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PROPERTIES OF TUNNEL JUNCT_IONS ‘WITH FLUOROCARBON DIELECTRIC BARRIERS
Michael bavid’Jack
Inorganic Materials Research Division, Lawrence‘Berkeley‘Laboratory
and Department of Physics; University of California
Berkeley, California 94720
, ABSTRACT‘
The electricalvcharacteristics'of In-I-In and In-I-Pb superconducting
tunnel junctions have beeﬁ sfudied in detail. Since In does not féadily
form pinh&leAfree oxide layers, a thin insulating diglectric was formed
on freshly deposited In film»by passing an electric diéchgrge through
an atmosphere of fluorocarbbﬁ.gas.v Junctions were then completed by
depositing a tﬁin counter electrode of In or fb. -The samé process was
used to prepare high resistance junctions with Au as the basé>eleétrode;

these were not however, studied in detail. o ‘ '

In-I-In and In-I-Pb junctions were prod&ced with resistances in the

~

* range 0.0l ohms to 1010 ohms at liquid helium temperatures. Low

resistance junctions exhibited non-linear electrical characteristics

associated with good quality "oxide'" superconducting junctions including

(a) the D. C, Josephson effect, (b) quasipartiéle‘tunneling characteristics,

() phqnon strﬁcturé and (d)'inelastié tuﬁneling}phenqména. The magnitude
of the Josephson current for In-I-In junctions agreed to within a few
percent of the\valnevpreaicted by'strong coupling‘theory. éurrent voltage
(I—V) and first aﬁd second derivative curvés fof in—I-In and In-I-Pb were

compared with curves. for Al-I-In and Pb-I-Pb junctions. Diécrepancies'

'between the characteristics can be, for the most part, explained on the

basis of exiéting theories of phonon mediated superconductivity using

recent data from inelastic neutron scattering studies of In. Nonlinear

N\,
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structure/ét voltages below #he.phonon spectrum was observed

and is most likely associated with Kohn éingularitiés.~ At higher
voltages, second derivative curves exhibited resonances cha?acteristig
of CH and OH impufities in the barrier as well as a compiex spectrﬁm
associated with the vibrational spectrum of the fluorocarbon dielectric.

To better characterize this dielectric, a variety of surface analytic

'
\

techniques were used to determine the complex index of refraction, the
chemical composition and chemical homogeneity of the barrier. I-V curves
for high resistance junctions were used'tovdetermine the potentiql at

the metal-insulator interface. ' _ e
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I. INTRODUCTION

~

The increasing recognition of the versatility of superconducting tunmnel

junctions as sensitive detectors of magnetic flux, far infrared and micro-

<

wave radiation and as accurate cryogenic thermometers has stimulated the
search for a reliable method of producing/stable, repfoducible junctions.

N

Oxidation of the first metal electrode has historically been a very suc-

cessful method of‘producing a pinhole free dielectfic which is thin enough
‘for tunneling to occur. "Many nonéonventipnal insulatbés have been tried_as
substitutes for oxide ﬁsually with pqor to fair‘resu1ts;v The developmentv
of a good nonéonventibnal'dieleétric\WOuld be especiayiy advantageous in
the preparation of tunnel junctions from metals which do not readily form
stable oxide'jﬁnctions. One ofvthe more interestingrofvthese'materials
is the superconducgof, Indiﬁm;  R
Although tunnel junctions,éontaiﬁing In have beeﬁ fabricated, the met-
al 1s usually deposited onto an oxidizea Al or Mg metal film. Better resol-
ution of nonlinear tunneling characteristics has been aﬁticipated for In—I-Iﬁ
tuﬁnelfjunctions.‘ Several authors have reported the preparation of
In-Oxide~In junctions which unfortunatély proved unstable énd.for this reason

' we undertook the preparation of In tunnel junctions using a nonconventional

insulator.

\

Section TI deals with the theorétical modelé'fgr'honlinear,tunneling
characteristics and.the deviation of real junctionbﬁehavior from theoretical
predictions. Criteria are discussed for asseséiﬁg.juﬁctioﬁ quality and ap-'
plied to various non-oxide jﬁnction reported in the'litérature. In section
III the experimental pfoperties of In—I—in»aud In-I-Pb fluorqcarbonvjunctions

are compared with theory and with_the experimental behavior of Al-I-In and

Pb-I-Pb oxide junctions. In general good agreement is obtained between



theory and experiment; For example the D. C. Josepﬁéon current for In-I-In
junctions is within a few percent of the strong coupling theoretical pre~
dictioh'andiexcess current in tﬁe quasibarticle éharécteriStics of'In-I—Pb
junctipns'is'less thanIO.lz of the norm#l state current.’ "Phonon structure'
in the tunneling conductanée deriyative éurves ;or In~-I-In and Ihfi—Pb
junctions aéfees qualitatively with the line shape énd location of similar
structure observed for Al—ijIn and Pb-I-Pb junctions respectively. Different
amplitudes\for these structures can be explained by the different amplitﬁdes
of the theoretical density of»states singularity,predicted for the éiffefent
superconducting electrodes. Addifional structure resolved in the In tun-
neling chafgcteriStic aéfees with critical points in the In'phonqn spectrum )
determined by recent inelastic neutron scattering experimenﬁs: -anli;earities
seen just above the gap edge in In;I-In and In-I-Pb aré tentatively '
attributed to Kohn-énomalies; - . .

AboveYZO'mV inelast;c funnéling structure was.observéd for both
In-I-In and In-I-Pb junctiohs. This struéture waé comﬁlex and with few
exceptions (sdchvas CH stretch-modes) could not.be assigﬁed to simple
diatomic.or'triatomic species in the dielecﬁiic., 4

In order to more.precisely détermine the éhemical nature of the
dielectrié, é varietyvoé surface anal&tic téchniques were used and the
results are reported in section IV. The dielectric constant, complex
index of refraction chemicallstochiometry and chémical homogeneity of
the barrier were determined. The asymmetric barrier‘height was
calculated‘using high voltage tunneling characteristics of high
resistance junctions. All data was c¢onsistent with the assignment of

stochiometry of (CF2)n to the barrier. The structure is believed to

- be that of'amorphous polytetrafluoroethylene.



[§]

-3- : | '

Noble‘metal junctions, i.e. Au—I%In, Au~-I-Pb, and Au-I-Au junctions

were produced using identical techniques and their properties are

briefly discussed in section IV.D. Section V deals with experimental

methqés of junction charactérization and preparation, and section VI

summarizes these results.
~N



II. TUNNELING IN SUPERCONDUCTORS

“A. B.C.S. Characteristiecs

Bardeen, Cooper and Schrieffer (B.C.S.)1 predibted using a microscopic

reduced Hamiltonian model that the excited states of a superconductor

€

wouid be'éeparated by a minimum energy 2A from the ground state. In
"contrast the excited states of alnormal metal forﬁ a continuuﬁ with

the ‘ground spate{ Both sets of exgitations may be placed in 1:1
cérrespondence usiné a cryétal.momentum k as the transfer index. In
accordance with the théory bf Landau this approach.is valid for E near

the Fermi momentum, and those excited states so represented afe désignatedv
quasiparticles. This model is\not strictiy valid éspedially in the cése -
of strong coupling éupercondﬁctors (as discussed in Section II-D) but

will be adopted in theAfollowing section§ since it‘is conceptiéily
_convenient tovconsidef én excited superconduéting state'as a single

particle (quasiparticle) which partakes of the s;perconducting interaction.

| Giaevef and co—workérs2 uéed- thermally oxidized tunngi junctions Ty
with one or more superconducting elé;trodes to unambiguously ,corroborate

the existence of thiS‘energy gap in the excitation spectrum of a super-
cqnductb;.- Making fhe reasonable assﬁmﬁtioﬁ (rigorously jﬁstified-by

Cohen, Falicov and Phillips3).that the tunneling current through-a

junction at a given voltage V and temperature T depends on the density

N

G

of stafes in the left (L) and right (R) electrodes as

NL(E)NR(E+V),[f(E) - £(E+V)] dE ¢9)

w00

Giaever was able to fit his experimental I-V curves using the B.C.S.

density of states:
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. If both electrodes are normal GNN(V) = C

L

ood Y oW Y u w3 -ﬁ, 7

~5-
\ 0 E <A
N(E) = [E] - ' . (2)
€2a2y1/2

where f(E) is the Fermi~Dirac occupation probabilit& [exp(E/kBT)+1]_;,

. o 2, ,2.1/2 . |
E is the quasiparticle energy E = [e™ + A7, , and € is the free
electrbn énergy'referred to the Fermi energy uF.

Equation (1) predicts quaiitatively different characteristics for
junctions composed of: one normal metal and one superconductor (S-I-N),
two identical superconductors (S=I-S), or two different superconductors
(Sl-I—Sz). | o |

The density of states of a superconductor can be determined from
the differential‘conductance G(V) of an S-I-N junction at temperatures .
approaching T = 0°K. This can be seen from Eq. (1) with NR(E+V) =1,
i.e., the right electrode assumed normal. Since '

' . O(x) =1x >0
£(E) - f(E+V) .—> [O(-E) - O(-(E+V))] { .} ©(3)

we have

g 4 [V | i
GSN(V) = ~—-————dv = H CNN j(; NL (E)dE = CNN NL(V) (4)

!

NN .which is approximately

independent of voltage for V of the order of A, Thus to good

approximation
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G (V) 2 2 | -

" (5)

= 0 lv| < A

-

4 e oo 5
‘Taylox et al. have computed ISS for S-I-S junctions and Shapiro et al.

have solved Eq. (1) nuﬁérically for the case of ndnidentical super- ?
con&uctors._ Table I compares 'the major featuréé'invthe'current Vs
Voltage (I-v) chiracteristiCS'és calculatedvfor ali three cases. } P
Junction; Eomposgd of two superconductors exhibif a discéntinuous rise
at half the‘sum of the energy gapé Al + A2 énd é negative re§istance
regibn well-below this energy, whereas junctions with only one super- ;
* conductor exhibit a rapid buf not discontinuous rise (except at 0°K)
'at half the energy gap. A logarithmic singularity is predicted for ‘ o f
junctions composed ofjtwo.distinct supefconductors at balf the difference
in enérgy gaps Al - Az (Al > AZ)’ | -
The close agreement obtained between expei’iment and theor_'y pfovid'es
convincing evidence for the validity of the B.C.S.‘theory and for the
expression for the tunnelingKCurrent, (Eq;‘l). ‘Small deviations from
theory have also been vigorously investigated with the aid of derivativé

techniques. Four major classes of irregularities in experimental : 5

«7

characteristics have been found: (1) broadening.of sharp structure
predicted by the B.C.S. }heory (2) excess currents below the gap,

\ . . )
(3) additional structure in G(V) and G'(V) associated with phonons in .

the electrodes, and (4) structure invG'(V) associated with ineléstic
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Table I. Characteristic Features of Superconducting Tunnel Junctions

-
S-I-N | 5 o s-I-s | s,-I-S, o ' IR
Temp./Voltége Tunnel .Current ‘Temp./Vgltagé Tunnel Current Temp./Voltage Tunnel Current -
» . : - L
Ak T : _ ' :
. I B 4k T ' S Co.
SN - exp v B No Accurate
— = —_— > : <|A, ~
>0 V-0 T, exp T 20>k T>V I & 57 nl~—1 ||V |a,-8, ] Approxination \ e
. - B .
- 2 ) 2 . v \ ] {A.
(5 > o t>0 - (< "
dI ) , dI
R . S ~ _ o ' <.
| . Mt 1/2 {jlr>0 I, 1n|V (&, Az)l\ 4
<< < —— ’ ) i W
kT << eV A‘ Iy © exp(kBT kT < .38 Igg « ) + . V"“*lA 2| CUSP ‘ N
| v A=A ]<V<A+_A ‘ [ <01
vV < 24 a < ol 12 12
T >0 » ; Negatlve
. Small Negative Resistance Reglon N _ Resistance Regilon
4 Isy : | ' A8y
VA0 2= =/ R 2 (v > 24 AT . = B(T) V> A+A AT, = —=— B(T)
) Iy 1= "ss ZRN 172 12 2R,
T=0 T=0 Jump Discontinuity T=0 Jump Discontinuity
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processes in the barrier.
and discuss them in terms

treatment.

Sections B-E summarize these observations,

of exténding the original simple B.C.S.

N
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B. Broadening of the Densify of States

(
Those'characteristics (enumerated in Table I) associated with
the équare root singularity in the B.C.S. density of states at A,
most notably the discontinuous current rise at half.the sum of the
energy gaps\and the logarithmic singulérity gt:half the difference;

are always broadened in real junctions. A variety of mechanisms have

been proposed to explain this effective smearing of the energy gap.

,Residual electron-phonon interactions not accounted for in the B.C.S.

Hamiltonian lead to a finite lifetime for the quasiparticle and an
energy'dependent compléx valued gap function. Calculations by |
Scalapino and Taylor6 have demonstrated that broadening oStained
froﬁ the meéhanism is small compared to gap anisotf&py an& spa;ial
inhomogeneity discussed below.

The aniso;ropy of the energy gap has been estimated from the
variation in the apparent gap with cleavage ﬁlane in tunneling |
from singie crystéls to thin filmé. _The spread‘éf the ehergy gap
Wg divided by ZA has’beeﬁ determined from tunneling into bulk
single crystals. Sé,7le,8 and Ga9 have valués of § = wg/ZA
of 0.5, 0.16 a&d 0.05 respectively. These can Ee éompéred to
valugs of gap spread.éstimated from‘the width of the.current rise

for thin film junctions. TypicaI'Sn-I-Sn,lo.Pb—I—Pb,ll and In—I-In12

) ~

junctions had 6's of 0.1, 0.04 and 0.2.respectively. The effective

gap width for films is comparable or smaller in the case of Sn and Pb

than the measured anisotropy for the bulk "crystals_. .This is often



attributed to the preferential orientation of thin film crystallites

grown on room temperature~substrates.13_

Inhomogeneities due to strain or impurity gradients may, if large
compared with the superconducting coherence length, cause a spatialb

variation in energy gap across the junction and a consequent émearing'

of the effective tunneling density of states.

