Lawrence Berkeley National Laboratory
Recent Work

Title
MICROWAVE PHOTON ASSISTED TUNNELING IN SUPERCONDUCTING TUNNEL JUNCTIONS

Permalink
https://escholarship.org/uc/item/7g9p6d9kqg

Author
Sweet, James Newton.

Publication Date
1970-08-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/7qp6d9kg
https://escholarship.org
http://www.cdlib.org/

UCRL-19653

MICROWAVE PHOTON ASSISTED TUNNELING IN
SUPERCONDUCTING TUNNEL JUNCTIONS

RECEIVED
LAWRENCE James Newton Sweet
RADIATION LABORATORY (Ph.D. Thesis)
SEP 221970 August 1970

LIBRARY anp

- DOCUMENTS secTion

AEC Contract No. W-7405-eng-48

4 - )
TWO-WEEK LOAN COPY

This is a Library Ciréuiating Copy

which may be borrowed for two weeks.

-For a personal retention copy, call

Tech. Info. Division, Ext. 5545

Y,
\__

LAWRENCE RADIATION LABORATORY
UNIVERSITY of CALIFORNIA BERKELEY

c. 2

D €5967-T¥DN

¢



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
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' a&d'thé response éompared to'the_fhéqrétipél §fedictions éf‘

Wéfthamer.J-in-thié céée,=quan£ifétiveuagréément wifh the o
théory is generaiiy poor and”dbes:not“appear-to be correlated
wigh sample resistaﬁqe, In particular, fhe-éqagiparticie and .

Josephson currents dofnot'see.the same value of microwave voltage

at the_fundaméntal frequgncy w. 
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'T. INTRODUCTION
Thé‘Stéady staté‘éuffeﬂtsvin alsupefcoﬁdﬁcting funnel junétioﬁ'éan )
be greatiy élteréd when tiﬁé varyiﬁgiélééffomagnéticvfieids arevpresent:
in thejunétion barrier régiéﬁ.‘FOﬂné:micréécobipiécalé fhis bﬁenomena |

may betthought of as an‘inelastic tunneling'process in which one or

.more-phbtons are absorbed or' emitted by the:tunhelihg éléctfohs. On a

macroscopic scale, the net effect of the inéiéstié photon-assisted tunnel-

;ing procéss is to modify the dc volt-amp characteristic of the tunnel

junction. The exact form of the modified characteristic depends on the ‘

spatial»diétributioh, magnitude, and frequency of the electromagnetic‘

- field and also on the physical characteristics of the junction such as
- its effective area and barrier thickness. Tt is the purpose of this'

 work td describe the results of some low frequencyv(3.8-4 Ghz) micro-

wavé-photon assisted tunneliﬁg ékperimenfs and to exaﬁine in detail how

the éXperimental resﬁits‘in this frequéﬁéj ranéé;éompare with the various

microscopic theories Which have been proﬁosed to descfibe photon assistéd

tunneling. | :
The;tunneling of quasiparﬁicles in the pfesénce of a microwave

field is tusually designated as photon-assistedvtunneling (PAT). This

process waé firsf observed experimentally by Dayeﬁ aﬁd_Martinl and

later discussed theoretically by Tien and:Gordon;e in‘the Tien-Goraon',;

(TG)\Theory, the energies of the-electrons’in'the metal eiectrodes are

assumed to be varied adiabatically by the microwave field. This varia- -

‘tion of electron energies results in modification of the electron energy

density of* states in one electrode relative to the other, and



',closely with some experimental data,

5
this modlflcatlon 1n turn affects the dc qua51part1cle tunneling current.
The exact form of the modlfied qua31part1cle tunnellng characteristics,
in this'theory, depends only_on the‘applied microwave.frequency w and

the quantity o = eV/hw, where V__ is the magnitude.of‘the effective micro-

rf
wave voltage appearlng aeross the junction.- Quantitative discrepancies
between theory and experiment have stimulated additional experimental
studies of PAT by Cook'and Everett3 and others.h_’5 In an attempt to ob-
tain a closer agreement between theory and experlment Cook and Everett
(EC) modlfied the- orlglnal TG theory by assuming that the electron energy
levels in each electrode were modulated in phase w1th the applied field
but 1ndependently in magnitude with the magnitude of the difference in
electron energies being given by eV '. The resultant theory agrees more
H,B espec1ally in the limit of high
microwave frequencies (> hO GHz) but is aifficult to Justify theoretically
and does not predict the exact form of the measured current voltage (1-v)
characteristic when large fields are present; | |

