l. S(v) is the intensity distribution, as a function _ Wr

of frequency, that reaches the detector. By changing the

34



path difference between the wave front in incremental steps

and measuring the intensity of radiation transmitted
through_the sample‘at eachvstep,_a distribution.of»

/‘g\intensity; i(A); is-obtained This distribution of ’ -

4

intenSity is then Fourier transformed in order to obtain

the frequency response S(v) of the sample. I(A) ‘is the
Fourier_transform of the desired energy’spectrum, S(v).

7 The transmission spectra werejobtained.through the:
following procedure.'.The samples were eooled'to- :
approximately[z K which placed the filmdinvthe
supercondueting'state, well below'thevsuperconducting'
transition temperature‘(approx. 7- K). The'interferometer
was‘set up to“cover a speeific_frequenoy range for a

specific resolution. Typical values of 100.cm"1 for the

cutoff frequency and 4 cm -1 for the resolution were

“used. Room temperature filters were used to insure that

-1

frequenCies higher than approx1mately 85 cm would be:

,blocked:

At each incremental step corresponding-to a specific -

T

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 a7

" MOhm resistor, which was in theﬁorQostat This series

combination formed a voltage divider c1rcuit and was driven

by an external battery-powered source. The applied voltage

“
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"heater?4 (17.44 ohms) that was in good thermal contact .

' corresponding to the normal state was approximately 10 K.

\ R

W?g’appggxima;ely 7.5 volts.. The,bolometer_ACeoutputewaseeenee;ef

<

thenreent to the lock-in ampllfier. The DC output of the',‘
‘.bolometer could also be monttored in order to a551st in

'sample allgnment and to determine 1f there were any. heatlng

effects due to large amounts of radiation 1nc1dent on the

'bolometer,

4;The ogtpﬁt}of the lock-in amplifier was‘sent,to,both © mmm e

a chart recorder and to an analog to digital'conVerterv

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

the signal was strong and up to 12 seconds if the signal
was weak.‘ As the interferometer paseed through the zero °
path dlfference point, a peakaln the intensity was

observed. The. total dlstrlbutlon of the 1nten51ty at the

Abolometer, I(A), is known as an 1nterferogram. Each

1nterierogram was. stored in- the _computer- ané/ was- - i S
1nd1vidua11y Fourler transfbrmed "The resultant spectra

were then averagedjtogether for several scans;of the sample

in the superconductlng state. . |

The sample was then driven 1nto the normal state by

applying‘a small current of approxrmately 0.3 mA to the

with the sample stage aseemh}g,' The temperature

A;corresponding drop in siénal was, observed on the chart

recorder output which.was due to the sample becoming less

36
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transparent in the normal state. Any exchange gas in the

sample chamber was pumped out 1n order to avoid excess

11qu1d helium boll-off; The data for the normal state was

' handled in the same way as-the superconducting state data.

Flgure 7 shows two averaged spectra for both the

’superconducting state, TS, and the normal state, TN' f v v
The ratio of Tg to TN was performed digitally ' o -

Th1s is also shown in Figure 7. The noise in ‘the Tg/Ty L

[spectra at high and low energy results from the division of

low 1ntens1ty for.the superconducting state by low - . L

intensity for the‘normal_State. The plots’in Figure 7

representvtypical spectra that were observed duringvtheg

course of the experiments. These.ratios and the'ratios

corresponding to the remainder of the samples will be

presented in the'follow1ng chapter. ' . , - . oo
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Figure 7

" Top: SupercohdugtingAhnd normal state tranémiésion'

plotted versus wavenumber for sample Pb4.

Chaindotted line is the Tg/Ty ratio. Arrows

-

_shbw’instrument resolution (4.05 cm*l);.
Bottom: Same for sample Pbs.
7
5 . i
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A, Observations and Hypothesis
| As stated in Chapter 1, Mattis and Bardeen®

" derived expressions based on BCS theory for the real and
imaginary parts‘of the complex conductiVity for both
superconducting and normal metals in the extreme anomalous‘