'

C. Excess Currents and ‘Multiparticle Tunneling

The tunnel current_at voltages weil below the current rise

(associated with the energy gap) should decrease with temperature as

exp_Q A/kBT. Real junctions however exhibit a residual current even

f

when cooled to very low femperatures.' This excess current varies
from one junction to another and can be used as a measure of junction

. 14 15 - . .
quality. Giaever and Rowell™™ have found that for their best Pb-I-Pb

junctions at 1°K excess currents at low»voltages_are of the order of

lO_5 of the normal state current INN as compared .to the theoretical

prediction of 10_7 I It is extremely easy to make junctions with

excess currents larger than this. Cbnduetance and the first derivative
of conductance vs volfage curves, are often presented in the literatufe
without any reference to jungtion quality; consequently, one must be
very céreful'in interpreting tﬁe data. A rough quality factor, Q, can
be constrﬁcted from an‘I;V curve by taking the ratio of the resistance

of the junction at voltages well below the current rise at A or A1+A2

to the resistance above the rise.

’



b

-11-

Anomalous structure often occurs at submultiples of the energy gap,

R A A
A B N
22 1> 2 for S-I-8 junctions and — and -0 = 1 for S, ~I-S

i.e., 1 9

. ’ , 16°
. junctions.  Rowell and Feldmann 6 have noted that for junctions with a

Q ~ 1000 large increase in current is observed at 4, Al,or AZ which
is similar in appearance to the rise at 2A but several orders of
mégnitude smaller. This they attribute to multiparticles tunneling,

i.e., simultaneous tunneling of two or more quasiparticles. Junctions

~'with Q ~ 1 exhibit small current decreases at the same voltagés which

Rowell and Feldmann attribute to interactions of shorts with the
quasiparticles. Examples of multiparticle tunneling can be seen in

Fig. 1 for an In-I-Pb junction at 0.9°K with Q ~ 103. We notice a

n

- large current rise at AI = 0.55 mV and APb = 1.44 mV. The decrease

in conductance in the region Q.B - 1.0 mV is a broadened version of
the B.C.S. logarithmic singularity expected at the difference in the

A, ~ 0.85 mV. This structure becomes more pronounced

energy gaps APb—lln

a;'higher'temperatures; as can be.seen in Fig. 2; note the negative
resistance region. 'Figure 3 shows similar behavior for an In-I-In
junction with Q = 10; a‘large gurrent rise at AIn = 0.55 mV is seen,
| it.is important to note tﬁét-some characteristics of junctions
chanée only slightiy when thé quality féctor changes;drastically.

S \ , : ‘
For example, in many cases the author has observed little correlation
between ekpess current‘and width of the current riée. Gap width may
remain virtually_unchangéd‘from jdnction-td junctionvwhile the quality .
factor méy vary over an order of magnitude or more. A similar phenomeqab

was observed by Rowell :and‘Feldmann16 for the '"phonon structure' of

Pb~-0~Pb junctions. After accidentally decreasing the Q of 'a junction



from 105 to 30, they re-measured the differential conductance plot
(as wili be discussed in Section‘D) and found apbréximately.lOZ éhangé
in the magnitude_of'the structure but viftuallx noichange in position 
or felative heights of the peaks.

o Thué, ﬁphonon data" may be interpreted‘using the model of a‘low
Q =~ 10-50 junction as a éimple low resistance in parallel with an
ideal junction, én assumption which is reinforced by the ohmic bghavior

’ . 17
of excess currents observed by Giaever.

D. Phonon Density of States from Tunneling Measurements
Deviations from the B.C.S. theory occur at voltages in the range
5~30 mV above the energy gap. 'Thesé were first observed by Giaever,

Hart and Megerle18 in the I-V characteristic for Pb—i—Pb and could be

clearly resolved in conductivity vs voltage plots for Mg-I-Pb junctions.

Instead of the smooth

e

approach to the normal state conductivity, Giaever et al. observed
P : ) . Co- L ’

wiggles about the B.C.S. curve aﬁounting to ~ 5% of the B.C.S. value
which they attributed to an energy dependent gap. A physical interpre-
tation of this phenomena was provided by Schrieffer, Scalapino and

Wilkins.19

They attfibute structure in thefconduétibity.to deéay pProc-
- esses whereby an excited quasiparticle of energy E may emit a phonon of
energy huw and obtain a final state energy A = E - hiv at the gap edge

thus sampling the final state singularity. ' Thus,while the singularity

at the gap remains, a quasiparticle in an eigenstate of the B.C.S.

'S
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Hamiltonian will decay with a-finite.lifetime,, T, determiﬁed by the
density of final phonon states. For sgpérgonductors such as Pb and Hg

wifh very strong eleétron—phononvinteractiéns the Léﬁdau quasiparticle

- picture is no longer valid since the energy of the.excitation is comparable
to the Ereadfh (h}T)'of the state. Ugilizing a Green's function

formalism for superconductivity @eveloped by'Nambu,20 Gorkov21 and
Eliééﬁberg,zz)Schrieffer, et al.i? 6bt§ined 4 quantitative fit to the
tunneling conductivity measure ments of Rowell,.Thoﬁas énd Anderson23
.on‘Al—I-Pb aﬂder—I—Pb junctions by replacing the B.C.S. density of

states

BCS 2 2 | o®
with the strong coupling density of states.

|E] o
N(E) = Re —_— in Eq. 1 ()

sC N 12 (k)

where the ehgrgy gap parametef is now a complex function of energy

/

4

A(E) = by (E) + 1A, (E) : C®

The imaginary component is associated with the lifetime of the

quasiparticle.24' (E) céh be determined selchonSistently by solving
‘ ‘

a set of integral equations'éimilar to those derived by Eliashberg.22

They involve an iﬁtegral.bf'the form-
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-1 ACE") ‘ ) - _ 1.
A(E) = Z_(E)de'Re fdw 0" (w )F(w.) { ; s
: {[E'Z-QAZ(E')]]'/Z}' q q v_q (E +E+0.)q) 715

(9)
: 1 _
* E'—E+wq-i<$} )

-

Here a2(wq) is an effective électrop—phonon interaction . typically

7 .

chosgn as aﬁ adjustable paramgtef independent of the phonon‘energy

9
normalization factor which‘mqst'be determined by simultaneously
solving a similar expréssién.' Sgalapino et al_'.19 used a simple form
of the phonon density of states consisting of grénsverée and
léngitudinal Lorentziaﬁ;peaksf» Ihe~peak~locationsiand widchs wgre
choseﬁ to matéh neutron data for Pb; then by successive ifefafion fhé
coupled equations were'solved fof A(E) and ﬁhe renormélizétion‘factor
Z(E);J The éleétron.phonon‘coupling éonstant has been shéwﬁ by
.Séalaﬁinozs to ‘be slowly varying on the scale of the'phbnon density
of states énd is chosen as a conStant for eacﬂ phonon peak to yield

the correct experimental value of the energy gap. .

A = A '
A1) =8 (10)
McMillan and Rowell inverted this procedure using experimental values
dI ar ’ o
of I, Eﬁ'and — as a function of ¥ to deconyolute Eq. (1) thus
dv , ,
numerically obtaining an experimental N(E). By choosing a model
F(w), calculating a first order N(W), comparing this to the tunneling
: Th ' '

density and changing F(W) so as to obtain convergencé, McMillan and
) - ,
Rowell 6 were able to obtain approximate phonon spectrum for a great

variety of metal and alloys.

w_, and F(wq) is the normalized phonon density of states. Z(E) is a .,
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* In addition to the general features of the phonon spectrum the sec-
. "y oe ’

ond derivative curves (é—% vs V) for Pb were shown by Rowell, Thomas
dv. .

and Anderéon23 to contain structure which could be associated with
discontinuitiés in the derivative of the phonon density of states
F'(Q); Van Hove27 and Philiips28 have analyzed‘these discontinuities.
Infinite discontinuities can be produced by singulér'points in the
phonon dispersion i.e.,‘qu(q) = 0 at maxima, minima and saddle points.
chalapiho and Aﬁderson29 calculated tﬁe lineshape and amplitude
of the resulting conductanée derivative structures expected from these
singuiaritiés»and compared their results with‘experimental values
from Rowell et al. Good agreement waskobtained for several isolated
singularities‘in‘Sn;I-én Pb—I—Pb_junctioné. Similar aafa for In—I—In'

jﬁnétions will be discussed in detail in Chapter III.

E. Inelastic Tunneling Processes

At yoltages past the phonon spectrum in‘the‘metal émooth‘B.C.S.
behavior is still not seen. Kinks in the Aefivétive of the conductivity
for a Pb-0-Pb junction in the range 30-60 mV were interpreted by
Rowell et al.so'as due to ineiastic.tunngling processesvﬁhereby an "
electrgn excites én optical phénqn in the BBO? barfier region. At
still higher gnergies Jakievic and Laume3l investigated peaks in the
conductance derivative of Al1-I-Pb junctions in the région*SO—SQO mV.
This structure was attributed to impurity assistéd inelastic tunneling;
Tﬁe electron scatters from an impurity duriﬁg the‘tuﬁneling exciting

a molecular species (C-H, O-H, etc.) to a higher vibrational or

rotational level.and loses energy. This increase in the number of
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final states ihto which an electron may tunnel, 1fe., the sum of the -

final states. arrived at by elastic + inelastic'prbcesses produces- a
, - . . ,

‘'step increase in the conductivity and consequently a peak in G'(V)

at

N
N

<
i

) h L
) A_1+A2 + hw (sl I-S
sv = 2A + hw (S-I-8) (

A+hw . (G-I-N)

L T ——
<
]

v = hw - (N-I-N)

where hw is the energy of the excitation. Recent eXperiments have

. . . . . e . 32
reported the observation of inelastic tunneling via magnon excitation

33

and' resonant scattering from magnetic impurities. "Infra-red spectra"
' : ' . 4o
of high molecular weight adsorbed organic molecules have been stud1ed,3 and

Leger and Klein35 have observed what is believed to be inelastic

excitation of the iow energy electroniévlévels (at the incredibiY’high
volfaée of 1V) of an organic impurity dopant. | -

Since the observed Strﬁcture_of;en-resembles the infrared spectrum
of the dopant one hopeé to utilize a quantitative fhéory of lineshépes
in coqjunction with experimental plots éf G' (V) tﬁ‘idehtify'maéerials

‘adsorbed on surfaces by their characteristic tunneling spectrum.

F. Josephson Current

An additional contribution to the tunneling current in S-I-S and

36

S, -I-S§ junctions‘was predicted\by B.D. Josephson in 1962. This current

1 2
may be viewed as the tunneling of pairs of electrons bound by an attractive

phonon mediated interaction. Phenomena prediéted‘by Josephson and

subsequently verified by experiment include: (a) existence of a D.C.

o
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- pair current which flows without the development of voltage across the

junction, (b) an A.C. supercurrent oscillating at a frequency proportional

to the voltage developed across the junction (®j¥'2hev) which is generated

when the:D.C. current through the junotloh exceedg avbritical value Ib’
and,(o) nonlinear harmonic generation and frequency mixing effects.v :
SeveralvextensiVe review537 of the subject have been given and in the
following soctioo'only concepts pertinent for subsequent experiﬁental .
analysié wlll be discussed. \

A tunnel junction.moy be considered as an intermediate state between .
the two extremes of'placing‘two'pieces of supercoﬁouctor infinitely far
apart and fusing them together. In the latter case the phases of the-

superconductors are totally independent; in the former the phases are

locked -due to the pairing interaction which makes it energetioally

favorable for electrons to be '"bound" in time reversed pairs. These are

. g A
product states of the form Y(x,t)TYP(x,t) where T is the time reversal

I3

operator and Ty(x,t) = P*(x~t). To maximize the attractive super-

conducting intéraction the center of mass phase € is the same for

electron pairs whose center of mass lies within a sphere of radius

- £ = coherence length. In the absence of fields this phase is normally

preserved throughout the superconductor.
In a weakly coupled superconductor such as a tunnel junction it

is also énergetically favorable for the phase to be locked but this

~—

coupling energy is much smaller. Anderson38 has shown that the coupling

v

energy at T. = 0°K depénds on the relative phase ¢ = 91'- 92

of the two

superconducting pieces as
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E = Eo~— ET cosd - o, (11)
where ' - . ' ) - . =
e - b 4mh, B, 18,-0,1\ 4 (128)
T 2Ze b+ b, ag+a,] ) Faw ’ ¢

K is a complete elliptic integral. . An approximate expression for

comparable gaps ‘is

¢

E, = —f—‘—[ﬂi :—ﬁl-A—Z—] ST | (12b)
T 2e RNN A1+A2 |

For a typical junction of resistance 12, this energy is approximately

10_ll eV/atomhwhereas the coherence energy in a bulk superconductor is

of the order of 10_7eV/atom. It is r;asonable ﬁo expect and - indeed

is érue that bulk superconductor parameters éuch as the\London
penetration depth critical field, critical current and piasma frequeﬁcy
exist for such a weak.iink but are scaled down by a factor of ~ 10—4.
From the form of Eq. (11) equilibriﬁm will be established when ¢=0. If
a small current islpassed through the junction ¢ will be non-zero, and
Joséphson36 has- shown that fo first order ghe cprreﬁt phase rélationship

can be expressed as

j = jc sin¢ L ' (13) .