The 1nteraction of an applied field w1th the Josephson6 tunneling
currents can also produce a modification of the dc I-V characteristic.
This effect was predlcted bj Josephson in hlS‘Orléln&l theoretical work

6,7

on supercurrent tunneling and subsequently semiquantitative experi—
mental’agreement with theory was obtained by Shaprio.8 The coupling of
Josephson currents'to an applied rf field-is complicated by the presence
of selfegenerated ac fields and by the basic nonlinearity of the govern—‘u
ing equations. ﬁowever, the response of the Josephson current should

be correlated with the quasiparticle PAT response, as both have a

functional dependence on o as V isivaried,:and this correlation pro-

rf

vides a basis for extracting information about the detailed nature of

the interaction of the Josephson currents with the electromagnetic fields...



.Weehave made a;seriee of detailed photon-aseieted tunnelingﬂmeaéuree
nments utilizlng microwave electric fields with>"low" freduencies (3#8—
4.0 GHz)é'i.e; freduenoieeﬁsuch.that'ﬁm/etis much smallerbthan.the voltage
correenondlng to either the>Sum of the'electrode energy gaps, (Ai + Aé) or
the voltage width of the tunnellng current rise at thls voltage.
These measurements w1th Sn-SnO-Pb and Sn-SnO Sn hlgh vacuum evaporated
thin film tunnel Junctlons are the flrst deta1led experlmental study

of photon assisted - quas1part1cle tunnellng u31ng low mlcrowave frequenc1es

' and a wide range of valuesvfor the parameter @&. Our results are in good ’

agreement‘viththe theoretical oredictions of Tien and Gordon when our

Jjunction reéistances.are > l'ohm. eUeing the single adjustable-parameter
a, an excellent detailed fit can be made to the theoretical power depen-
dence of the tunnellng current as a functlon of bias voltage for a wide |
range of mlcrowave bOWer levels. Systematlc devlatlons from the theory,‘
Whlch are observed for lOWer re31stance Junctlons, can be explalned quantl— ‘
tatlvely by a lumped circuit model whlch_lncludes the effects of Junctlon
capacitance. Similar studies of the interaction of Josephson currents |

with the rf field show much worse agreement with theory. In particular,

‘values of @& derived from the quasiparticleftunneling data do not corre-

spond to those necessary to:fit the'rf power dependence of the dc Joseph_
son current.

In the next section of this paper the basic properties of super-

conducting tunnel junctions are reviGWed'withvemphasis on the properties:

of thin film junctions. The theor#ées of photon-assisted tunneling are>f:

discussed in Section IIT and the details of the eXperimental measurements
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are deséribed in Section'IV. Experimental results and comparison with
theoryfare presented-in Section V followed by a. discussion of these

results and our conclusions in Section VI,
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II  BASIC PROPERTIES OF JUNCTIONS

A, Quasiparticle Tunneling

Evaporated fllm tunnellng Junctlons are composed of two rélatlvely

“thick (> lOOOA) metallic strlp electrodes separated by an 1nsulat1ng

barrier lO BOA thlck forméd by ox1dlzlng the. bottom strlp prlor to
depos1tlon of the top électrode. The homogenelty and durablllty of the .

oxide barrier depend critically on the nature of the eleCLrodes and the -

manner in which the oxide is formed. Using proper'techniques,9 it is

possible to form barriers -of a quality sufficient to reduce the ratio of

3

non-tunneling current to. total current to < 10 ~. For many purposes, the
evaporated film junction may be analyzéd theoretically as two infinite

bulk electrodes separate by a uniform potential barrier through which - -

the electron tunneling current can flow.-

This basic model was first applied to superconducting tunneling by - .
| 10 | L | ,
Giaever and Megerle =~ who derived an expression for the quasiparticle
current using a semiconductor junction type of single particle tunneling’

model.ll The Giaever expression'fOr the current as a function of bias’

voltage is R :
I = (Gp/e) [ N, (B-eV) N (E) [£(E-eV) - £(E)] aE, (1)

where f(E) = [exp (E/kBT) + l];l end N, and N_ are the energy densities
of states on the left and right hand sides of the barrier measured
relatlve to the density of states at the Ferml energy. GNN is.the

normal state conductance, glven by the formula,

Gy = (ime/n) |71 e,(0) pr@ A, | (2)



6=

- (0) is the density'offstates at;the_Ferni energy, A is the

i, r
c s N . _ o s 12,13
Junction area, and T is an average tunneling matrix element™

where p
~which
is.proportional fo the one electron barrier penetretion probability and
assumed todbe constant. In the BCS.constant energy gap medel, the reduced