N &
R _3>limit Figure 8- shows the calculated complex- conduct1v1ty

at T=0 K, ~ the details of these calculations will beiﬁp
presented later in this chapter. Glover and Tinkham: o
. ?have derived an expreSSion to calculate the TS/TN
ratio as a function of the real and imaginary parts of the
complex conductivity*and as a;function‘offthe normal state

transmission. Figure 8 also shows the Tg/Ty ratio

. — I —_— -

S R calculaZed using the Mattis’ and Bardeen expressions for the .

imaginaryfpartsfofftﬁemcompIeX“conductivity

Lerewwiyfl‘wmreal—a
There are two distinct features of the’ theoretical

gTS/TN ratio which were used as a baSis of comparison

with the experimentally observed ratios. The first is that

‘the theoretrbal ratio approaches zero at zero energy

. . 4
e - = "

_According to the Mattis and Bardeen calculation, the film

uwould be perfectly reflecting at zero energy ‘This is due 7 —

"7fto the existence of a. delta function in- the,real nart of

CE the complex conductivity at zero energy, corresponding to

infinite DC’ conductivity. This is in qualitative

. . . - v £
4 Rt . "
- . . ! v ;v [ - ) . .
ST C Sa e e - Ly T o
T ST ‘ . & . 40 . N
4 . B voa . . . i N N
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'Figure 8

Top The real and 1maginary parts of the complex‘
.conductlvlty as a function of reduced frequency

Also éhown is the Tg/Ty ratlo calculated for a 'i;f o
normal state sheet re51stance of 228 ohms per’ square
(Ty=0.5). S

RS

Bottom: Ratio of.the superconducting to normal

L

surface resistance as a function of reduced

frequency ‘The same yalues for the real and
vlmaglnary parts of the complex conductivity that

were used  to calculate Tg/Ty Were used here.
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Tinkham.sn,\

t T

| greement w1th the observed ratios ofiPalmer and

The second distinct feature of the theoretical

TS/‘I‘N ratio is the gradual taﬁ}#hg off of the’ ratio to

‘ounity at energles well above the gap energy. At energies
,Zwell above the gap ene;gy the 1nf1uence of the gap will noA
- longer be” observable and the superconducting state will
_behave llke the nbrmal state. This feature is in good

7quant1tat1ve agreement with the observed ratios of Palmer

-

and Tinkham.
o b ' .
The experimentally observedf{ratios presented in

Figures 9, 10, and 11 differed from the theoretically

4

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

the experimental ratios approached zero at zero energy

'For all ‘of the measurements, TS/TN>1 for frequencies

down to*the observable limit (approx1mately 5 cm 1) and'
for frequencies up‘to‘a characteristic frequency; from
which p01nt onwards, TS/TN was approx1mately equal to o
unity w1th1n the noise - 1lmltS. This characteristic

frequency was not the same for ‘each sample but generally

fell in the range«of 25~ 28 cm -1,
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Top: Sample Pbl. Solid line is the/dbserved
Tg/Ty ratio; chaindotted line is the modelled
. ¢ Tg/Ty ratio. ( ,
' Bottom: Same for sample‘sz, ; /
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Figure 10
Top: Sample Pb3.
‘Bottom: Sample Pb4.
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"The second*difference‘between the observed TS/TN

ratios and those predicted by Mattis and Bardeen8 was ? .

thatfsome of the ratios: dropped more_rapidly to unity abcve
.the previcusly described'characteristic frequency than the

'calculated ratio; This was espec1ally true for. samples

‘ de51gnated Pb2 and Pb4.

Analysis .of these two characterlstics and their '

implications. 1n v1ew of the‘Mattls and,Bardeenvtheory have ,

led to the hypotheses that.
'l) The observed transmlssion spectra resulted from a
superposition of transmlssion through the gralns of‘
the film and transmission through gaps between‘the,p
Qrains."Thegaps hetween the Qrainsfacted as uave

'guides for the far-infrared radiation.