This can be verified by noting that the-number'bf superconducting pairs n -

and the phase are conjugate variables hence

J _ 19E
2 T

iy

ET sing | \

'
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uSing Eq. (lébf'We obtain

g o= T iy \ | (14)
e ARy Oy, |

Ambegaokar and Baratoff39 have evaluated jC for non-zero temperatures
and find

| | A m(m  [Am].
. - (s-1-8) j_ = —2 _ tanh |2 (b, =4

ZRNNA 2k T 2)

B.

(15a)

| AB  TA,(T)A_(T)(k.T) . -1/2 '
R At A N 2,2 2,2 -
(Sl—IfSZ) i = RNNA £=;;;;i {}wQ+Al(i% ;QQ+A2(t){] (15b) .

-

L

7/

Wy = M(2AA1)k,T : @, #5)

Fulton and McCumber40 prediét a reduced maximum Josephson current for

S-I-S junctiohs when strong coupling effects are taken into gccbunt.

- They obtained the expression.

| A°<T>}~
F.M. mA_(T) | 20T |
Yo T WA [PTR T oATG T
o (16)
A j»°° dE tanh( E )Im{ 2% (x) }
B G LR § A e
. (o] ’ ) .

AB

-

which evaluated at T=0°K yields reduced critical currents of .788.1c

A

and .911 Jc B:for Pb and Sn respectively. A(E) is the complex energy

dependent gap parameter. ' ( N



In the presence of electromagnetic fields the simple relationship

-

j= jc sin¢ is modified 19 t;ovways: i) o} dépends-lingarly on éxfernally
applied fields 2) there~is nonlinearity due to_enhancement.of'the'
‘external fie»lds by tﬁe self field of the junction, N

..In the linear region thg‘selfAfields of the junction are considered
small.v For simplicity‘let us assume a planar junctiqn.with'its normal
along the z axis. The phase is n;odified by th‘e‘pr_és.ence of e'xternal~

fields. The presence of a magnetic field causes a spatial variation

_of the rélative phase as
?(x) = Gl(x,zl) - OZ(X’XZ) - | : Qa7n

z -
. 2e J~2
= ¢ - fic . A(z,x)dz

%1
For simplicity the magnetic field B = curl A ié assumed to have only
.a y component. This is clearly the variation of the phase of the
center of mass wavefunction of the electron pair integrated from a point
zi on one side of the barrier to‘point’z2 on the other side.‘ Because
of the finite penetration of the maghetic field into a superconductor,
the limits of integration must extend roughly a distance A (typically
a few hundred A) into each electrode before A = 0. 

In the presence of an electric field which may vary in time the

phase varies as

¢(t)

0,(z;t) - Qé(z,t)v= My - M (18)

‘ t z " =
gf‘f—f sz(z,t)‘ dzdt
Zq

2
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Here the electric field is rigorously excluded from the superconducting
electrodes, thus the limits of integration are péints just on either
side of the insulator of thickness s. For_slowly varying fields we

¢an combine Eq. (17) and Eq. (18) to give.

. 2ed - 2 eV
¢(X,t) = q)O + hC. ByX + “h
‘ . (19)
‘ d =2+ s '

In the static limit V = ES and

R 2ed
j =3, sin (6 + G B | (20)
' L L .
Integrating from x = - o to x = > the total Josephson current
Abecomes
) sin W@/@O o '
I=1I sin¢ —— - _ - (21)
° mo7®
Jo
¢ = Bydl:is the flux through the junction

he. is the quahtum of flux (2.07X10_7_gauss—cm2)

o) 2e

o
I

)

In the limit of.small self fields theﬂD.C. supercurrent oscillates as

the enclosed flux increase, going to zero with the inclusion of an

\

integral number of flux quanta. For junctions of area of the order

10-4cm2the first null is a few gauss.

If a\finite voltage is developed across the junction, and B = 0

j = jc sih(¢o +‘2 §Vt ). A more exact solutioﬁ41 yields an amplitude

that is a'slowly\varying function of:the D.C. component of the voltage,

except in the region around V = 2A6 where a logarithmic singularity
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(Riedel singularity) is prédicted. This has recently been observed

o by Buékner.et al.l3

Up to this point we have assumed all fields 'in question were

external to the junction. If the self field of the junction becomes

" appreciable the parameters in the equatibn js =-jC sin(¢o + kx - wt)

2edB 2 eV
k=—2 and w= e

he =5 ~contain the sum of the self and external fields.

In this case the coupled set of Maxwell-Josephson equations must be

~used. In two dimensional form they are

I,

JdH oH JE

__2{_._ = élr_' +_E.__£
- oy 9x c Jz T ¢t Et

5, = 3, stOED) + 3

2ed(Hy# —'ny)

¢(x,t) =
“he

The term jVQP normally neglected forpsimplicity is
quasipérticle current. These three equations may be

a differential equation for ¢. Solving for ¢

: V2¢‘—-l 6 = si;¢
X A
J .
- 1/2
¢ = (= c

Sy

the parallel

combined to yield-

(23)
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-

Wheré ¢ is the pﬁase velocity of the electromagnetic radiation in the

junction cavity (typically é%) and XJ is the Josephson penetration depth.
The meahing of this last term is clérifiéd if a linear approximation

is madé'for the sin¢ term. From Eq. (23) we have

L= . Y
()™ . AJ .

In the static limit k2 = —l/%f . In this limit a junction exhibits

a Meissner effect with thg screening lengthvkJ typically 1 mm. Owen

and Scalapino42 have made a study of the full non-linear equation )

N

V= | - 25)

" The periodicity of ¢ allows solutions ¢ = ¢ + 27n representing the -

inclus{pn of vortices. The screening currents, unlike bulk super-
conductors, are zero at the very edgé rising to a maximum a distance
KJ inté the junction. For AJ > s the magnetic field penetrates more
or less unifdfmly and the Fraunhoffer diffraction expression (21)
is valid. For AJ < 8 selfvfield ligiting occurs and the maximum
Josephson current is reduced by its intermal ;agnéticbfieldf
Neglecting the sind term in Eq. (23) the solution for ¢ is that
of a propagatihngave with phase.veloéity c. If the junction is
reétangular'with lengths Lx and Ly and if boundary conditiqns ¢ =0
are applied-at‘thé junction edges the allowed stationary modes have

-

frequencies
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0t

mT
L »

01

o nm
w =

— +
nm L
- X

n,m = (0,1,2 . . .) (26)

<

For values of V such that the frequency of the Josephson oscillation

coincides with one of these modes i.e.,

_hnme
Vn ~ 2L °

the driving ferm sin$¢ in Eq. (23) synchronously feeds the electromagnetic
fields. The ipcfeased contribution to.Ex is in turn‘fed back to ¢. ' )
Coon and-fiské43found peaks in the D.C. current due.to this zero_beatiﬁg,
at V = Vﬁ. The amplitude but ﬂot the position of thesg péaks can be
modified by the magnetic field and the width is dependent on the widthi
vof the junction cavity resoﬁancét If the junctionris driven by a constant

- current source, these peaks take the form of current steps called Fiske

steps.

G, Search'fdf Non-Oxide Tunneling Barriers

The tremendous growth of the field of tunneling in supefconductors
as documented iﬁ'the preceéding sections hés deﬁended to a great extent
on the tenacity andvself healing pr0pefties of thermally grown metallic
oxide fizmhs. O#idéifiims.éfe by.nO'means'a panacea énd various workers
have searched for insulatbrs which could-bé grown on any metal surface

in layers thick and uniform enougﬁ to prevent shorting but thin enough

¢



to allow tunneling. The advaptaées of such a wonder material are
threefold. (1) Though most metals form a stable’oxide in-ﬁany cases

this oxide is not suitable for tunneling. In some cases (Au, Ir, Pt)

the oxide will deéompose underrhigh vacuum; in other cases the oxide

is ei;her a smail band éap semiconductor (Cuzoj br is stochiometrically
impure (InO; Snoz) thus héaviiy doped and a poor ihsulator. Occasionally

a thick layer of an elemental semiconductor such as C or Ge can

provide a reasonable tunneling barrler,-4 however as we shall see there

is often a broadening of the T -V éharaéférisfiés possibly associated
with inelastic mechanisms in the insulator. (2) Even when a good oxide

junction has been grown using a particular metal reproducibility of

junctions even within a laboratory is often poor and may be much &orsg

from 1aboratory to laboratory. This is no.doﬁbt due to the complicated
dependence of oxide growth on variables such asitemperafure, moisture,
residual gases, surface propertiés of the substraté,'and purity of

the metals. Any insulator less dependent oh_any‘of these parameters

could aid in standardizing tunnel junction techn¢logy. (3) The technology.
of planaf Si integrated circuits is based for the most part on,tﬁerﬁally

/ ;

, @s an insulator and capacitor dielectric. The use of a low

defect non oxide'insulator which could be grown in thin layers would

grown SiO

~allow aiternate materials such as GaAs to be used.

) Tables II, III and IV are a condensation of published characteristics
of artificial barrier junctions. This is not meanf to be’an exhaustive
- list and‘apologies'muét be extended to those authors whose data is
~insufficiently represented. Errors of perhaps a factor of.two have

been made in the determination of excess currents and gap width from'
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o7 K o )
Table II. Dielectric Barriers-Tunneling Verified by Superconducting

Electrode Test

=
N

- . k% 4 : :
Insulator Electrode Method of Preparation Q- W;(mV) d () Reference

4 .

PbO Pb/Pb Thermal Oxidation  5x10° 0.2  10-20 (a)
A1,0 In(bulk)/Pb Thin Aluminum layer 2> 102 0.3 10-30 )
#7273 : .

. deposited on In and

thermally oxidized
c Sn/Pb°  Sublimation >15 1 140 (c)
Ge  AL/Pb.  Deposition from 210 0.5 40 (d)
) Alumina Crucible
‘Formar " Pb/Pb Spin Coating ’ Z 40 1. ~ 30 (e)
(CF.) In/Pb Glow Discharge in 100 0.2 10-20
2'n : :
: Fluorocarbon Gas
"o . In/In , wo o 10-102 © .2 10-20( Author
" ~ Au/Pb " o 1. .10-20 ).
kk | | - R(V << Ag)

Q is the estimated resistance ratio

ROV S Bg) from publlshed data
No better than a factor of 2 accuracy. .

+Wg is the estimated width of the cu#rent rise.

(a) J. M. Rowell and W. L. Feldmann, P. R. V. 172 #2, p.393 (68).

(b) R. F. Averill, L. S. Straus, and W. D. Gregory, Appl. Phys. Lett.
V. 20 #2, p:55 (72), W. D. Gregory, private communication

"(c) M. L. A. MacVicar, S. M. Freake, and c. J. Adkins; J. of Vac. Sci. &
Tech. V.6 #4, p. 717 (69). R :

(d) B. Konig, Phyéics Letters, V. 39A #3, p.117

(e) G. Faraci, G. Giaquinta and N. A. Mancini, Phys. Lett. 30A #7, p. 400
‘ (69)

RN
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poorly\feprbducéd or inaccurately scaled I-V prints.

The most stringent tést of junction quality consists of observing
the'appro#iﬁate B.C.S. Fharacteristics epumerated in Table I when one
_of the\electrodes is a superconductor. Table II lisfs primarily
those jﬁnctions which (a) had an exclusively non-oxide insulator and
(b) were tested with one or moré electrodes.éupercondhcting.l We
have inéluded a comparison with fypical best thermal oxide junctions
éf‘Pb—Pbox—Pb (cf Table II Ref. a) and data from an In-Al,0,-Pb
junction with a thin deposited Alumiﬁum layer subseduently qxidizgd
as the barrier (cf Table II Ref;<b). The quality Q and gap width
Wg are defined in Séction I1-B. Note that broad characteristics
occur fof’thick'small gép\semiconductors such as C (140A). The author
" has listed several types of junctions including In-I-In, In-I-Pb, and
‘Au-I—In'produced with a fluorocarbon insulator. Their pfoperties are
discuésed in Section‘III in detail. The produéeionbbf Aq jﬁnctiohs
which exhibited small but'significant-gap charactéristics appears to
‘be definitive evidence that oxide barriers are ﬁoi involved. In
Seétion IV we discuss sufface characterization, of thé dielectric Which;'
substantiates this claimav Fiuoroéa:bon In-I-Pb junctions appear to
have éxceSs Eurrent comparable to the best thermélly grown oxides..

Table III lists those junction for thch‘(a) oxide was used to
fill in the pinhoies in an otherwise artifiCial.dielectric barrier,
“and (b) th§ Supe;conduétingntest was also applied. Pinhole filling

was first reportéd by Giaever et al.é5

ih the study of light sensitive
CdS junctions. In his experiments the bulk.df the tunnel current is

assumed to pass through the non-oxide. One may thus logically assume
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N

Supefconducting Electrode Test.

Q Wg (V)

Cds - Sn/Sn

Inéhlétor Electrodes Method of d(A) Reference

' Bottom/Top Preparation approximate B
BaStearate Sn/Pb Monolayer transfer > 10~ .2 monolayer f -

- from. aqueous - (~24)

solution to film
Cyanine- .  A1/Pb " >10 ~ .5 22 g
Stearate ' -
Te+PbTe 'Pb/Pb Vacuum deposition = > 2~ .5 100-200 h
. Vacuum de?osition > 1000 ~ .1 50 i

(£) J. L. Miles and H. O McMahon, J. Appl. Phys. 32 (61)

(8) A. Leger, J. Klein, M.

8(71) R 51-54

/

Belin, and D. Defodrneau, Thin Solid Films,

. (h) Ph. Cardinne; M. Marti, and M. Renard, Revue do Physique Appliquee

V.6 (71) p. 547

(1) ‘I. Giaever and H. R. Zeller, J. Vac. Sci, & Tech. Vi 6 #& p.502 (69).
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1

_to High Voltage Data.