‘density of states function is given by the expression,

v NA(E) A . o v n]Elds -Ai
« - (3)
R a2 el &

where i =f, r, and A is the temperature dependent BCS energy gap
parameter; Equatlon (l) together Wlth the dens1ty of states factors
given by Eq (5), predlcts qulte accurately the maJor features of the
temperature dependent I-V characterlstlcs of superconductor 1nsulator-

(s -I-SE)

1 2

Junctlons. Examples of normallzed I-V characterlstlcs for. a Sn-I Pb

normal (Sfl-N) and superconductor f—1nsulator-superconductor

and a Sn-I-Sn Junctlon are shown in Flgs. (la) and l(b) respectlvely
The major features”of the I-V characterlstlo are a_cusp like peak at
V= AQf A (for a junction composed ‘of non-identiCai_supercondmctorS) .
rend the discontinuous‘jump in the current at V = Ajjﬁ? .The’ AE-Alvpeakk
is”thebretihally‘aﬁlogérixnniezsingularity;}5‘Whiip the currentijumprét
.Aiﬁa is predieted to have magnitdde,

5T = (meyp/he) (8, (D) A2<T>>l/2

[tanh (&,(T)/2k,T)

+ tanh (AQ(T)/Ek T)] (.h)

Both the peak and the dlscontlnulty are consequences of the square root -
s1ngular1ty of the BCS model density of states ‘at E=A. 1In models with a
contlnuous density of states functior. the cusp at A.-A_ will become

1 2
rounded and the slope of the I-V curve at Ai-A w1ll be- flnlte.l6’l7
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In actual Junctlons, the conductance, dI/dV at V = l*AE ls always'}
flnlte, and typlcally has a value, dIKﬂf (A +A?)’“ 15 G . Figures 10
and 19 show examples of actual I-V characterlstlcs for a' .Sn-SnO- Sn and
Sn- SnO-Pb Junctlon respectlvely compared to the predlctlons of the BCS
model as calculated from Eq (1) In each of the - flgures the curve
des1gnated I (V) represents the measured I-V characterlstlc. At
sufflclently Tow temperatures ‘such that A (T) > Al('O) and AQ(T)z AQ(O),
where A (O) and A (O) are the zero temperature energy gaps, the width
of the current 1ncrease- at V = A1+Aé is typlcally 5V = (Aihag /l5.
Althought this width isvoften-attributed'to "thermal smearing", measure-
ments bylGiaever andlzavaritskii;8'at temperatures'down to 0.1 X have
shown.that‘the uidth'does not decrease with temperature.as one would expect
vfor thermal smearlng effects, but 1nstead remains constant for temperatures
helow which the energy gaps nearly equal thelr Zero temperature values

Various mechanlsms have been proposed to explaln ‘the width of the
current rise at V = (Altae)/% in the tunnellng characterlstlc. In an

early study of quasiparticle tunneling by Townsend and Sutton,l9"the

follqwingnechanisms were'propOSed»to explain the_widtht irhomogeneities
and strains in the superconducting films quasiparticle and electron- ,{
phonon llfetlme effects, and anlsotropy (k dependence) of the super—
conducting energy gap . Any or all of these effects could in pr1nc1ple
modify the BCS density of states in such a way as to introduce the fi—
nite w1dth at A +A@ We shall dlscuss each of these effects in turn and’ |
compare prev1ous experlmental results for energy gaps and w1dths of varl— :

ous types of Junctlons w1th our own results for Sn-Sn0O- Sn and Sn-SnO—Pb

Junctions.



Iuhomogeneities or straius'in the eiecfrode_surfaees couid cause
variatdous in impurity eoneentration or.densiﬁv:tovoecur~over.distances
large eOmpared to the coherenee'length;.gb; These'variations would in
turn lead;fovregions of varying transition‘temﬁerauure_and energy gap
ih the;metal films. The net current wouid then ee-the result_obtained
by‘averaéing'Eq. (l) over the area of the junctron :If‘inhomogeneity is
an 1mportant contrlbutor to energy gap smearlng, then 1t mlght loglcally
be expected that measured I—V characterlstlcs would vary from sample to
sample, and,that the value of the average gap and its vidth would be
strongly.dependeht on conditions ofbsample preparationlv Siguificanf
variations in the averageAgap'have‘in faet oeenjobserved in juneﬁions
with aluminuml6 »18~ 21 and nloblum19
the spfeaé in reported values of the'euergy gap.for a‘given material
must Beeattribuued foviuequivaient uefhods.of determining A from experif
mental I- V graphs. We have used a method descrlbed by McMillan and
Rowell’ 211n determlnlng experlmental values of 2A and A +AS s and
have found less than 1% variation in zero temperature gap values for
all June;ion which showed well defined quasiparticle tunneling char-
acteristics. There was also no noticeable variation in the shape of
the i—V curves-from sample to sample in the region]of the maximum
conductance. Fromvthis evidence we_are led to the conclusion that
straiu broadening of the gap, while possible, is'probably not respon-
.siblevfor'the energy gapvsaearing seen in Pb'and Su films.