2) Thejfllmsfwere comp051te in structure w1th o
lhdifferent gralns heing characterized by different
gap‘values. o | |
The remainder'ofrthis:chapterrwill justify the use of these
‘hypotheses and present‘the mathematical formalism thatlwas |

‘used to incorporate these hypotheses into‘the theoretical

models used to fit the experlmental TS/TN ratlos. The

quality of thg curve—fitting,willualsoebesexamfnea

B. Wave-Guide Theory e ri,llll;v

The formation of the wave guides between the grains -

could be due to the different coefficients of contraction
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vof the film and the. substrate.' Newhouse“ states that

films of soft superconductors partlally anneal at room
temperature,bwhlch,tends to relieve stresses. - On cooliné;"
the film usually contracts more than the Subétrate. This
can cause a ten51le stress in the f£ilm suff1c1ent to cause
plastlc deformatlon. Hence it was hypothe51sed that the .
plastic deformatlop was suff1c1ent to produce openlngs in

the fllm which acted as. wave guldes. Althougﬁ;the

'
N

dimensions of the- wave guldes were small thh
representatlve dimensions taken from the“SEM phctdgraphg}}
with respect to the wavelengths of'interest, the inciddht .
wavee-were not totally attenuated. This is due to the =
thinness of the sample. This assumption shall be shown to

be reasonable in the folloWing section.

J; S e

an electrlc field 1n51de a hollow rectangular wave gulde

.with perfectly conducting walls

;?Z ) (4T1) |

. nx ) (
E=E, sm( 5 Y)expilat-
o - g
the attenuatlon for the wave guide can be calculated if the
Adlmen51ens of the'wave gu1dE'and*thervnnmﬂznmﬂﬂrTﬂ?ﬂﬁﬁ?“"““'*
incident plane are known. b*iS’tthW1ﬁth”Of“thE’WHVE‘QQT&E‘“"‘

in the y direction. For perfectly conducting walls,
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'the free-space wavelength for an 1nc1dent1plane wave l

is related to the wavelength of the guldegywﬁve x‘gl by

the following equation v o

(4-2)

"where the different values for n correspond to different
modes of propagation and A , is the wavelength of the

h

1nc1dent plane wave. _

o ".v ' " " From Egqn. 4- 2 we see that the wavelength of the
| gulded wave wxll ‘be real 1§ the wavelength of the 1nc1dent
plane wave is less than twice the‘widfﬁ‘of the Waveaguide,

- This corresponde to unattenuated transmission. If the

wavelength of the guided wave iS'imaginary,,the field is

guide. If reasonable dimensione-for the ;wave‘guide" are
taken from the scannlng electron mlcroscope photographs and
the thlckness of the film and the inc1dent wavelength are
known, the attenuation of-the electric field can be
calculated. _ . - -

The transmitted power 1s attenuated by the square of

the attenuation factor for the electrlc f1eld.' Table 3

_attenuated exponentially along the length of the wave

- 7

glves values for the dlmen51ons of the "wave guldes" ‘taken

' ,from Table 2, attenuatlon constants (kg1=2 x/ )"gl) and

the square of the/attenuation factors,for‘n=1 and perfectly
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vconductlng walls.

When the fllm is in the normal state and the fini*e >y

I

condUpt1v1ty of the walls is taken into account,_there is
additioaal attenuatidﬁ-dUe to Joule lqsseslin'thekwalls of

Abthe Qave guides. Again,?the attenuatioh constant’kgz = o
2 1@/ Z.gz, may be calculated for this case. The ' | |

/k‘attenuatlon constant for Valls of flnlte conductlon is

. ;\7;1— ) ’
-\ﬂ°(§%)2 | RS

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

expressed as

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

P

which the average transmitted power is decreased due the to

finite conduct1v1ty of the walls. Thus the total

attenuatlon constant, kg=k g1+kg2? should be used to A_. ' ;H
calculatevthe attenuation of the average transmittedfpower |

"due to thewwavebguide when the film is in*the.normal |

state. Table 4 summarizes’the attenuation constants and.
attenuation factors for beth_the lﬁfiaitelf‘conducting case

and the finite case for the two samples, Pb2Z and Pb4.
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characterlstlc for cur samples.