Dielectric Barriers-Tunneling Verified by Theoretical Fit

Insulator

Method of Preparatlon R(V)/V

(n)

L. Esaki, P. J. Stiles, and S. von Molnar, P.R.L. V. 19,

Electrodes d{A) Reference
Bottom/Top approx. -
BN Au/Au Vapor reaction at 105/4 120 3
900°C BC1_+NH
. , , 3773 .
Cd salts of Al/Hg ,Pb,A1 Monolayer deposition 107/.5 28 k
CH (CH ) COOH from aqueous solution ' :
Polymerized Al/A1 Electron beam 6
Silicone " initiated 107/1 80 1
Pump 0il Polymerization :
’ Mica Al/Au Cleaving 10%/1 40 n
EﬁS(Se) - Au/Au VacUum'Deposition 'lOé/.B 300 n
[ without breaking vacuum ‘ '
. . 8 ’ j
(C2F4)n In/Ag Glow Discharge in C2F4- 10 /1 40  author
(j) Wolfgang M. Feist, "Cold Cathode Emitters' pp. 1-59 in Electron Beam
and Laser Beam ' Technology, L. Marton and A. B. El-Kareh Ed.,
~ Academic Press 1968 '
(k)" Bernhard Mann and Hans Kuhn J. of Appl, Phys. V. 42, #11, P 4398
‘ (1971) ) ’
(1) C. W. Wilmsen and W. H. Hartw1g, Univ. of Texas ‘Tech. Rept. 25 (1967).
(m) Malcolm McColl and C. A. Mead, Trans. of Met. Soc. AIME 233, 502 (65)
#15 p. 852

N
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that the oxide may be thicker or have-a higher barrier height than the

non-oxide material.

-

Table IV lists répresentative high impedance junctions (of the
order of~105—108 ohms at a volt). These junctions only weakly exhibit,

did not exhibit, or were not tested for low voltage superconducting

chéraéEéristics. _Tunneling>was determined by fitting to an approximate
“analytic expression for the tunneling probability D(E) at high voltages

usually of the form:

.. S : :.
D(E) exp [—2 f kE(x) dx] : (27a)
. (o) : .
For a rectangular barrier of thickness s;kE(x) is approximately

Ay

1/2

: ' feff =
~ » . . ) _ X . : o
0 f Yo 6,0 -5 0] dx (27)
o » ‘ -
- - ’ q)os T ’
Seff,-— vV

Y 3/2 s
B 2m/h2 % v, oo
- This is known as the Fowler-Nordheim model46 and is accurate at
voltages large compared to the barriernheight. Table IV
includes an In-I-Ag junction exhibiting Very,high impedance and
dielectric strength. High voltage data for this junction has fit the

Fowler-Nordheim model up to 7 volts (Section IV).
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IIT. EXPERIMENTAL RESULTS

A. Josephson Junctions

In this section.the experimental daéa-on)the D.C. Josephson
effect in In-I-In junctions is'compared with the theoretical
value in the weak coupliné (Ambegaokar and Baratoff)39.aﬂd theb
strongbcoupling kFulton and McCumber)40 models.

Many In-I-In junctions witﬁ resistance less than 10 ohms
exhibitedba substantial D.C. Josephson current. Thqse with_pérallel
shorts which were evident fromithe ﬁoor diffréction pattern48
(Eq. (215)'obtained were 613carded. We note in Fig. 4 the I-V
characteristic of one of the better In—I—In;junétions: A plot
of the critical current vs magnetic field is shown in Fig. 5.

The ratio of the minimum critical cﬁrrent at the firét zero to the
maximum critical curfent is 1:100. tThe other minima éfe less

thaﬁ ambient noise in the circuit i.e., less than ujz of the peak.
This suggests strongly Fﬁat the current step at zero.voltage

is entirely due to pair-tﬁnneling; 'The junction of Fig. 4 (#994)
wasvrecyled to temperatures above 73°K by removing it from the
dewar while cold, and subéequently replacing it. Thé magnitude and
zeros of the pattern Wére repeatable to better than 1%. The junétionv
dimengions 0.011 cmx0.016 cm were considerably smaller thaﬁ thé

Josephson penetrafion depth given by



1/2
he?

AJ = Teter. T~ = 4 cm . , (28)-
In ¢ .

Here AIn is taken as 350& as measured By Toxen.49 This implies
that the current disttibution in the junction is only weakly affected
by the self field, and consequently assuming the tunneling probability

is uniform across the junction area, the current is uniformly distributed

assuming H=0.

TABLE  V

Experimental and Theoretical Values for Io

ASB F&M

I I :
Sample 1 Exp. R o 0 g F8M _ gp 1 ASB
_ i o n I Exp I Exp o o
- [o] _ - 0
45E. 1.6 mA - .432Q0 - .80 .89
66C 475 mA 1.54 Q - .886 .98
99A .357 mA  2.15Q .89 . .99
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Since the junction is not selfxfieid limited,the full critical current,

R jc,should be developed (neglecting noise rounding’of the characteristics).
Table V is é comparison of several of the critical currents of three
junctions with the predictéd values of Ambegaokaf and Baratoff, (AB)

and Fulton and McCumber’(FM). - We assume in both cases the T = 0°K
formula. The error incurred with this assump£i§n_ét 1°K is ﬁegligible.
Ffom Section II-F we have, making the assumption of uniform distribution

of current across the junction

. (o]
IAB - A In . (
Ry, (29)
- (M _ AB| 1 2 g dE Tm AZ(E) - (30)
. = Al [ - o d !
B 1-A7 (A®) ’xer o+ [Ez_A(E)2]1/2

This last expression was evaluated for In-I-In using the complex energy

gap\pérameters obtained by R. Dynes.50 The primary error appears in

—

‘the determination of the derivative of the gap fpnétion at the gap

~

edge, A'(A°), due to the difficulty of obtéining accurate chafactéristics

close to the gap edge.51

We obtain the value ‘ISM = (.90 * .02)1?3 for Indium, using

the gap value .541. As seen from Table IV consistent under-

° -
AIn
estimates are obtained using>AB theory, whereas the IFM value agrees

Is

well with experiment to withim a few percent. The agreement

1s somewhat poorer for junction with high critical current.

-
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’

’Joséﬁhson currents have also been obsérved.for In-I-Pb junctions.

The junctions of this type had fairly large resistances of about 20 ohms ;

consequently, noise tended to decouple the junction and reduce the
vélue of thé critical current. - Figure 7 shows a 20 ohm junction with

a critical current of approximately 20 pA. Evaluating the T=0°K

-

expression obtained by Anderson, Eq. (14), for S —1—82 junctions with

1

A;n = ,54, A2, = 1.4 yields I = 50 ﬁA. If strong coupling effects are

Pb

taken into account this value is expected to be reduced. Aithough an
accuraéé calculation of the magnitudé of this effect has not been
~attempted, as an estimate one m;ght expect the same reduction from
strong qbupling effects as 1s observed for Pb-I-Pb junctions.‘ This
yields a predicted Joéephson current reduéed\by a factor of .788

(1 =40 uA),.still a factor of 2 too big. The discrepancy is most
likely due to room temﬁegatu;é noisékaT = ,025 eV which propagates
down the unfiltered leads to the 202 junction whose total coﬁpling

‘energy-is only
FE. =1 - = .lev o (31)

and causes the transition to the resistive st;te at lower values of
‘critical current. A

Nonlinea; coupling of the A.C.'Josephson current at finite voltage
with the cavity modes of the junétion results in well defined Fiske
steps. In Fig. 6 these arevshown_for an In—i—In junction with the
magnetic field applied to maximize the first step. If a dielectric

constant of 2.0 is assumed the éxpfession for thé-spacing of the first

step . -

9
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- 1/2
= ¢ = cl—m—)
1 = T2el. ¢ T SYe(2rds)

(32)

glves a value of the dielectric thickness of 8.4 A., which seems a )

- ~ N e
somewhat small but not unreasonable estimate. °’

B. ‘Phonon Critical Points in Tunneling,Charécteriéfics

In this sectidn the differential resistance, R(V); and its first

drR(V)
dav ?

and'Ind-Pb junctions ate analyzed. The agreement of‘the observed

derivative, obtained from four terminal measurements of In-I-In

"phonon structure" with tunneling charactefistics obtained by Dynes-50

for Al~I-In and by Rowell and McM:lllan50 for Pb-I-Pb is suprisingl&

good. Differences in the magnitude of these observed structures are

found to be consistent with strong coupling tunneling theory. Sharp
structure in the second derivative has béen.tentgtively correlated with
Van Hove27 and Phillips28 critical points or Kohn51 anomalies seen inr/
In and 'Pb_phonon dispersion curves. The theory df Scalépino and
AndersOn29 is appliéd to junctions comprised of‘&issimilar sﬁperconductors
tb estimate these singularities. Comparison with.eépérimaatal magnitudes-
éllows the relative eiectfon—phénon coupling constants of the two metals-”
to be determined. |
AR (V)

In Fig. 8 the 2nd harmonic (

©dv ) of an In-I-In junction at

-9°K (taken by the author) is compared to the equivalent characteristic
for an Al-I-In junction at .3°K (taken by R. C. Dynes).50 The similarity
is somewhat fortuitous, stemming from the fact that Aluminum is a weak

coupling superconductor which which exhibits.very litfle phonon
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structure in its density of states. Consequently, according to strong .

,

coupling theory both curves are a convoluted representation of the- N

i

phonon density of states of Indium with a Squarerroot/enérgyvgap
singularity and should be nearly identical. Care waé taken to reproduce - .f
the In-I-~In derivafive'to eliminate noise or junctioﬁ variance as pos-
sible sources of the small diffgrencesubetweeh the traces. Three other E

In-I-In junctions produced identical curves. Adler and Rogers,52 and

Rowell énd Kopf53 obtained identical Al1-I-In derivatives at higher tem-

i .
kN

peratures. Thus the exﬁlanation for any differences must 1ie in the
nature of the indium phonon spectfum and the maﬁhemétical complexitiéé
of the tunneling integral. 7 7 ;
The Indium lattice is face cefitered tetragonal (fct), obtained
from an approximately IOZ'compfession of7an fcc lattice along the (N01)
axis. (a=4.58, c=4.94). The In pﬁonpn density of states approximates
a two peaked structure similar to neighboring fCC'mefals such as Pb and
Al, This is‘cleérly exhibited in Fig. 9. The uppér curve is the
préduct‘of the effective electron-phonon coupling constant az(w}_and
the nqrmalized ph¢hoﬁ density of states F(w) and was obtained by bynes
by inverting the Eliashberg equations using his tgnneling data from
Al-I-In junctions as explained in detail by McMillan ana Rowell.26 -
The lower curve is an\approximate density of. states obtaingd by Smith
 ana Reichar&t54 using tﬁe Borﬂ von Karman (BvK) mode__l55 to fit phonon . !
dispersion meaéureménts along the syﬁmetry directions (x00), (00x), (xx0),

(x0x), and is obtained by inelastic neutron scattering. The agreement

betWeen the curves is quite good despite the lack of success of the o : i



- BvK model for other_materials. At’all but a few singular points (Kohn
anomaiies) az(w) varies slowly on the scale of F(m); consequentlv the
upper curve is essentially proportional to F(w). Seﬁeral éiscontiﬁuities
in the slopeiof>F(w)'can be observed.at approximately 5mV, 6.5 mV, 9 ﬁV
and 13.5 mV. Discontinuities in F(w) are due to.(a) éinguiar points
iﬁ the @A(q) vslq phonoﬁ curves at which qux(q) = ) (Van Hove -
sinéularities), or (b) points of sharp contact between phonon brancheé
_ at>which'one componént of the gradient iS‘diécontiﬁuous and the other
components are zero (Phillips singularities). |
Singulafities can be more cleérly resolved in the raﬁ derivative
of the‘conductivit§ (resistivity) tHan in the.tunﬁeling density of
states. Scalapino and Aﬁdersong9 have analyzed in detail the effect

of these critical points on the derivative of the conductance for S-I-S§

'junctions.' At pointé of infinite discontinuity in g%' for whiéh.

F(w) ~ lmc4m|1/2 the result is é square root singularity:
58 |
. <.
6! (W)~ ———m V'] < o]
. ossT ©vtew '1/2 c
- ¢ - (33)
i ss . '
) M
Gl (V) ~ —— V'] > |
G vt |12 vl > Jul ,
. c
6' = >V ~ 2A

Thé'coﬁstants N and Q<'depend on the type of singularity (maximum,
miﬁimum, saddle point) and vary invefsely'as the square of the critical

phpnon frequency. Finite aiscohtfnuitiesvin gg for which F(w) &‘IM_MCI

-
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produce a logérithmic singuiarity and é jump discontinuity.

s
2

' ~ 1SS o 4 s /v_ \ :
Ge (V) ~D° fafv'-w | + D, OV @C). | ENED)
In Appendix II we show that the same d18continuities occur in a Sl—I—S
junction;'however, the amplitudes are different. The singular terms

. in‘G'(V) are the singularities that-would occur in G' (V) plus

°1%2 , _ °1%1
~ those that would occur in GéSSV); the zero of eﬁe;gy’is‘éhosen in each
case’ as A1+A2 or 2A.

Tentative identification 6f‘sharp'structure invG'(V) for In-I-In
and Al—I;In (see Fig. 8) with‘siﬁgularities in the In’phonbn spectrum’
has been made b& fitéing ﬁith.logarithmic or inverse'squaréjroot curves.
The res#ltsbare given in Table VI, To identify thé singularities in.
Table VI‘with the structufe‘in Fig. 9 a voltagé'of 1;05 mV must bé
subtpaéteé from the In-I-In trace and .72 mV must be subtidcted'ffom the
In-I-Al trace. Due to the apparently ﬁighér resolution obtainable with
In-I-In junctions, singulaf points which do not appear in Al-I-In curves
have been resolved. These inciude tﬁe sQuare root éingulériéy at 6.7 mV
correspondiné to é maximum in the lower transverse‘ﬁhonon branch, T2,
at x = .82 along (x0x): the sharp‘dip at 9 mV which corresponds to the
discontinuity in slope of the BvK determination of F(w) at 9 mvV (Fig. 9)

(this does notlcorresppnd to any singularity along the measured symmetry

directions but may be due to a branch;contact or other singularity in an

off symmetry direction); and the split peak resolution of the longitudinal

maxima at 13.45 mV (xx0) and 14.5 mv (00x). The end of the spectrum at

14.85 seems to be associated with an infinite change in slépe in G'(V).