If electron—phonon lifetime effects were important mechanisms for

energy gap smearing we would expect to observe a strong'temperature

bottom electrodes, although some of
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dependence in the broadening because the average.number of phonons presenth '
is a rapidly varying function of temperature near T = 0°K. No temperature
depaﬂdence of the gap W1dth is in fact observed after the temperature de—i_-'
vcreases to a value such that. T/T < 0. 36 (Where A(T)/A(O) > 99) Tt
is thus unllkely that thls mechanlsm is respons1ble for A broadenlng.

When llfetlme effects are 1ncluded in the BCS theory the qua31part1cle

2 will be broadened by an amount 8E, ~ h/T , where Ty

~ . ~ ~ ~

"is the llfetlme of the state ass001ated'w1th wave.vector 5._ Recent

2%

-energy levels,
calculatlons by Scalap1no and Taylor indicatevthat these lifetime effects
are not large enough to explamn the A Wldth whlch is observed in nuclear
spin relaxation measurements, and Whlch is comparable in magnltude to
that seen 1n'tunne11ng experlments. We are thus left with gap anlsotropy
effects as.the most probable cand1date for the dom1nant mechanism
‘causing broadening of the width of the current jump at the gap edge;

Wave vector dependence of the energy gap was predlcted by the orlglnal
BCS theory and is thought to be consequence of both Ferm1 surface and |
phonon spectrum anlsotroples. A £ilm composed of crystallltes w1th
’llnear d1mens1ons greater than the coherence length go might be expected
"to show behav1or character1st1cs of a distrlbution of gaps centered about
some average value. The detailed nature of the:gap distribution function would
depend on‘the distributiOn of crystallite orientations in the evaporatede_ |
films. Tunneling experiments have'beenbperformed using junctions |
composed of a bulk single crystal electrode and'evaporated film‘

2L, 25

_counter electmode.vﬂResults of measurements by'Zavaritskii on Sn-
(s1ngle crystal) -Sn0-Sn and by Blackford and March 26 on Pb'(single.crys—'
'tal) PbO Pb Junctlons indicate that the energy gap 1s in fact a functlon

“of crystal orientation. Zavaritskii's measurements with Sn Junctlons
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indicate a spreadvln Sn double gap values,_O 8< 2 Q (0) < 1. 3 me V,
which is about six tlmes larger than the gap w1dth observed in thln
£ilm junctions (See Fig. 2 ). Blackford and March's meagurements show
a range of lead gap values, 2.36 < 2APb(O).§_ 2f78 meV,'a spread roughly
twice the voltage width of the_current rise oBServed in a single neasure—
ment at one crystal orientation. In addltlon, the Blackford and March
measurements show the presence of structure correspondlng to two energy
gaps in Pb at all crystal_orlentatlons, as do experlments us1ng evaporated
film junctions with thick”Pb"c-ounter’electrodesl'?’lg’27

' Several explanations'have'been advanced to-account.for the observed
two gap structure. Cambell and Walmsley 21 conjecture'that'thevcrystallites
assume two preferentlal orlentatlons in the evaporated film, resultlng
in the presence of two peaks in the effectlve gap dlstrlbutlon function
for the f11m Rochllnl7 has snterpreted the structure as being the result
of critical p01nts in an energy gap dlstrlbutlon functlon, as predlcted
by-Bennett's28 theory of the Pb gap anlsotropy, in Whlch the phonon spec-
trum 1s cons1dered to be the prlnc1ple cause of the gap anisotropy. V
Blackard and March26 have interpreted'the two,gap structures in lead
asubeing”a consequence of the presence of two different groups of tunnellng
electrons; one group from the second Brillouin zone hole surface and- :
another group from the third zone electron surface. Our experiments
with Sn-SnO—Pb samples produced no evidence of twin-Pb gap behavior,
even for gunctions with Pb electrddes as thick as 1o,_oooZ. The basic
cause of energy gap structure, and smezring thus appears to be. assoclated
with.gap‘anisotropy, but af this time there is no theory which predicts

in detail the exact shape of the function I(V) for any thin film junction.
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Aithbugh the'e#act;SH;pé of'the.quésipartiéle.l;v chafacﬁeristic apparently
cannot:béjprediéted from‘firét prinéiﬁles; severai'pheﬁomenological moaéls
.have béeniproposed which‘qaﬁtproduéé reasénably.goéd agréemeht~with
experimentél characferistiés._ Giaever et a116.modified“the BCSidensity
of states, Eq. (3) by intfoducing«a breadth function, vy (E-E') as suggested
by '-Hebvel'iand s;ichter.??.usiﬁg ‘the density of states function,

o]