*  sample ° . Pb3 " .  Pb4a
- 2 (10" %mm) ©43.5 . 49.0 3
" a (1073mm)— - 0.12 0.23 .
b (1073mm) 1.56 ° 1011 .
Ao, (mm)- = 1.00 ~1.00 Vv
N b ql. ) - P
kgy (mm™%) 2000 2800 0
exp(=2kq12) 0.84 0.76 © -
Table 4 -
ti onstants for Fi ite conducting Walls
- Sample — T Pb3 7‘* }T{W*f*f S
kgp (mm™%) 500 1100 |
exp (~2kqz) 0.80 . 0.68—
Thus for perfectly conductlng walls, the average v v;u%/A

transmltted power through the "wave gulde" is 84% of the

1nc1dent power for sample Pb3 and 76% for sample Pb4. For

,walls gILI;nltemcnnductlyltyfesokeoietheelne&dent—pewergis—'——/—*

transmitted for sample Pb34and4ﬁ&$4fnr,sampleeDh

Therefore our hypothesis that the spaces between the gralns

 could act as wave guides is plausxble for the dimensions.
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| C. Gompes&te%ateria%*ﬂ” — j"**r R
The idea of compoSite material in dirty .

superconductors was supported by microwave experiments on -

uqranular aluminum filmsrf K. A.'Mullerpgt 31.34<E§asured..

. DC resistance, microwave lossgandﬂcavity.frequencyvshift‘as

a function of temperature,“ They observed9thatralthough thewrﬂ;j

‘atuminum /£ilm had zero DC resistance, the microwave lToss
decreased below T, 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 attributed 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,
) be- sensrtrve—tO*any'normal regions.'””””’”””"*”’ *********** T
) The application of this idea to the present
_experiments is as follows. If the real part of. the complex
conductivity is non—zero below the gap energy, as wasr - f:
measured by Palmer and Tinkham? , far-infrared radiation
would continue to be absorbed in the film even though there‘

would be“a ctontinuous superconducting DC path. Becausefour

.‘films had a critical te/perature in agre 36
bulk value, an;?;Etion of the grains must ‘have had a

C ¥
' “\efttscalstempérature (and enexgy gap) like that measured by

e

J—Palmer and Tinkham (T —7 1K and 2 =22 5 cm-l) S SR



But since the film continued to transmit and not- reflect

S

radiation while in the superconducting state at energ1es

well below 22 5 ¢cm 1, there must be a distribution Of
energy gaps throughout the film. The 1nfluence,of-the
otler gaps would not be experienced*ln a DC re51stance ;;;

measurement if there was a suff1c1ent fractlon of" gralns

w1th>therzz 5 cn -1 energy gap wh1ch formed a contlnuous )

: superconductlng path.
D Modelling of the FIR Data | h
' For the sake Qf simplicity, ‘each film was modelled Lo e
as'belng composedvof small (compared to the.wavelength of
incidént.radiation)igrains’that either had the high gap
'-value'(zz.srcm'I) or a‘lower gap value, which was -
determined by fitting,the ratio spectrum. The model film’\

. s / - ) B s -
- was separated into'regions which allowed either

transmlsslon through the grains of the film or transm1551on
through spaces between the grains which acted as wave

‘guides. Figure 12 represents this diagramatically.




- Diagrammatic représentationrof the‘composite

. . Figure 12

structure of'theAfilm showing the grainé with
qiffgrent valués for thé‘gap‘and showiné‘the spaces
betwéen the grains which act q§ wéve Quides.jTShéded
graiﬁs areWs@il} FompargdAtpvthé wavélengths of

interest.

S '%;7l
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gralns. 7 |

As stated *n chapter 1 Mattis and Bardeen8 have
derived expneSSions for the complex conduct1v1ty for '/
superconducting and normal metals in the extreme anomalous
allmlt. They describe the extreme anomalous llmlt as the
case when thelﬁenetration of the field is small compared to
the_coherence‘length, For temperatures greater than zero,
the‘expressionsimdst be nomerically integrated to obtain |
values‘for the complex conductivity. YAt T=0 K however, the
integrals can be evaluated in the form of elliptic

integrals. They have the form

o 24, 24 3
—= hoen =) K(K) (ho>24
On (1+h0)) E(k) Z(hm) K(k) (hw>24) (4-4)
0: _ 1428 1ener 4 2B ki) la cacs)
, O'fq —2{(h(0 +1)E(k)+(ha) )K(k)} (for all w) ’(4_5)

where the arguments of the elliptic integrals E and K are

I2Ah0.)| ’ k'=(1 -sz_
|2A+h(o|

These calculations have ‘been carrled out and the results

were shown in Figure 8.