4 ’

2.
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TABLE VI.

Critical Points in the Tunneling Characteristics of In-I-In Junctions’

Singular v Possible Type of

Energy (mV) Behavior Neutron Energy (mV) Singularity
. . Assignment
14,9¢.2 = discontinuity LA, x00 - 14.85 maximum, x=1
in slope LA, x0x 14.85 end of spectrum
14.37¢.2 v - V*,—142 LA, 00x 14.5 maxima, x=1
c' ' LA, xx0 14.5 ‘
C-1/2 | S
13.66%.2 +IV - Vc, ‘LA, xx0 _ maximum, x=.55

"9.0%.2 - sharp dip Discontinuity , sharp branch
in BvK model ' contact
' - of F(w)
. _ -1/2 .
6.7%,2 +[V - VCI TAZ’ x0x - 6.72 maximum x=.82
6.4%.1 jump : LA-TAy, xx0 6.2 branch contact
discontinuity degeneracy : x=1
TAZ; x00 N 6.2 maximum, x=1
TAy, 00x 6.3 " maximum, x=1
3 + "1/2 : . )
5.6%.2 +{V -V I TAZ’ x0x 5.7 non analytic
¢ - : : minimum, x=1
TAé; x00 5.3 kink in curve x=.7
_ ‘ ’ (Kohn anomaly)?
+ -1/2 [ ‘= . .. |
4.1¢.2 ~|V - VC! K TAZ’ x0x 4.1%.5 kink in curve x=.4
: ' (Kohn anomaly)?
3.1+.2 Dip TA2, 00x 3.3%.5 kink in curve
x=,4

(Kohn anomaly)?




Peaks are also 'observed in the very low energy region, 2.7-4.0 mV (Fig. 11). It

is likely that they do not correspond to a Van Hove or Phillips critical
point in the In phonon spectrum even in an of f-symmetry. direction.
Similar low voltage étructure has been observed by Rowell, Anderson v -

and Phillips5§ in Pb-I—vacharacteristics and has been seen by the author

in In-I-Pb characteristics at 1.6 mV and 3.0 mV.. Rowell et al.,
identified the peak at 3.0 mV with a kink iq'the neutron déta.of
Brockhouse ;nd cgworke;s57-for Pb. Both Brockhouse and Rowell suggest
that the kink (peak) is caﬁsed by a Kohn type\énomaly. This can be
explained as follows: a shérp inc?eaée (decrease) in the effective
screening of the inter—iOnié'potentiAI by eleqtronsIoccurs for the phohon
momentum greater than (léss than) a critical value qG which satisfies -
the criterion QG = ,kz - 51 - gl‘with k2 and kl lying on high density

of states region of the Fermi surface and G a reciprocal lattice vector.

For momenta greater than (less than) q, screening processes involving

C
scattering of the electron from one side of the Fermi surface to the
other éan (cannot)occuf. The rapid éhange iﬁ-scfeening causes a
corresponding step increase or decrease in the phéhog.freQuency at 4
i;e. an infinite discontingity in wa(qc)w_ Thése'singqlaritiesvalso
occur in azk(wc) (infinite discontinuities in slope) .and consequently
sharp rises ére expeqﬁed in the .second derivative.characteristic
G'(V) at V = A}1 + 42 + éuc.

The derivative structure at 1.6 mV was not however observed in

Brockhouse's neutron data. Recently Stedman, Almqvist, Nilsson, and

Raunio58 have extended the work of Brockhouse to lower phonon energies.
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The phonon dispersion curves indicate not only the kink in the T(111)

curve at q = .55 corresponding to the 3.0 mV anomalous peak but a sﬁéll

"departure from linearity in the T2(220) branch at q = .35 - .4 centered

on a frequency of 1.8 * .2 mV. This small effect well within the quoted
resolution of * .04 mV has not to myvknowledge been discussed in the

literature.

Thé Iﬁdium phonon dispersion curves taken by_Smith(ahd Reichardt also
reveals lo& energy kinks most likely Kohn anomalies at 2.4 mV, 2.9 mV,
3.3 mV and 4.1 mV aloﬁg various transverse modes. The author has resolved
tﬁese only to én accuracy of * .5 mV. We note that the kink at 4.1 mv

agrees with the approximate square root singularity at 4.1 mV in G'(V).

~ The other singularitiés lie close to the low energy structure though

‘no fit has been made. It is likely that accurate dispersion relations

of other materials will indeed reveal 1:1 correlation between structure
in the dispersion curves and in G'(V) and may prove useful for
experimental analysis of the fine structure in the Fermi surface.

-

C. Magnitude of Phonon Structure in Tunneling Characteristics

In addition tovlocating the critiea? points, we have compared the
relative magnitudes of the phonon structures of In-I-In, In-I-Pb,
Al-I-In, and Pb-I-Pb junctions. In the vicinity of a large phonon

peék or critical point at ® the conductivity of an 81—1—82 junction may

vbe written (see Appendix 1)
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2 ,
. o7 .
Gg g (W) =Fg o (V) + —=—— VAT I'(V+A  ,F, ()
172 - C172 - L (wkAg ) 1 72
2 - . ‘ - (35)
S °‘22
t— JA; I'(V'+AS",F1(w)),
' (wHAg ) 2° 1
1
w o= V' EV-A, -A
. s; S, .

0” is assumed constant for each material. 1I' is a function of. the
phonon spectrum of the superconductor designated by the subscripts
in its argument and is independent of the othér,supercondugtor. In

the vicinity of a phonon peak or critical point I' or I'' changes

rapid1y wheféas the background conductance F(V) .~ C is slowly varying

» NN
for VvV >> Al + AZ' lSince in general phonon strugtufe for different .
.materials dbes not occur at the same energies, it is often possible

to aistinquish the separate contfib;tions to Fhe-Conductance.from the
'two-superéon&ﬁcfors. -For example, the Al phonoﬁ-spectrum'consists of
a transve?se structure at 15 mV and a sharp.longitudinal peak at

34 mV.59 Thus since most other supefcondug;ors-have a phonon spectrum
at lower energies (i.e. less fhan:ls oV), the phonén conductance
cﬁaratteristic of an Al1-I-S junction below 15 mV‘istue solely to the
s eleétrode. quever;because the coefficient of I'ifalls off as

2

1/w”, Al will exhibit much smaller peaks even in the 15-30 mV range, \

(< 1/20 -the size of Pb peaks) despite the fact that the electron-phonon
coupling constant for Al is only a factor of 2 émaller than that for Pbﬁo

! . . 7

RS N
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Thus, in the case of an Al-I-In junction,for example ,

2
ey

~ ] ——
(V) =Fra * 3

i ' ] 1
CIna1 : Wy TNV F (@) (36a)
. (w—AIn) : .

whereas for a two superconductor junction such as In-I-In_

N

2 .
. (Do In
+ —— /A I'(V'+A
o N2 In
(w—AIn) ,

In’

1] 1 )
GInIn InIn FIn(w)) (36b)
‘the factor of "2" coming from the identical contribution at both limits
of the integral (AI, Eq. (2)). The background conductance derivative
should be small as long as the voltage is much less than the barrier
height of the tunnel junction. Hence the relative hagnitude of this

\

structure in In-I-In.in comparison to Al-I-In junctions is approximately

Gl
Inin
— = 2VA_ [A "~ 3.6 - (37)
',GI A1 In' "Al . o

)

-8ince the vertiéal scale of both graphs in Fig. 8 ié‘arbitrary there
1s no certain way of vérifying this value. HoweVer,'the.signal to
noise ratio for Al-I-In is roughly & fac;or of 3-4 worse than for
In-I-In. The difference undoubtedly is due to the difference in the
'junctioﬁs rather than éxperihental techniques, and provides the
explanation for the increased rgsblutidn of the critical points in the

In-I-In characteristic.
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A more quantitative comparison can be made using the conductance -

curves of In-I-Pb and Pb-I-Pb junctions shown in Fig.- 10, Since the
conductance background is large but slowiy varying we subtract it off

near phonon peaks by forming  the egpression. E '

G(Vy) = G(V,) - ROV - RO

g' (V)Av 5‘?_ G(V)) + G(V,) =2 R(V,) + R(vi)

p ‘
G'(V)
G, (V)

at the two phonon. peaks. G0 is the normal state conductance. Since

_An error of at most 57 is incurred in equating g'(V) with.

~ ~

the latter normalized conductance derivative is independent of junction.

resistance, g'(V) and r'(V) .are also approximately independent of

junctidn resistance. At the longitudinal phonon peak of Pb at 8.5 mV

e

T .
8 Wpppp  _ .259 | ,
L .0778 38 -
]
&' (M ypp o

This compares favorably with the prediction of 2#A§b/A;n é,
2/1.3957.541 = 3.2181 .

For the transverse peak at 4.4 mV the ratio

The disagreement in this case stems from the failure of approximations

made in the derivation of Eq. (13) based on the assumption that the -
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phonon frequency was much larger-than the sum of the energv gaps. This

is clearly not true since

for the transverse case.

Iﬁ the precee&ing discussion the implicit assumption was made that
very littlé éonductance structure was due to the Iﬁdium inVIn—I—Pb _
junctioﬁs. This  appeared justified considering the close similarity of
the two curveslin Fig.>10. Almore rigorous check may'be made by comparing
the conductance derivatives of In-I-Pb and Pb-I-Pb junctions as in
Fig. 12. Here again the-similarity is striking, however, some small
deviations are noted in the vicinity of the arroWs:in Fig. 12a.which
oécuf aﬁ the large In phonoﬁ peaké of Fig. 8.suitab1y corrected for the

difference in the sum of the energy gaps in the two cases. A rough

vvestimate’indicates In structure is of the order of 1/10 th that of Pb.

However a more precise determination may be made.by‘comparing isolated

singularities stemming from analogous criﬁical points in the phpnon

- spectrum of the two materials. The theory of Scalapino and Anderson

"predicts the shape and amplitude of these singularities for $~I-S
junctibns and is easily extended in Appendix II to Sl—I—S2 junctions.
The conductance derivative in the vicinity of a Van Hove singularity

can be written as:
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i = S1 oF Sz;v‘i = Szvor S

(=4
1]

= the critical point

"Vj = volume/unit cell
z T # atoms/unit cell
a = curvature of the dispersion relations near wi_
. (A (W) ]
= 1 —
M ETCR Y
]
[A(w,) ] y
! B = Re |-+ '
T L2 (w,)
J
o + 8\ S
The expression 1 is shorthand for the fact that the coefficient
S .
xT ’Y. B
]

of the square root éingularity in (41) has either *+ B or * v as a

factor. If the coefficient contains B as V approaches V E.wi+A§ +A§
. p Ve
1 2

from below, it contains Yy as V approaches VC frqm above. For example,
at a mgxiﬁum the factor is + B below Vc and‘+ h' _aone. The
corresponding coefficients for a minimuﬁ are - Y‘ aﬁd - B (see
Appendix IT (Zi)). In general Y > B at a critical point. Near the

maximum in the longitudinal phonon branch for In and Pb we have:

= .73 B, = .22

Ypy, Pb

5y s 1
- (39)
t oy, ) (@7 [(v—A;—A;—witm”"] "
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and

IR
w

.81 R .47

YIn In
Since the BCS singularity at the energy gap is smeared for real
junctions, the predicted singularities are inévitaﬁly rounded. Never-

theless, it is possible to fit the behavior of a peak such as in Fig. 12

to the form
A

v 12
for V well above V . We have doneithis for the peak corresponding to
the longitudinal phonon maximum of Pb at 8.85 mV (Fip 12a
,V = A;n + A;b + 8.85 mV) and for the peak corresponding to the longitudinal
‘ pﬁohon maximuﬁ of Inlat 14.5 mV (Fig. 12a V = A;n +'A§b + 14.5). TFrom
(14) the ratio of the cbefficients 6f these square root singularitiés

i1s should be

a2 2
b _ Yeb 4.5+ .54)%
AL T2 2
In oL (8.85 + 1.4)
where v
3/2
e = T (th'> Vpb
Y \®mp Vin

)

Experimentally we find — AI = 3.3. If the_curvaturés; a
n

timated from the neutron dispersidn‘curves and ¥ evaluated using the A and

In and ap,» are es-

Z the values giVen in the McMillan, Rowell'and Dynes tabulatioﬁ;so f becomes

.85 and the ratio of the coupling constants betwéen electrons and longitudinal

phonons in In and Pb is 2
] . o
. : Pb 1.7
o2 -
In -

i
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2
Using thg value o Pb

= 1.2 determined by Rowell and McMi1lan2® as

the best fit for their observed'tunneling/chara;tetistics we have

2 ~
a = .70

=2 _ 2 |
A = —[ };,.oc)\ (“’)\FA(‘”) dw

has been evaluated50 by summing the values of 'a2(w)F(w) =z ax(w)FA(w)
. ! : . )\

The parameter

- obtained point by point by inverting Al-I-In tunneling data.