N, (E) - [oo N,BC'S(E_)._; yEE) @& ()

with  Y(E-E') given by, *

Y(E-E!).

1/(24(0)6) ' E f»A(o)é < E' < E+ 4(0)e

i

Y(E-E') o . E' outside [E - A(O)e, E + A(0)e],
 they produced a reasonably good fit to an experimental Sn-Sn0-Sn I-V
trace by Choosing: € = 0.03. "Most of the discrepancy-betWeén.their cal-
" culated and experimental.curves af,Voltages below EASﬁ(Q) is probably
due to the presence of nontunnelipg currents in the junction. Bennett
has proposed a. more involved model fdrVcalculatihgAthe:funheling density,
of_states. Using some resultsbof thevthéory of»strong coupling super-
éonductiVity;5o he suggested the following expression for N&(E),

| ~oe(0) 1 |
x [ dp Re =5

_ ([E

(5)
0 -A <E,e,<1>)']1-/2}"

wheré’p(o)vis the density of states at the Fermi surface, 6 and ¢ are ..
the k vector azimuthal and polar angles ih.thepreciprocalvlattice,’and l
the energy dependence of A is described by strbng.coupling theory. I

the energy dependence of A is neglected, Eq. (5) can be written in the fofm,
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n(5) = e(0) [ E’C‘%‘WE (e, (6)
with the gép distribution function g(x) given by |
- 1 o .
g(x) = (1/um) [ a(cos 8) [ ap 8(x-a(6,8)) (7)
o -1 0 ‘

[

If we let g(x) = 8(x-A) we recover the strong coupling theory equivalent

of the BCS constant ‘energy gap model,

N.(E) = p(0) Re { ' } - (8)
T &EH7
Rochlinl7thas solved a simple model using a triangﬁlarfdiStfibutioh

function given by the expression, '

g(x) = ——2——1-5-— [(x-5(1-€)]1 - A1) < x < A
_ e A i ' . 1
. : (9)
= — = [A(1+e)-x] - A < x < A(1+e)
2 2 . < xZ |
€ A : .
= 0 | . elsewhere,

where_e'is a gap spreading parameter such.thaﬁ the'effectivevdistribuﬁicc
width is‘éAe, and A is_the aVeragc.éap.l With the proper choice of e
the tunneling density of states derived from Egs. (6)vand (9) can be
used in Eq. (1) to preditt quite &ccpratély a meaéured I-v characteristic.

At low bias voltages, V << &, + A

1 X the observed current is usually

somewhat largervthan the current predicted by the BCS model. An example
of this type of behavior for.a Sn-Sn0-Sn junctioﬁ with a 1.31Q normal
state resistance is shown in Fig.-'2 « The rapid increése in current
neac vV = ASn
51;32

has been attributed to the onset of multiparticle tunnel-
ing processes in.which more .than one electron is transferred across

the barrier By the tunneling Hamiltonian interaction. A comparison of

e
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single‘particle, doﬁbie pa£ticle; andijosééhson tunneling brocessésbi$.5
shown schématically.in Fig. .3‘. Both double”particle tunneling process
illust?ated in Fig.}é,d'havé;é'threshold'energy»eV = A for a symmetrical
junctibn? butvthe,fhéory of.Séhriefféf and Wilkiﬁsjl piedicts that fhé inten—
sity 6f,thévtcml_double;pértiéLé currént'ﬁill be ;educed by‘a factor of | |
~e;20 felaﬁive to the éinglé‘pafticiéfcurrent béééuse‘bf the presence éf
an additional factor Qf.Tgvih theitwojpérﬁicle éd#fent formulas.BB_.The.
experimentally observéd‘current.increasévat eV'i A i§ often many orders

of magnitude larger.than'fhatvpredicted by the multiparticle tunheling-
theory, and the width of the current riée‘is muchvlarger than the Width  _
of the 2A rise. Similar e‘ffe'ct:s have been observed in Pb-T-Pb junctions -
by Rowell and Feldmann.o " - |