’




The TS/AFN ratio can be calcn%ate&nstngﬂ:heﬁ %

values for the real and 1maglnary pargs of the complex
-ccnductiv1ty obtained from the above integrations. This

ratio(edue to Glover and"Tinkhamz,'has the fefm
Ts _ | ‘ 1 -
T~
B [Tz ('] Tz)'(“:)] +[(1-T; )( 2y

N . oo

(4-6)

-
3
HE

This ratio was alSo plotted in Figure 8.
The ratio of the transmltted power through a thin
metal film to that w1th no film, from Gloverland TLnkham,

,has the form

T=— 7 '2 | )

n+1

where 4 is the film~th1ckne557”nfis”the index ‘of refraction

. s . Pl - . ' : .
. of the substrate and 2z, is the impedence of free space.

%Glover and Tinkham state'thet the effective conductivity of
a thin metal film in the normal state is'iimitee by surface
‘scatterfng.and is independent of fredueney for the
ffequenciesiof,interestvin the_far-ihfrered., Mereover;'
they.make the approximegion thib‘thehhormel state

ucanductivity has'only a real part and is constant._ Thus

r

reciprocal of the‘sheet resistance. By measuring the

either the DC sheet resistance of the film in the normal . L
¥ . ' -

=g
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state or by directly mea”suring the power transmitted

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

TS/TN ratio can be calculated provided that the gap

frequency is known. Palmer and Tinkham ~determined the .
gapifrequency by measuring both the transmission and
reflection of the film and from these values the

determined the real part of the complex'cOnductivityaas a

”function of frequency - They took as the gap frequency that

frequency where the real part of the complex conductivity

went to zero.» ’

/

F. Models used to describe the line shape of the

transmisSion through a “wave guide."

As stated in chapter 1, Richards and Tinkhum4 and

Leslie and Ginsberg11 measured the energy gap of bulk

" metals. They modelled their absorption edges above the ~

energy gap by the difference between the normal state

-— -

‘surface re51stance, Ry and the superconducting state

t

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

surfgce resistance is the real part of the complex
impedence“and the Rg/Ry ratio can be’obtained from the

ratio of the superconducting complex impedence to the

normal complex 1mpedence, ZS/ZNL ,In,thewextremeeefw5eeeewru;e;,f

anomalous llmlta, Zg/Zy has the form _ £ i

3
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T \orrics) I e
: i : . . ' K ’ IV - YI:QI <
1 - The complex impedence is related to the surface
*resistance’and the surface feectancefpy theﬂfellowing;j,'

equation ST . R . -
' 2 ' % o ,«' T L

N ZN=‘R"KN-+E:XN= RN+|\/§BN R v

(4 9) , “ ‘,f '_¢ 

»
e A 4

S where the square root of threg term 1s spec1f1ca11y for the

: {,. _extreme anomalous limlt RS/RN can be extracted from

ZS/ZN by the follow1ng equatlong-

5 R o qZoy (X (Zsy o 4 .
S === Re(—-’e’-) - (—) Im(—), o " (4-10)
(/. after 'S'°me'¢1ém¢nté}t¥ complex analysis, one cbtains .~ .

-FRj—s- - B (cos (tan;( )\/§ sil:r(——mg ( ))) -

* where B and y.are given by S E

S ' “

- 00\, G, \2 o
5-[(Grg) (o'f4302) [
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Rg/Ry is plotted,in,Eigure~8 usingithemrealuendrrff
- imaginaryvparts of the complex conductivity calculated from
the previous section. | |
'Richardstand Tinkham® and Leelierand Ginsb_erg11
rsubtracted 1 from the‘ratio of the power'reachlng the B
detector when the cav1ty was superconducting to the power
when the cav1ty was normal.  They then modelled their
cav1ty response above the energy gap by
(RN-RS)/RN = ~(Rs/Ry -1) 1-RS/RN
ThlS functlonal form is unlty at the energy gap and falls
to zero- at energles well above the energy gap
- Slnce the model presented here demands that

: TS/TN be unlty at values well above the energy gap, the

~ response for transmlssion through a wave guide above the

energy qap hasrthe form-- ,W?mﬂ,,l‘w} o ek

e »j L Tg/Ty= -(RS/RN -2)  (4-12)
Slnce 1t is assumed that RS "is negligible below the
energy gap, the TS/TN for the wave guide 18 two up to
the energy gap and~upltyhat energ1es well above the" energy
gap.- |

6. F1tt1ng the data

' The calculat;on for the complex conductivily for the

- .

vcomp051te materlal 1s~as follows. The real part and the

Ti,\ —

imaginary part will be calculated twice; once for\each'
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'»value .of the energy gap‘ The real parts are then added

-ogether as are the 1maglnary parts as- shown below - o ' -

5 =f0,(G) + (1) 0, (G e
- o/ =fc, (G )+(1f)o< D

. (4-14)

wherewo é f <1 is the fraction‘of érains with ‘gap value.