32 - 9.7

. N . ‘ : 2 \.’ .
Assuming an approximately constant value of aA for each phonon

I

polarization we have

2 2 _ 2
A = ? oy '£ Fx(w)d'w— Zoc)\ = 2.7

If equal coupling constants for all polarizations are assumed-

2 ' 1o s _
a Longitudinal = ,9, If thg longitudinal constant is twice the trans

‘verse constant (as is assumed for Pbh) azL = 1.4. The value of uzL = .7
obtained through the singularity fit apﬁears to indicate that equal
coupling constants are a better approximation. This type'of analysis |

in conjunction with conductance derivative measurements of greater

sensitivity could be used to determine for a variety of superconductors .

the electron phonon coupling cqnstant'ax as a function of the phonon

’

polarization A.
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IV. EXPERIMENT - NATURE OF THE BARRIER

We have determined the stochiometry, dieleétric constént, and
barrier héight of the fluorocarbon dielectric. vX—rﬁy photéemissionﬁ3
and Auger spectrostopy6§ havg provided quantitative or éemiquantitative
analyses of the the chemical constituénts of the dielectric and the
variation in chemical environment. Ellipsometry me-asurefnents65 allow
determination of the real ané %maginary parts of the index of refraction.
High voltage I-V plots have béen.used to determine the asymmetric
barrier heights. The'"tuhﬁeling spectra" of’In—I—Sbjuncgions yields
info;mation on the constituent molecular épecies of tﬁe barrier.
These measurements are discussed in the following section, as well as

some preliminary data from Au-I-In(Pb,Au) junctions.

A. Chemical Composition and Environment

H ’

The chemical composition of junction dielectric layers of total -
mass approximately 10_5'micfograms may be anélyzed using the sensitive

s

techniques of inelastic electwon or X-ray scattering from the

surface. Inelastic techniques including Auger electron spectrbscopy
(AES) and X-ray photoemission spectroscopy (XPS) involve the analysis

of the energy distribution of scattered electrons emanating from a
\ - ' :

N

tafget'bombarded by a monochromatic beam of X-rays, electrons, or’

light ions. Depending on the depth of surface tﬁat is to be studied
~various incident energies and pérticles may be used. For AES the
incident beam is of the order of 1-5 kV electrops (or X-rays). vThe.
sampling depth from which electrons are ejected frbm the sample by normal

inelastic scattering and‘Auger processes is a few monolayers. An
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.
, .

-'Auger electron is ejected in a three part process whereby (1) an

electron is rémoved ffom an innér level, (2) another electron fills the

vacancy transferring the energy to (3) a third electron which is ejected.

Auger processes have a smaller cross section than that of normal)
inelastic processes but have the advantage that low:energy electrons
are emitted wﬁich haverdefinite energies characterisfic of tﬁe atomic
level spacing tﬁus allowing chemicai'element idenﬁffication. Tﬂeée low
energy electrons can oﬁly reach the surface from'shallow depéhs-of,about
10A. XPS invélveé ah\inéi&eht Ko, beam of‘about_ZS kV. Core eiectroﬁs,
i.e., 155725, 2P are ionized. The‘ipnization>energy, equals the
difference in energy of the emitted and incident beaﬁs and is depéndent
~on the particular atomic potential and the pertﬁrbatioﬁ due to the
chemicgl environment of the atom. Resolution'qf1ap§roximate1§ 2eV is
possible the'limitation being the energy’spread of‘thé incident beam.

The excited core electrons will pénetrate from a maximum depth of about

50A.

Both’XPS and AES have Béen used to analyze thé dielecéric. In both
cases two éamples were used; one with the fluorocarbon layer; the otHer)
an In substrate as a contfol without the insuiating iayef. This was
done to determine thé extent of unavoidable contamination by atmospheric
molecules; Figure 13 shows fhe Auger structure (actuélly the second

derivative'of the particle flux as a function of energy) of an.In samplé.

The top curve indicates the approximate composition of the In sample

surface after reaction with fluorocarbon vapor and expoéure to atmosphefe.

- The middle is the same surface aftgr Ar ion bombardment, and the bottom

- curve is the conﬁrol (a fresh In surface just exposed~fo atmosphere)..
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A1l three traces indicate\the presence of In triﬁlet peéké, from
300-400 V, C at 275 V and O at 500 V. A F peak at 650 V is shown in
the bottom two traces. Sulfur was present in the aﬁalyzer as an
unavoidable contaminant. Quanfitative determination is difficult,
,hoﬁevér three features should'be’noted:  @B The.top two traces have
~aF peak which increases after ion bombardment whereas the 0 peak
decreases drasticéliy. (2) Similarly the C.peak decreases some&hat
whereas the in peak incréases draméticaliy. (3) Peak area scales
roughly as inverse energy. . We can infer first that both C (either
from diffﬁsion pump oil or atmospherip\CQz)\and oz.ére unévéidable
contaﬁinants which may be remo?ediby ion bombargmeﬁt; second, that
F and some C. are present as a tenacious layer whiéh is thick enough
togethgr with an atmospheric monolayer f6 obscur the In peak somewhat
finally a rough es&imate yields the C/F ratio.after‘bombardment,*
approximately 3:1. This last'figufe should be tgken as an drder‘of
magnitﬁde esfimate due to some recontamination with C dﬁring the
bombardment and inacéuracies>in the‘ctoss sectibn‘estimate usea fdr
vthisVdieleétric, and the fact that only the first ﬁonolayer apprOXi—
mately is sampled. |
A more quanti;ative detefﬁination is possible using XPS. A sdmewh;t
thicker sample fluorocarbon layer was used fgr this analyéis. Figures 14
\and 15 show the C(1ls) and F(ls) peaks:fespectively fof the In plué
dielectrié sample with the control carbon)ﬁeak superimposed,for céﬁpar
'The‘full graph (not shown ﬁere) indicates that oxygen appears in the

control; but no detectable oxygen appears in thefsamﬁle. The lack of
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oxygen adhering to the sample éurfaée despite atﬁeépheric contamination
is Virfgally unique to this material. The thickness\of the layer can

be inferred from the fact that tﬁe In peak is severely ébécéye& (i.e.,
2508). The four distinct carbon peaks in Fig. 14 c;rrespond to sites
with‘varyiné numbér of fluo;ine'atoms in the vicinity. The highly
electro—neg;tive fluoriné inérgases the C(ls) ionization energy by
strippihg away tﬂe outer carbon electrons, thus shifting the fluorocarbdn
peaké'Below the ééntrol peak. A cbﬁpafison with the XPS aata for
fluoromethanes obtained by Thomés, Davis and Shir.ley66 is shown in

Table VII. There is a rough 1:1 correspondence'in the energy shifts
obsefvedjin both cases.‘lHowever, the binding enéréy is less in the
polymer than in the gaseéus fluorocarbons. Strong evidence that the
fluorécafbon layerlis a very disordered fofm of poly—tetrafluoroefhylene
is pro§idedﬂby the measurements of Clark and Kilaast67 on the C(1s) and\
valence levels of a pressed film of PTFE. They-bbtained a C(1ls) -binding

energy of 292;4 eV with a spread of 1.5 eV. This‘corresponds identically

with the binding energy of the largest peék in the C(ls) band. Quantita-

tive determination.of the C/F area ratios was made after averaging
consecutive channels to eliminate asymmetric clocking errors. Using

the measured relative cross sections determined from CF, gaseous phase

4
analysis68 the actual C/F ratio of l/l.98vwas 6btained correspoﬁding
to a stochiometry of (CFé)n' Cbnglﬁsions drawn ére: () a diélectric
insulator with the same stochiometry ;s poly—fetrafluoroethylene (PTE)
ié formed, (2) fhis insulator sheds oxygen, and (3) the chemical

environment of the carbon atoms is inhomogeneous corresponding to

various numbers of surrounding fluorine atoms.
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Table VII,

Fluoiocarbon Layer

Fluoromethane

C(1s) ‘Energy

Energy Shift
Relative to
Control (-285.2eV)

C(1s) Energy

Energy Shift
Relative to .
CH4 (-290. 8eV)

-288.6
~290.4
o -292.4,

-294.2

3.4
5.2
7.2

9.0

-293.6
-296.4
-299.1"

-301.8

2.58 (CH3F)
5.55 (CHZfz)
8.3 (CHF3)
11.0 }(0F4)
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Measurements of the éhénge in polarization of elliptically polafizéd
light incident on. a sample can measure fhicknesses of minute surface

layers on a material of known refractive index (theoretically ffactions

of A's 1i.e. submonolayer averages) as well as both the real and imaginary

index of refraction (n + iK).65

Measurements on a Au + dielectric
sample using elliptically polarized light yield valhes~6k s, n and K
of 2508 * 5&; 1.39 + .005, and <.01, résﬁectively;: Assuming_that ionic
7 and dipole polarizabilities are notrlarge, (a gooé assuﬁption for dommon

polymers) the optical dielectric constant €(w) ; n2 ; 1;935i.01 ié
approximately €(0) thé étatic dielectric gdnstant. This value is close

to but distinct from the dielectric constant of bulk semicrystalline

PTE. € = 2.10, n = 1.35

B. '"High Voltage'" I-V Characteristics and the Barrier Height

At biases in éhe vicinity of the_barriér‘height the'tunqeling.
characteristic of both ndrmal and superconducting junctioné.become;
very non-linegr. Several apprbximate éxpréssions have\been develoéed
for tunneiing in this region. The validity of these appréximat;ons has

"been reviewed by.Duke.69 Using a_stationary state forﬁalism (i.e.,
constructing appropriate single parficle wavefunctions localized on
one side of the barrier,'caléulating the transmission coefficient, and
summing over all states weighfed with Fermi-Dirac occupation number)\

‘he obtains the formal expression

, . 2
. ’ d '
j=—2;1‘3 de[f(E)—f(E+eV>] f kﬂz D(E,k ) , (40)
- (2m) : :
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The transmission probabiliﬁy D(E, HI) evaluated using the W<K.B.

»

approximation with k“ assumed to be zero is

D(E)- = exp - 2J(E) (41)
- %2 | 1/2
I(E) = f 32—‘2‘1 [Vg(x) - E] dx
‘ xl .h . :

/ "xl".and "x2" are the claésical turning péints.éf'the motion. V(x) is
. generally taken to be a smooth analytic shape cor;ésponding to an
effective barrier height. Of course on a 10A scale with an amorphous
insulator this should ﬁoﬁ be a good approximation and detailed
calculation of short range sc?ttering in a random potential érray \
would be requirgd. This is an intractable problem; howéver, and the -~
avefage barrier tecﬁyique will qﬁite often give agreement with experif

ment for ordered ‘insulators with no impurities. The most common

approximation for V(x) is a trapezoidal barrier which ¢an be written

. ’ . '_ ' _ X !
VG = Vgt (g, VB)'S_‘ Y

When V is larger thanvMax(VB1 or VBZ) the turning point becomes‘émaller

than xé. ‘The voltage dependent effective thickness is then
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T ]
. VB1
effl
lv| + Ve = Vpo
L A
or
_ y -
s B2
eff2 o
o V] + Vg, - gy |

(43)

correéponding to a negative V applied to side (1) or (2) respectively.

Intergrating over the_triangular'barrier region we havev

' m vBl3/2 s
D(Ex)l = exp -2 =3
TV Vg - gy
. : 2m YVB23/2‘S
,D(Ex)2 = exp -2 = »
o h vV + VBZ.— VBl
At T=0°K |
S 3/2
2 yIm Vg2 S
121 V™ exp - |2 5 ,
h vV + VB2 - VBl
- 3/2
I ~ V2 exp - 2 2m vBl :
2 - n2 | V+* Vs - Vo
Consequently a plot of FN = 1In > vs. V 7 yields for V
v :

small compared to V has an approximate slopé

W

S

~ Vv

3/2
B1 [

V., -V

Vo

B1 B2

] s

(44)

- Vg

C —. Vv
V>Vp -V

i

S



~

wooowd ‘J i} **-'g‘ {} i i o od

o

o

~57~

In the region of validity of the app;bximation the slope of the plot

3/2 s. A similar plot of 1“(121/V2) vs v L yields viézs .

is Va1
This linear behavior can be clearly seen in Fig. (16) for an In-I-Ag
juncfion.at 73°K. Using the thickness of the dielectric as determined
by the D.C. éapgcitance (44A), we obtain values §f VB1 = 370 mv (In+)
and VB2 = 210 mV (Inf). Theée values_are prbbably‘underestimates as
shown by Hansma,/McBride and Rochlin,70 due to'the inequivalent
determination of the dielectric thicknéss by resistance and capacitance
measurements. This discrepancy oécurs because a thin dielectfic has

a distribution F(Si) of iowvspots'which,in comparison to a uniform

barrier, will generate 'a much larger effective increase in

v 3/2

R D e |- s, 1] (s, (45)

i \

than in

C. Tunnel Spectrum of the Insulator

At voltages above the phonon enefgiés,infrared vibrations of the .

molecular species of the barrier can be observed in the G'(V) characteristic .

This can be seen as a series of peaks roughly'centered on characteristic

* vibrational frequencies. The strongest of these peaks are associated

71-

with light dimers i.e. C-H, O-H and the like. Various theories 76 have

attempted .to exﬁlain the line shape of the peaks. The general conclusions
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are: (1) the_émplitude depends on the location of the vibrator followingﬁ

a cosh (x~xo) dependence with X the end on the fa;‘side of the tunneling
elect;on. This is due to the more rapid decé& of the electron éfter
losiﬁg some energy to the vibrator; (2):The'line’shépe is not a simple
resoﬁant structure in éeﬁeral and the density of states of the eléctrodeé
play a part in determining the shape. (3) Intérferenge effects occur
between the normal elastié channel and the inelastic channel; The
theoreticai picture appears to beé somewhat murky‘at:this'time so that
accﬁrate ;hterpretation of the 1line shape of the‘fesonant peaks is
difficult for moré comblicated barrier species. ﬁiguxerl7 is\the
conductance tunnel spectrum of the barrier for an In-I-In junction

and Fig.‘lS—is the tunneling spectrum for an In-I-Pb junction. The

arrows (Fig. 18) refer to known vibration or rotational energies of

~
’

gaseous CF, and solid PTE. No clear correlation exists between G'(V) and
~ either spectrum. This result is not suprising since the amorphous
structure of the insulator andvthe distribution of potential sites

(shown in the XPS study) does not correspond well with the structure

of either CF4 or semicrystalline PTE.