| In order to obtainvagfeément betwéenﬁthe'thébretical and experimental
two partiéle currents, Sch?ieffér.and wilkins bdétulatéavthe existence ..
of a disﬁribution of loﬁ sﬁots'in the okidevthroﬁgh which most of the twb
© particle current passed. Hcﬁe?er;vour éiﬁefimental studies of the respénée
of the‘dc Josephson current to an externally appiied magnetic field
indicate that tunneling currenfs flowbquite uﬁiformly over the barfier
area. Thus, there appear ﬁovbe serious discrepancies betwéen experimenﬁ
and the multiﬁarticle‘tunneling theory; 6ther proéesses which have been.
suggestedvto explain the A current rise include the excitation of collec;'-
tive modés_in fhe.supercdnduétiné ele:c:"c‘rod_es.'BLL éhd the absorption of a¢ff
Josephson photons by the_pair‘tunneling currenté,32 Neither of fhese

processes has been theoretically analyzed to a point at which quantita-

tive comparison with experiment can be made.



ke

The background excess,current eVident in Fig.iéi at bias voltages_
V < As' is:of unknown origig. but‘could well be:avresult of ordinary
transport currents flow1ng through shorts or weak spots in the oxide
barrier. The magnitude of the excess current varied from sample to sample
in our-experimental studies, indicating that_it is more dependent on the
physical condition of the oxide barrier than on the details of the inter-
actions in.the junction. At voltages .V'>>JAl A the small excess
current is completely unnoticable and the theoretlcal current calculated
with Eq. (l)_will fit experimental results very closely if GNN’iS used as
an adjustable parametervdetermined by‘fitting"experimental and theoretical
currents at one value'of bias-voltage. Some.extremely'smalludeviations:_
from Eg (l) occur because of strong coupllng phonon 1nduced structure55..
in the IJV characteristic ’ but these dev1ations w1ll usually only be

noticable in the(kﬂivative, dI/dV since derivatives tend to magnify small

sharp 1rregular1t1es;

'B. Josephson Tunneling
The phenomena.ofﬂpair or supercurrent tunneling through the thin
non—superconducting barrier was originally predicted theoretically by

6,7

Josephson ’ 'and is essentially a consequence of long range phase coherence

or phasevlockingvof electron palrs in the superconducting state. Several
excellent'reviews have been;given on the subject of Josephson tunneling56—38
and so:we shall simply set forth those results ofvthe theory which are
relevant to our experimental inrestigations.

The superconducting state may be described by a complex order

i@(r, t)

parameter Y(r,t) = |[¥(r,t)]e: which may be thought of as a wave-

function_characterizing the superconductorvas a-whole. The density of
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palred electrons in- the superconductor is given by ]w(r,t)] and the
phase of the order parameter is spec1f1ed by G(r,t) - For the ideal
Junctlon geometry 1llustrated in Flg _h - the bas1c Josephson equations
relate the flelds and current density in the Junctlon to the pair phasef
parameter ¢(x,t), defined as,
RS - - L pe P2 :
o(x,t) = Gg(zat)"_el(%:t? R LT Amea
. v . 1

Here x 1is the position vector 1n the x-y plane of the Junctlon, A is the

1 and P2 are posltlons wWith the same value of X in.

the left and rlght hand electrodes respectively; The gradient of the phase

vector potentlal and P

parameter is given by . 2 S
- T g0x,t) = (2edffic) H(xt) xn, - (10)
where n is a_unit'rector‘in the.ahdirectioan,ls the magnetic field,
and 4 is the effective ‘k.n_la.gneti_c field -pene’tration ‘]__ength, N
| a = xl+x2‘+' L, .‘ ,v | (11)»

as shown in Fig. L4 . The tlme derlvatlve of ¢ is related to the potentlal

drop, V(X t) =V (x t) <V (x t), across the barrier by,

a“’ (X’t) = ‘gg‘-’-_—(’i?t),fg R (le)

where the voltage is givenbby the expression,

-af, (13)

~

V(x,t) ','; 1/e .[',“I,(Pl). - WBp)] - /e :f

| e‘zg

l .