Gq. The'resoltant'coﬁplex conduCtivity ismthen used to

calculate thettrahsmission throughbthe graiﬁs, accordihg to -
;equation (4~6) and the transmﬁssién through the "wave : R
guides“,accOrdingmtoVequation‘(4-12); \Tﬁe transmiSSionsf & N
;afe then added together according to the equation
TTotal?ngrain+(;”quwave guide (4715)

where q is the fraction of thettransmitted energy through N

" the grains.

“H. Flttlng procedure and “observations witrwdﬁ ,;ew
The first step was. to choose the'lower‘gap value;
G,. The upper gap value, Gy was flxed at 22.5 ‘cm 1.
The second step was to chose the fractlon of tHe grains. .
that had this lower gap value. With theSe'two parameters
vset the effective complex conduct1v1t1es ‘could be
calculated using Eqns. 4-13‘and 4-14. ‘After the complex '
cenduct}#itywwasjeaicu}atedT'thegtransmission‘ratio due:to

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

¥

64 N BY



oy

.plottéd onto thgvgbggrvggwggggg;gggwcompariaqn; The lower

¥

ugfratio.' Then the effect of the*tgansmissiOn thrqugh Q§yg

gap value and the fraction'of grains with this lower gap .

value were then adjusted until the best fit’was‘bbtainéd,

‘The criteria for the best fit was my péréonal judgement as

to how well fhe'calculated Ts/Ty ratiq folloWed'the'

observed rétio within the noise level present in each

‘guides, caléulated using%Eqns. 4-12 and»4-15, wasladded
into the model Tg/Ty ratio in order té see if the best

fit could be improved. The resultiﬁg_choice'of‘pafameters
may not be unique bﬁt they repre;ént‘my bes# choice given
the low signal-to-noise ratio of thg:obéerved Tg/Ty
(ratios. | |

b2

c e

3

It was found that the additign of transmission

thrdugh<the "wave guides" cagggdﬂthewdealMTS/INgto, 7777777 R —

~drop to unity faster than transmission through grainé

alone. The samples that had a combination of transmission

.through the grains and through‘theéwave‘guides,_for example

B

Pbl,rappeared to deviate only'slightly:froﬁ the model
predictions. It is interesting to note' that for the
sampleé tﬁat‘were modelled on trahSmission through the wave

" guides alone, the deviation of the model calculation from

¥

> .

the observed ratio was the greatest.
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S ~*j'\,' It’was'also round“that u51ng~two very- d1fferent
' f . values for the gap energy when calculating the effective
complex conductivity (equations 4-13 and 4-14) tended to

N

suppress ahy strong (Tg/Tn>1.5) features in the model
TS/TN rayios. ‘ \ ’
Figures 8, 9 and 10 showed the results of these
ealeulationS*for:the*fitting'parameters'shown in Table 5..
. _'v " The valuelfor TN’in equation (4-6) was experimentally |

determined for all samples except Pbl.(gFor Pb1l, Ty was

an additional fittlng parameter. : c}é“'p
A -
, _ Table 5 e
-, B el B miviutusetvud Buimsinintoud Rt il IR
— S 18&mple{f EGl(cm‘){G (cm )= q } Ty |
---------- mrntnrre | cvm e res | e | e———— |
| Pbl | 0.9] 8.0 | 22.5 | 0.5| 0.08]
it Al Rt B |-===}----- !
| Pb2 | 0.7| 14.0.°| 22.5 | 0.0| --- |
Bttt Rl B il e bt | === ===—= |
~~ | Pb3 | 0.9] 3.0 | 22.5 | 0.5{ 0.79]
. |=Emmem | mmmm | e | === | ====]=====|
| Pb4 | 0.3] 14.0 | 22.5 | 0.0] --- |
| === === | m = | #=====mm| o= |
| Pb5 | 0.9] 5.0 IE 22.5 | 0.5| 0.17|
=== | === | === | e | e | ====-|
| Pb6 | 0.9] 5.0 | 22.5 | 0.5] 0.13]
) R Il B e | === |====|===== |
I © N
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I. Evaluation of model and disoussion of results