D. Gold Junc¢tions . N oo

An additional indication that no oxygen is incofporated in the
barrier is the production of Gold based junctions, i.e., Au-I-Au,
Au¥I—Pb, and Au-I-In. The latter two have demonstrated clearly defined

‘current rises at the energy gap when the Pb and In were superEonducting

although the quality of the junctions was considerably poorer than for -

In. Figure 19 shows a the I-V and R(V) vs V characteristics of
I3

~



a Au-I-In junction. The second.derivative<exhibits considérable
strﬁcture as is seén in Fig. 20 which cOrrespoﬁds approximatéiy to

" the low phonon peaks for In. Atihigher energies‘the’structure is washed
out. High resistance gold (1010 Q) juhctions have been made in\CF4.
Considering tﬁe the reéistance of Au to oxidation it is extremely

unlikely that substantial oxygen is preserit in the insulating layer

of any of these Au junctions.

E. Surface Structure

o
The Scanning Electron Microscope was used to détermine the
homogeneity of the indium plus polymer surface. Figure 21 shows a
comparison of a‘pure indium surfaée (upper photograph) and the iﬁdium
surface after reaction in the fluorocarbon. discharge. The polymer
surface (lower photogfgph) has a grainy appearance. The magﬁifiqation

is X10,000. Light specks are thick insulating pérticles.
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V. _EXPERIMENTAL METHODS

. A. Fluorocarbon Junction Preparation ' N

" Junction preparation involved the following'new,teehnique. An
indium or gold film was deposited onto a standard»glass suEstrate
3" x1" dma vacuum'of,lo—s—lo_6 Torr. Better surface propertiee
of indium were obtaiﬁed ;hen the substrate was'ﬁainfained at 73°k and
this»procedure was generally dsed.i After deposifion the chamber was
-valved off add.phe sample allowed to equilibrate‘to room temperature.
Indium was often annealed for omne to five‘daya at room temperature.
The film was then placed in a reaction chamber (Fig. 22) eonSiSting.of'
a standard 3 in. high vacuum high vdltage.Z electrode feedthrough
bolted onto a copper pipe to which was a;tached a gas bleeding line
and a:ldquid”nitrogen trap backed by a ﬁechahical pump. vFluorocarbon
vapor is pumped through the ehamBer while a D;C. blasma discharge is
maintaiped at pressures from 300—750U.for periods of 5 sec to a few
minutes. Several fluorocarbon compounds have been used with similar
results. These are "Fiuorinert"77 (3M trademarkx CF, ahd C,F High

4 2°4°

resistance junctioﬁs were made by ekposing the film directly to the
discharge approximately 2" from the electrodes. Low resistance
junctions were shielded by turning the film away from the electrodes
facing the grounded copper tube. Most of the diééharge occurred in

the localized region between the electrodes whieh were-1/4" diameter

on 3/4" centers.” Junctions were left in the reaction chamber to

cool generally from 15 minutes to overnight. Some outgassing of the



wallé did occuf. 'About.one torr accumulated in a 24 hour period. Thi;
procedure does»not appear to produce oxygen contamination since the
fluorocarbon layer‘actually is not "wet" by_atmosphéfic dxvhen as
determined by XPS resultsvof the prévious.section, But is probably
necessary as a re-aﬁnealing finally counter’electrodés of In, Pb or

Au were deposited pfocess.

\ A few general remarks are in‘order\ concerning the félative merits
of the differéht fluorocarbons. Fluorinert appears to vield the best
results for low resiétance,junctians; however, most of.the junctions
made with the lighter gases were deliberately high fesistance. 4The
most probable. chemical reaction is the fragmentation of the molecule
followed by polymerizgtion'of thevlow-ﬁoieculér weight radicals.
Fluorinert yields a 1arge.portion of higher molecular weight components
which act to dilute the critical monomeré such as‘C2F4.  This may 7
reshlt‘in a smoother,;slower'feaétion prbcess yielding. more homogeneous
films. All of the fluorocarbons produced high résistance junctions
quite -easily. i

AN

B. .Cryogenics . o

Measuréments were performedvin a standard glass_double—walied
nitfogen—jécketéd liquid heliumvcryostét (Fig.k23). Temperature was
regulated by an A.C.'bfidge regu_lator77 with one afm, a 1/8 watt Allen
Bradley-resistbr andAthe offset signal fed through a manganin Wire
~ heater. A cylindrical solenoid with output up to éOC was ﬁsed>to make -
Jbsephsoh diffraction’patterns}  Saﬁples were measured at room temperé—

ture, liquid nitrogen, and 4.2°K to .9°K.
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C. Electronics
Four terminal I-V measurements were made in three_ways. Josephson
junctions were current swept by a Wavetek oscillator with a triangle

wave of 10-100 Hz applied to a current limiting resistor R _in series

I

with a Smal}e: current ﬁonitoring resistor RS and thé junction. Thg
voltagé across'RI was applied directly to the y-axis of a Hewleft
Packard 7000A x;y.recorder while the voltage acrossltﬁe junction was
amplified by a Sanborn differential amplifier and épplied t& the x-axis.

Higher resistance junctions were swept by a motorized helipot drive

applied through a low pass filter to the same circuit. Junctions of

1 Megohm or greater were swept by the helipot acting as a voltage source.

The current across the junction was monitored by'thé voltage across

Rs amplified by a PAR 113>differéntial ampiifier (1000 Meg input’
impedance) ghd_applied‘td the vy aiis of the recorder while the junction
voltage was buffered by/a Keithley 602 electrometer (1014 oﬂﬁs‘input |
impedance) and applied to the x-axis..

'Thevfirsf and second derivatives were determ;ned using a’étandard
phase sensitive lock-in derivative téchnique. AvPAR HR*Sllock—in
amblifier ﬁbnitored the A.C. voltage sigﬁal (eithérvthe fundamental
for the.first harmonic frequency) across the juﬁctiaﬁ produced by an
A.C. curreﬁt.source obtained by applying a low noise §oltage'through a

transformer across a very large RM in series with the junction.

- Modulation Signalllevels of 10-50uV p-p were used in first derivative
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. -
)

traces; 100-500uV p~-p were used in_second’derivative measurements. The
most critical phonon measurements were made at several levels to
determine if the line shape_waS‘modulation‘dependent. This was not

the case for levels of ZOOhV p-p or less at 1°K.’'
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VI. CONCLUSIONS .

~

We have shown that, by means of glow discharge induced polymerization

of gaseous'fluorocarbon species, thin tencious insulating layers can bé

formed on inert metals. Results for In and Au indicate that non-shorting

tunnel junctioné can be formed with this insulator.
We have studied the properties of junctions made with the'base

electrodes either Tn or Au which have low temperature normal state

0

resistances ‘in. the range 0.01—-101 ohms. Particular attention has:

-~

been paid td.In—I—In,‘and In-I1-Pb junctions in»the low resistance range;

Sensitive four terminal‘derivative studies on'In—I—In énd‘In—I;Pb
junctions have been instrumeﬁtal in tentatively i&entifying energies'
of the critical points in the In phonon spectrum as well as the Kohn
anomalies associated with thg In Fermi surface. vfhe relative amplitudé
of the. more prqminént~of these singular structures for In-I-Pb and
PS—I-Pijunctions agrees.with ;he extended theory of Anderson and

Scalapino} This agreement has been utilized to estimate the electron

phonon coupling constant of the transverse In phonon branch as uz =0.7.

il

In
In principle the simple scaling law .

J
Q
v N
st
1
>
92}
[
TN
<3
[
~—
N
Hh

discussed in Section III-C (where A and V are the amplitude and voltage
of a particglar phonon singularity observed in the second harmonic and
f is factorizable into contributions from each superconductor and is

—I—Sz'junction. The

of the order of unity) can be applied to any Sl
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self conéistenc& of this method can be checked by ‘studying a}l possible
heterogeneous junctiéns‘formed by combinations of three superconductors.

The magnitude of the‘Josephsoh_current exhibited by low résistance
‘In-I—In sysfeﬁ has been compared to the theoretical-calculations df N
Ambegaokar and Ba?atoffsg Fulton and McCumﬁér?O The’stroné coupling
theory yields considerably better agreement (17%) with experiment.

Prelihinary observations on Au-I-In and Au—I—éb junctions include -
r(a) gap structure in the I-V curves and (b) phonon structure (due to )
‘the-supérconducting counter-electrodes) in the sgcbnd dérivative curves.
Further study on these junctions as well as Aq—I—Au is indicated.

. The nature of the insulating léyer has been studied with the aid

gf varidus sﬁrface analysis_techﬁiques\(i.e., Auger and X-ray electron
spectroscopy, and,éiéipsometry) as well as througﬁ the junctiop
charagteristics. To very high éonfidence the insulator stochiometry
is (CFZ)n,'an amorphous form of’pqu—tetraflnorogthylene. Thg coﬁtact
potential of this dielectric has been estimated by fitting high voltage
v(i.e., between.l and 7 volts) characteristics tofthe_Féwier Nordheim
hpproximation. Values of 210 mV with In and 370 mV with Aé Were
obtaihed. The inhomogeneity, thickness and dielectf;c sfrehgth'of‘the
'insulafér va&y with thé’particular fluorocarbon utilizéd in the dischargé
reaction. | | |

It is hoped that this discovery will be used to extend the investiga-

tion-of metals by metal-insulator-metal tunneling using junctions

which heretofore have proved infractable to fabricate by traditional

-
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‘techniques. The study of superconductors such as Rh, Ru, Tc and Os

.

as well asvnon—superconducting‘noble metals would be of considerable

interest.

118
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APPENDIX I

Decomposition of G'(V) for §,-1-5, Junctions
-~ " .

The current through an Sl—I—Szzjunction at T=0°K can be written

v o ’
1- CNN.I; ANy (B (B0 @

-

CNN is the normal state conductivity assumed to be a slowly varying‘
functioﬁ for V in the range of interest (0-30 mV) and will be set equal
to 1 in the remaindér of.the caICulation.\ N(E) is the deﬁsity of exéited
states of the supercénductor of enérgy'E as measured from the Fermi
surface'of-éhe léft‘(L)_eiecffodé, én& by‘convention a positive bias

) V has been applied to the left electrode. 'Substituting the strong

coupling density'of states

el

" - N(E) = Re
{ [E2-a%(g)]

/2
odE[-a@ )

A=) +1d, A, = A 

We have

;

v-42 .
" E ) V-E
I = : E dRe. Re (- (2) .
| fA | {[EZ-AL2<E>1’ 2} - {uv—E)? - 8 2w-my1 2}

Fdr:Ai + A;’<< v << )(L R (X is the work function of the metél) the
. .

integral may be approximated by contributions from the singularities



at the upper and lower limits
a) Lowef limit
' vV >>E + AR
E~ AL
’ M 2, |
. : S T Re (V-E)
[(V-E)" - AR(V-E)] 2(V-E)
62 (v-E) - 42 (v-E)
~o1 4t 2'2 (3)
2(V-E)
and
I =
Re A - 2 (E 0)1/2
ERA () AT

This is quite a good approximation for E well below the first phonon
peak at mph + ALQ' Sincé the'imaginary part of/#he gap goes to zero and
Fhe real ﬁart of the gap is approximately.constant even for very strong
coupling materials such as Pb.

- b) Upper limit:

v > ARO + ALO.
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-~

1/2

. o -
re [ (V-E) ]2 ‘/ “
 Liee? - g o2 T 2 e AR°>
~and - : ~ | . o v - (4)
| | | A (B) - A (E)
Re [ E : ] o= 1+ 1 5 2 + ...
" /Efffjgfiigi S

Substituting in (2)

a2 r——-— [ 2w -8 e 1
[ 1+ 1 . 22‘ + ...] dE

(E-AL otz (V-E)
o - (5)

S HCEECIEN ]
'+[ 2-————1————— 1+ 1,2.'_2 + ...| dE

1/2
—AR—a (V E- AR) E

, ”(V.—ARO)-a"' o
+ / : N, (E) Np (E-V)dE

’A§+a
Making the variable changes

v =’v-A§—‘ N

" and

€ = E -

P

.in the first integral and

€ V-E-

oo

in the second integfél

S
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2 1.0 22 14 A0
AR- w +AR—€) - ARZ(V +A.R £)

: a
: Ry
I(v) = ‘/A—° / de ( 77 o 3 (6)
L, V2 ()T TV -E) Y

| ; 2 ,. o | 2, o
} a' AL v +AL-e) - AL '\ +AL—e)

+ Voo 1 Z
Bp vz et (V'+Az—€)21

+ IO(V) i

| | 0 aA C a': (V—Ag—a')
: AL de ‘/Zg . de. - ‘
%) = - "eT/3+ = —8-1—/-,2 + N, (E)N_ (E-V)dE (7)
A .

E \o A§+a
If
. o
V>>a'>AR
. vV > a = A°
L
Then | NL(E) ~ NR(E‘V) = ;

in the range of the last integral and

S ' ,A o ARO | .
o R ~ o o . _L_ 1/2 ' ' 1/2 ~ V -
I (V?_- V—AR —AL -a' é+2 2 a’ +2 5 (a') = v

The ¢omplek energy gap 1s given by24'

1 pEY . :
A(E) = *Z—(ﬁ f Re [[E'z N 1/2:] [K(E E') - VC]dE

r2(E")]
(8)

o , 1 1
~ K(EE') = fdﬂo‘z(‘*’) F(w) [E'+E-w-i-6 * E'+E+w—i(5]
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-

If Vc; the coulomb pseudopotential, is:zero'and uz is a constant then

/

, ' , L :

Thus writing ® = V' and substituting (%) intc (6} we obtain the desired

vexpresgion, / : o /Z—gj;_f ) v
_é(v) = 197 + _L_BL_Z_ LO'+A°, F@  ao
NN (wHh, ™) -
o SRR o g
T I AL A

()2

The squafed term in the denominator has been assumed approximately

constant in the rangé of integration compared to the contribution from

the other terms. Defining "

PR

wE VA, T (U, B W)

becomes
L @R = [
2€

Re [_ 1 \ A"y o 1
v { [Z'(’€+w) fdw"Re[[w,Z_Ai]l/Z] fd@oFi(wlo) {w'ﬂo-—wo+€—16 '

| | 11 2).
+ . 1
w'+wo+€-ié]:]- }
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APPENDIX II

Amplitude of Van Hove and Phillips Singularities

in Sl-I—Sq'Tunneling Characteristics
£4

AY

In the following section the calculation by Scaiapino’and Anderson29

of the amplitude of singularities in G'(V) for an S-I-S junction is

/

discussed and extended to the case of Sl--I-S2 junction.