-and ' 1s the .chemical potential which for our purposes can be taken equalf

to theﬂelectrostatic potential.
"The relation.between the_current'density'in the junction and'the_:_p

pair phase ¢ is, in general, quite complicated when fields of arbitrary

strength are present in thefbarrieriregion. A.full discussion of this,
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matter has been given By Werthéme?38.whp hés éalbulateq the time depéndenf
cﬁrrent invfhe»framework of the BéS.modélf‘rFér mo;t;purpose,-the ¢urréﬁt_
phase rgiétionship ié well apperimatéa by, |

g (1) = g sing ORI BEeLY
'where jS is the supercurrent cémpbnent of'the'tOtai-current énd'jl is a
coéstant; which in the BCS model for a junction composed of identical

superconductors is given by,

Jyo= (wA(T)/eRNN A) tanh[A(T)/EkBT] s

with R = 1/G

N the normal state resiétanée, and A = effective juﬁction

N‘N”
area, Equatioh (lh) is most valid in thé regioh Wheré the time dependent'v
voltage ié'smail compared with (Aije)/e, at frequencies #Hw << (Alﬁﬁ ),

and dc bias voltages, V., << (Alfae)/e.

dc o .
The basic_relations.EQS.'(lO),'(12),'and'(lh), when augmented by

the Maxwéll curl H equation written in the form, - .

M agy' oy -i aDz' - |
5y T _BX = Te 9z T Eﬁ St ? (16)

are suffiéieht in principle to solve for all tﬁi$ cﬁrrents,.voltage, etcf_
in the junctionf' In the.casé of the plahar Junction geometry we aésume
that the z component of the electric fieid is cbnfiﬁed to the barrier
region and_thaf it is.rélated to D, 5y,

| Dz(x,t) = e%gz(x,t),
where bescis_thé dielectric constant of the bartier region; Since the

‘electric field is related to the voltage drop v(x,t) by,

V(xt) = E (x,1),



e

q. (15) may be rewritten in this form,
dH 3

T e (o0 gy (0]
: » n“ e o (17)
+ 8 v

el . ot 7
where'jqé'is the quasiparﬁiéle.tnnngling current dénsity.f
A singlé_differential equation for either ¢ or V may bévderivedvfrom\.
Egqs. (10), (12), (lh); and (17) by eliminationinf,tne other dependent

variables. The.eqnations for ¢ is given by

2. R S
R e . L I ¢1:)
vy o= (feg)Ee R SO
e 2a . lf2 | |
A= [met/8mea g 17 B | (gp)

' Vi (often referred,to_asvg,in_thenliterature) is:the phase velocity of
electromagnetic.radiation.propagating‘in'the barrier region with'a k

. h . v K ° o .
vector in the x-y plane. Using the typical values, 4 =~ 1000A, £ ~ 30A,:

€.~ 4, we find a typical value for v

s

5 is ¢/12. The basic cause of the

small value of v. is the confinment of rf E fields to the thin barrier

J

fegion of thickness !. while rf H fieldé can penetrate a distance xﬁzd/g_'

'into‘eanh supercondnctor. If eleétromggnetic fadiation'propégafes doan
a stripiine;,thé_PhaSQ.velocityais given by |

v =g /(Lc)l/g* -  - (;:(21)~i

~ where L and C are the induétance and capaéitance pér unit‘length-of theif:

line. .For a line‘anwidth w and thickness t, L and C are given in esn_.v

by the expressions,
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c ew/lmt .'“'.' (22

wmat/Pe o (23)

i

L

Sincé C. islrelatéd to the.éleétrié.field and L.to the_magnetic field, we
let t = I_ithq; (22) and t = d in Eq. (23). Then,:takiné W= 1, we
obtain the result,_vé = v, by.substituting'(22)lépd.(23)'into Eq. (21).

.The_parameter'hj ié knbwh_as the:Josephsonapeéetfation leﬁgﬁh be—v
caéue it répreéenté a tfanéveréé ﬁéfeéﬁihg lenéth for the Josébhson_'
curréﬂtsi‘ For a7junétioh witﬁ'a width L largér than Kj the magngtic
fieldvpfoduced by thé Sﬁperéuffent will téﬁd to screen out fhe current.
aﬁd confine it to.a.region of size KJ at the edge:of.the‘junctioﬁ. For
the dc or zero-voltage Josephson_current; V. =0, and. from Eq. (12)

¢ /ot =‘C.v If the y depéndenCe of ¢(x,t) is négligible, Eq. (18) may be

written,'d2¢(x)dx2 + (1/xJ2) sin d(x) = 0 e (24)
e 39

~delutions to Eg.(2%) -‘have been obtained by Owen and Secalapino
for a range of values of L/XJ.” Thé'static mégnetic field H entefs the .
problem:through thé bbundary'conditions on ¢ at.the_edges‘of'the Junction
~as discussed in Ref. (39). .For a narrow juncti¢h (e.g. width L < xJ)
the magnetic field is approximately constant in the barrier region.'
The solution of Eq'(lO) for a field Ho in ﬁhe y direction is then,

#(x) = By - kx E - (e3)
k = 2ed H ffic = = - (e6)
The current density from Eq. (14) is,
j = gy sin (g - kX) (@D

and the total current is'then_giVen by )
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L/2

. o1 1 :
I = J A X Sin (¢ " kx) dx
Y 1 - L :E/Z. e T
- 33 A sin @ sin [ 0/0,1/mO/8,] - (29)

® is the nagneﬁic Flux inifhe'jnnctibng given by;
® - HEld S (29)

= 2.07x10"" G-cm®.