‘ " With the eiéeption of’sample PR3, the model curves
| d1d not exactly match the observed excitations within the
P | noise levels present. However, the was: a general trend
| that the exc1tations followed. Above the energy gap, - the
TS/TN ratios fell to un1ty more rapidly than the model
‘predicts for all values of parameters.v This was especially,
true for samples Pb2 and Pb4 and to a lesser extent, Pbl o
| and pbs., Similar behavior was observed‘inlthin £ilms by .
Ginsberg and.Tinkham.3 . Richards andfTinkham4 and
Leslie and Ginsberg11 also observed a sharp absorption
edge above the energy gap for their bulk samples.
The characteristic of suppres31on of strong

features, due to very different values of the gap energies

in the calculation of the effective conductivity, was in

agreement with the observed TS/TN ratio of samples Pb3
Pb5 and. Pbé6. Thus strong features in the observed ratios

‘would be dua to either .
P

a) transmission through grains that had a single
value for the energy gap or grains that were
- . composite in nature but with similar'gap energies,
. This was observed in sample Pbl.
b) transmission that was dominated by transmission
t,hrough wave guides. This MW
Pb2 and Pb4. 3

o | | | S >



*

Thus although we were not ablerto f1t the data by our model

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

'qualitative features of our data which -were in agreement

with the model. s
J. Relation of the model parameters to sample

éharacterization‘

The origin of a distribution of energy gaps,!where“b'”'

Gq represents a possible lower 11m1t could be due to the .
oxidation of the film. The grains of the film‘could have
chemisorbed oxygen when the film was transported to the

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 leadvon the

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

lower ‘gap energy than the pure lead in the interior of the _

grains or in the layer closest to the substrate. | 3
carrl® et. al. have observed broadened DC

resistivity superconductinz transitions for lead films on

lsapphire. They also observed voltage steps and reduced

critical currents in the I-V properties below T ,They

_ infer that these steps are characteristic of Josephson

fdevices providing ev1denbe that the superconducting

’coupling between grains was. weak We do not observe a

: broadened\DC transition in our samples. Thus the - effect of

,"the oxidation on;the filn.onppc~transport'measurements nay
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,value for Gl' "It was also found that the thicker

samples, Pbl, Pb2, and Ph4 , had the higher. values £or -

”ilmmlbegdetected;byiour,experimantalsnethedsf—evenéthough———¥f~/~
: the effect of the oxidation may be observable using |

' far-infrared spectroscopy.

From fitting the data, it was found that the sample

"which had the smallest thickness, Pb3 alsOvhad the lowest

Gy . This is consistent with the above discussion.' ’

Sample Pbé could also be grouped with samples Pbl Pb2, and

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

.for Gl.‘ Either the thickness as measured by the i

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

Ve
to. a—hlgher~degree—of—centamanatien; 777777777 -

One result from fitting the data using the model of

_a'comp051te 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

to be only approximately 10% pure lead present in the £ilm
. . i . B vf i

for a bulk value of the transition temperature. 'This,is.
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T consistent with the observatlons of Meissner et. al.33 on

*‘*‘*ﬁ*’**“"the superconducting transition temperature of lead-blsmuth
| valloys; - They fouq&'that an alloy cpmposed of 90% (atomlc)_
”bismuth still gave/a transition temperature ahove‘that of
bulk lead whereas a concentratlon of 93% gave a tran51tlon

temperature lower than the bulk value.
In Table 6 the Value'fpr the ratio ef,the energy_gap,'
ko the“preduct‘df“the‘BdItéﬁaﬁn cdnstant,and'théiériﬁiéalf

»

temperature are listed for each sample. only the higher"&

value of . the enerqgy gap (22. 5 cn 1) is used.," ‘ l;g;irﬂp;'