Starting from Eq. (2) of the previous section and the Eliashberg

equations _ .
- AE") o \
E) = R j K (E,E')-V ]dE (1
V) on eQ[E.z_Az(E.)]l/z} !  < I AR )
‘ E : . '
(1-Z(E)E = u[; Re {[E'Z—AZ(E')]I/Z} [K (E,E')]dE (2)
A™ SR . '
Ki- EE! S 2 )F( ')_ _.___L._._ + _.__._l;__._. ' (3)
K(EET) = Juga (W )T, E+EH_-16 © E'+E-0_-16 |
2® * O

'Scalapinoiand Anderson consider those singular contributions from the

addition of singularities in (a) the resonant phonon denominator

E' + E - W, and (b) the square root singularity at fhe gap édge-with

w, a critical points of F(wo).-‘Singularities in Y(E) and Z(E) are

ignored as a.first approximation. This is valid 1f the singulafities

‘first obtained in the integfation do not propagate (i.e. yield an
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equivalent strength singularity) if they are iterated. wé(E wo) is
evaluated for the case of an Einstein phonon spectfum F(wo) = é(w—wo)
and the result is subsequently integrated over théyaQtual density of

states in.the vicinity of a critical point.

@ - [u Gy, @)

" This is jﬁst reversing the order of integratidn in Eq.(3) and is
justified if only the most singular contributions are considered.

We have

‘ Co2 | AED 1
Y (Ew) =a"(w) dEtRe ( i : )
o 0 c ‘j; ‘[(E'+A*(E'))l/Z(E'—A(E'))l/z] E\—E+wo—16

Choosing a contour with a branch cut along the real axis the only
contribution is from the pole at E' = E ~ w, + id

v () ‘2<v ) ' bee) - ®
- =0 (W Re |- A ~ )
° S N (B0 )+ ] /2 g (B0 )0 ] vz

Since E is positive in this formulation the only singularity occurs

when E = w, +‘A(A°) as in the previous section we have.

. , | '. | |
: o (w )T
~- ) ~ c 1

(24°%) E. - (QC+A°)]

!

Both real and imaginary components are included. When E < w, + A°

the -i branch of the square root is taken. In the vicinity of a

Van Hove critical point the phonon dispersion of the branch takes the form



A A ‘ 2 '
= ) .
w w' +a > ed(Sa qqc) . (8)
) Maximum: €y = -1
N Minimum: € = +1
%y o
Sl:=€l='€2=—€3
Sp 1T 8 T 78y T Ey
Since : _ : dsw
A o (9)
F(w) = , A -
o A
: Vw
/ . q . .
The density of states in the vicinity of a minimum
2mv
Fw) = A+ —2 (w -w)? 4y >
o _ 3Za3/2 o c o c
(10)
= A w < w
o) c
Z = the number'atoms'pér unit cell
'vo = the volume of the unit cell’
a = the radius of curvature of the dispersion

relation

The general Van Hove critical point is of the fofm‘
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N 7
A, s 12 | -
F'(w)) = A+ B(-1) lwc - wol Oe(w ~w)) . - /
Max. S =0 €=+1 | - an
‘Min. §$=0 &=-1
S1 .S =1 €=+1
s, S=1 €=-1

The singuiar portion of Y(E) and Z(E)E can be.wtitten as

S 1/2 . . .
- , -1)° |w - | O(e(w -w ))dw _
g (E) = (Z(E)E) =f 2 (12)
(E - W, = A®) o
We obtain the result h
Y B = @@®Bg = OF cnlz|(0@ 1 + 1lzlelz]]
Max. P=20 | vZ E (L)C + AO — E . v (13)

- Min. P=1

_ S1 P =2
S, P=3
with
; °
“2 vo a 2
€= 372 @ ‘
32 oz

The logérithmic singularity alternately becomes attached to the Imaginary

then real parts of wS as the type of the maximum is changed.



From Appendix I (A) we can evaluate the current ih an Sl—I—S2 jdnction.as

- ‘ 2 .o :
‘ Re[AL(V'+A_-€) ]
=71 (V) +\/§]i de {1 + RV R }

w '+A§—e) 2

. * - 2 o ’
& B (N CRINESY
R de
. + T 3 1/2 {1 + lRe 2 }

(v '+AL°-€)

(14)

g
]
<‘ .
L]

; : v - ALO/_ ABO |

2

=
®

——

>

~~

=i

N

N —
1t

e (765%)

Where VY(E); Z(E)E are the sum of the analytic and singular terms.

. 2
b (E) + Vg (E)

Z,EE + Z(DE

Re

expanding and uéing
Ug(B) = 2Z(B)E)g . - oas),
1 A (E)

\ 2 2 o
= Re(A (E))" + — Re | === VY.(E)
E2 0 ) E2 . [ZO(E) S ]

The singular part of the density of states thus can be written ~ -

: ) 1 \‘ , N ; Lo
= = 16
NS(E) oz [B Re ws + y.Inws] | (16)
with A A
B = Re 7 H Y = In Z—

(o] (o]
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| As the singularity changes character the coéfficient of the logarithmic.

singularity will shift from B to Yy, I has the form

o

2 \%

L ™ ) 2
AIEEM e 3 VAR X
Za :
—de ) g Re [iPIw -V'te| me(w -V'+e) + ifnjw =V'+e)|] - (17)
1/2 c c c 4L
() . , . \
+ YIn[iPIwC—V'+eIﬂ@(@c—v'+e) + iQanC—V'+€]]£
+ contribution from other supercqnductorv
/ - -
Defining
= _de_ —vtge | R ,
Il(’V) = fgl/z vlmc V'+e| e(wc V'+e) L (18)
Y = _de ' ! -
Iz(v) - f€1/2 znlwc Vite
We have .
di. (V) : .
1 s _ f _de_ _ut
v [ 172 Ow -V'+e)
a1, (V) L ,
7 = Tq77 S ¢ )
- av AAR ]1/2 , ,
- ¢ -7
Similarly 9
d IZ(V) g 1
av? Iv'-wcll/2

Al =/v—AL—A_R :

~
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Thus though-II(V) and Ig(V) are symmetric the weighting of the square
root singularity with 8, or vy causes a large assymmetry in the.shape
of the peak, (I"(V)) since in general y >> B. The general expression

C'(V).EiI"(V) is-from (17)k

O t . . ]
» 6 F 3/2. . , 1/2
(w+A) oy ) @772 | v |
J ' . J ’ ' i
j = L, R
_— B Y Max. )
t B, -y -8 Min. { . |
+ Y] . B =y S]_ \v .
Y B S,
V' <w V' >w
(o4 C

—

We can distinguish between these singularitiesjby the positive or

negative going direction of the singularity and its assvmmetry
For identical superconductor junctions the second term in (20) yields:

an identical contribution whereas for Sl—I--S2 the critical points of

the two superconductors generally do not_coincide. In aetual junctions

v

of course the critical point singulafities are broadened due to broadening-

of the gap singularity, finite width of the phonon line and thermal
A\

effects. It mus t be noted that any anisotropy of the energy gap(s)

comes twice in the calculation - once in the pnoduction of the square



root singularity of the Einstein spectrum order parameter and last in the

integration at the square root singularity of the second superconductor.
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FIGURE CAPTIONS

Fig. 1. Cﬁrrent—voltage curves of a typical In-I-Pb junction at O.9°K:
The current scale is expanded by factors éf 10: The first
graph on the_fight has the current scale éé given. Very little
e;cess Furrentvis obser&ed.

Fig. 2. Current-voltage curve of the same junction as in Fig. 1 at
1.5°K.. Ihe negative reéisﬁancé region depends on a nonzero
thermal pépulation of quasiﬁarticles and is larger at this
~higher temperature. )

i Fig. 3. InQI-In'current;voltage curve. The step at one-half the energy
gap (0;51 meV) is typical of léw resistance junctions of In.
Higher resistaﬁce/junctiqns’have Been made which do not exhibit
 this gfféct'and have substantially the same derivative
characferistics.

Fig. 4. In-I-In current‘voltage 6scilloscobeAtrace'showing‘the large
Josephsbn current at the origin.

Fig. 5. Amplitude of the Josephson current for an In-I-In junction as

| | a function of magnetic field.- The'current‘couid be made-zero .
to within the limits of bscilloscope ;esolution which was
0.3% of the zero field méximum of 780 microamps.
. Fig. 6. Self resonant Fisk steps exhibited by an In-I-In junction at
l.Z?K in a magnetic field of a few gauss. The field was .
adjuéted'to maximize the first steps; others are_visible as
:wiggleslat higher voltages. |



Fig. 7.

Fig. 8.

Fig. 9.

Fig. 10.

Fig. 11.
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In-I-Pb current voltage trace showing Josephson current at

-

the origin; The magnitude of the current is smaller than

simple theory would predict because of circuit noise which

\

is comparable to the coupling energy of the junetion.

.Second harmonic signal vs voltage for an Al-I-In junction

50 (b)'Second

at-0.3°K vs‘voltage obtained by R. C. Dyhes.
harmonic signal vs voltage for an In-I-In junction at 0.9°K

obtained by the author.

‘(Lowér Curve) The phonon density of states F(w) of In obtained

J . .
by fitting the inelastic neutron scattering data obtained by

Smith and Reichardt to the Born von Karﬁonjnearest neighbors
forced constants theo?y. (See Smith ahd Péichardt to be.
pﬁblished.) - . . - ‘ o o
(Uppef Curve) The tunneling density of,statés az(w) F(w)

~~ .

obtained using the McMillan inversion equations from conductance
3

‘and seqbnd derivative data by R. C. Dynes: . (See R. c. Dynes
to be published.>®) | |

- (a) Dynamic resist;nce oflan In-I-Pb junction at 4.2°Klandb'
1.15°K plotted as a function of vdltage_above APb (Upper -
curve) or ZAPb (Lower Curve). (b) Normalized conductance
of a Pb-I-Pb junctioﬁvobtaingd'by McMillan and Roweli.
Second harmonic structure near the gap edge for an In-I-In

junction at 1.2°K. The upper and lower curves correspbnd to

negative and positive bias on the base Indium electrode

respectively ahd are displaced for clarity. The arrows indicate

the location of reproducible structure which may correspond to

t

Kohn anomalies.

2]



Fig. 12.

Fig. 13.

Fig. 14.

T
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(a) Second Harmonic signal vs voltage_for.an in—I—Pb‘juﬁction
at 1.15°K. AfrOWS indicate location of.large structure in the
second derivative curve for an Iﬁ—I-In'junction (see Eig. 8b)',
(b) Second harmonic signal for a Pb-I-Pb junction at 0.9°K
froﬁ McMillan and Rowell.50 The structure in both traceé is
primarily due tdvthe Pb phonon spectrum. |

Auger spectrum obtained from the surface of In films which

had (a) been reacted with "flourinert," (b) been/subsequently

ekposed to an ion bombardment to strip away a portion of the

surface layer and'(c) had merely been exposed to atmosphere.
.- .

The carbon (18) peak from an X-ray Photoemission Spectrum

(XPS) obtained from In film reacted with "flourinert".. An

In film simply exposed to air was used as a control. The

. zero shift of the sample and the multiple peaks indicate a

Fig. 15.

‘Fig. 16.

variéty of potential sites surrounding the carbon atoms of
the'sample;' The carbon in the control is probably atmospheric
002 contamination.

The fluorine (1S) peak obtained from the same XPS curve asb
Fig. 14. | - N

Fowler Nordheim plot of I-V éharacteristic of an in—I—Ag
jupctioh. The stochiometry of the insulator has been
determined té'be (CZFé)nf The plot extends to very high

fields (“'107 V/cm). The slope of the plot'fqr'high voltages

gives the barrier heights‘fof bothqularities.



Fig. 17.

Fig. 18,

"Fig. 19.

~ grown on the Au!

" Fig., 20.

Fig. 21.

Fig. 22.

Fig. 23.
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"Tunneling'sﬁectrum" of an in—I;In jﬁnétidn at A.isK. Thé.
peaks correspond to vibrational or rotational energy levels
of ionic species in the barrier.

"Tuhneling,spectrumﬁ of an In-I-Pb junctiqn at 4.2°K.. The
structure is similar at low voltaggq_to that shown in

Fig. 17;.high voltage characteristiés ihdicate hydrocarbon \
species. The/arrows represent prominent péaks in the infrared
sbectrum.of (CFz)n,/poly—tetrafluuroethylene, and_(CF4);
.tetrafluoroﬁethane.

Current—voltage and dynamic resistance cﬁrﬁes of an Au—I—in

t

junction at 1.2°K. The fludrocérbon insulating layer was
Second harmonic spructure'for‘an Au-I-In junction at 1.2°K
indicating low energy structure possibly,due to Au or In

phonons.

Scanning electron micrograph of In sufféce with (ppper

picture) and without (lower picture) a fluorocarbon insulating

layer.
Reaction chamber and pumping system for plasma dischérge.

Helium 6 in. double dewar used for low temperature sample

~

evaluation and associated electronics.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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