Table '6

. io of rgy to.Critical Temperature Values
T T S I"T'T;T:'-‘*"I:;-'f-'-l
) :Sample{/Tc(K) } Gz/kBTc:i .
Cf Pbl | 7.11 | .4.55 |
| wmmmm——| o m————e | ==—== Sl |
| Pb2 | 7.18 | 4.51 | - _
| === | ===mmmm | e :
| Pb3 | 7.18 | 4.51 | -
| === | == | mm—m————]
| === | ==mm——- | ===
| Pb5 . | 7.15 -], 4.53 .} iy
| === =———— - ==
] ‘| Pbé | 7.33 | 4.42° |
e B ,




_A. Summary
s

The model presented for dirty lead th1n fllms

consisted of a fllm composed of" gralns w1thvtwo dlfferent

energy gaps that" allowed transm1551on through the grains ”1‘

.and through- the~open1ngs between grains. rThe;model used ™
the complex conductivity calculated‘in the extreme
anomalousurimitAfor superconducting and»normal metalsrin i
order to fit the observed TS/TN ratlos.' The:

. conventional models based completely on transm1551on"
through the grains were 1ncapable of fittlng the data.' The
. model, whilejfalllng short of good'quantitatlveagreEment

‘with the observed Tg/Ty ratios, gave qualitative

pfeatures~which—agreed“with”the"obserEd”T§7Tﬁ*"
'ratios.' . ThlS suggests that the overall approach has"
,merit.‘ The measured cr1t1cal temperaturn values were in
agreement with the llterature value w1th1n uncerta1nt1es
for all.of the'lead.films except for samplevPb4.
.B.Future experlments

One set of measurements that was not performed was

- \
the temperature dgpendence of the superconductina energv

gap;‘ﬁThls is important because the BCS predictlon ls well
known. AHowever,.an absorption edge like that observed in
'sample Pb4 is necessary in order to clearly observe the

effect in f£films of the type under study herel
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and reflectlon shoulad both be measured in order to

}conduct1vity~~ - ‘ R o~

A -

Beeause*the'study'of*iead'fil‘s dccupled ther
experimental efforts, the far-infrared determlnatlon.of the
superconducting¢energy'gap of‘lead-bismuth alloy‘filmsv
still,heeds to he perfbrmed. ' Ideally the transmissicn

¥

experimentally determlne the real part of the complex
With the 1ntroductlon of better 1nterferometers, ) '

reflectivity measurements on bulk samples may be preferred

to transmisslqn measuremehts on thin fllms.' The advantages:

in ease.of sample preparation should outweigh the‘( | ”

dlffieulty in’observing the small change in reflectivity |

between the normal and superconducting-states. | lﬂ
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Calcu&ation of Uncertainties

3 1)vMeasurement of the critlcal temperature by DC“resistance

9

The uncertainty in Tc is the reading uncertainty
from reading the data plotted on the graph paper.
The reading uncertalnty was + the smallest division
‘on the graph paper, lmm. This corresponded to

d1fferent Values of uhcertainty in Te due to the

d1fferent scales used to plot the data. | o
2) Measurement of the res;dual resistance, : - T
.. The uncertainty infR(lﬁrK)\was 1/2 the highest minusi

the lowest values for the resistance taken from the
s . '

same plots used -to determine the critical
~ temperature. The uncertainty in R(300 K) was the

reading uncertainty from reading the value from the

graph paper.. ‘The reading uncertainty was’ 1mm The'
fractional uncertainty in R(300 K)/R(lo K) 1s the
sum of the fractional uncertainties for R(300 K) and

R(10 K). L

3) ﬁeasurement of the transition temperature‘by the change

in magnetization-

Four cooling and warming cycles were performed for

this'sample:* During these cycles,”the.exchange gas

was pumped. out of the sample chamber and the samples

were in better isolation from the main'He4 bath:



rhere‘was'a 1ag'in‘the*thermai”response of the fllm B

-'with respect to the thermal re51stor due to the

 presence of .- the exchange gas. 'The change in the
.eﬁhefmalnresponse from the first cycle to the last
cycle'waé 0.08 K. This was taken to beithe
uncertalnty in Te- | 7
4) MeaSurement of the dlmen51ons of ' the "wave'guldes" S
Since these were to be representative values, no
uncertainty values were given.

-
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