‘and @o is the flux quantum, hc/2e " In cgs units, D,

The constant-¢ is determlned in practlee by the current supplied to the
junction from the bias supply. When ¢o reaches the_value ﬂ/2, the
junction will be carrying the maximum possible zero voltage current and

' any fufthen.increase in current will‘cause thenjunction to make a transi-
tion to-a non-zero voltage state} The{zero-volﬁage current, IJ will be ;
zero whenever the field H, reaches a magnitude such thaf,.® = nd,

For a.Sn-i-Sn Junction with L = O;é mm and A 2ﬂhQOR, the first zero of
IJ.occurs at a field, Hgiz 1.3G. | |

The value of the Josephson penetration depth M., given by Eg. (20)

J"

may be expressed in the_practlcal units as,

-1/2

A g(mm) = 11.5 (3 (emp/en®) A (R)) (30)

where we have considered a junction composed of identical superconductors
and neglected thisﬂoxide thickness £ in comparison with the London penetra-

tion length A\.. For an O.iQf Sn-I-Sn juncfion with an aiee A = . 2mmx.2mm

X
the value of jl‘calculated from Eq. (15) is, jl = 23.6 A/cmg, resulting:(

_in a value of.KJ, A ¥HO.12 mm, For juncfions with longer normal state 

J
)1/2

res1stance, Ao will increase as. (r

J NN

The detailed calculatlon of Owen and Scalaplno

59predict that for
L <‘2>\.J the current density will be uniform across the'junctien and

the field dependence of IJ for a rectangular junction‘will be'governed by



-20-

Eq. (28);._For 1argervﬁalués_of ﬁ séif;écreening_becbmes important and
the cu;?éﬁﬁ.and E'field ténd to be'éxcludéd:from>fhe-éentéf_fegioh of
thé junction Just és they §réffr6m_a_bﬁik'sﬁpercéﬁdﬁctor. Experimenfal
studieéﬁéf:thé m&gﬁetic fiéld.dependenée of IJ by.MatiSoth and by Schwidtal ’.
and Finneéonul.have véfifiedvthévOWen ahd Séalapiho predictions in great
detail for a wide variety éf geométries’and L/kJ'rétiosf We. thus assume
that Eg. (28) correctly predicts the magnitude:of IJ>in ﬁhé region
L/AJiéggiahd that'e%perimental devia£iQnsIfrém thié formula are caused by
either'bérrier'inthOgeﬁeitiésiof nonuniform transport current flow in the
stripvelééﬁrodes'rather thah by failure of the theory.
| ,Wﬁeh_fhére is a‘dc voltége Biés:VOvacross'thé jﬁnction,.which is“
much larger than any ac'volﬁagés ﬁfesent, EQs; (1Q):and (lEj have the
aPproximaté solution, S o e
o o(y,t) = B+ agt - kx, - - (31)
a, - te Vo/h.v - (32)
The cﬁrrent densify thepz becomeé,
5= 4y sin (B, + b - kx) (33)
indicéting that an ac supercurrent of angular.foQUency molwillvbe
generated by the presehce of a finite dc bias voltage. In the case where
large ég voltages are present, the-approximationé leading to Eq. (29) |
break down and a_more'céreful analysis must be”made. The nonlinearity
of Edi.(l7)'ahdithe uﬂknown naturé of the exact bouﬁdary conditions ﬁhich !
shouldibe placed on ¢ preclude:exactvsolutibn of the general problem.
Some of the approximate solufions‘which have'beén proposed for Eq. (17)‘
willvbévdiscussed in the next section where we consider the_interactiop

between rf fields and tunneling currents.
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I1TI. THEORY OF TUNNELING CURRENT-ELECTROMAGNETIC FIELD INTERACTIONS

A;‘ Bas1c Theory

.In thls sectlon we shall dlscuss the bas1c theory of tunneling in
the presence of time varylng electrlc and magnetlc flelds which may be
either externally applled or self—generated by the ac Josephson currents.
General discusslons of tunneling in the presence of ac flelds have been

given by,a number of authors. Riedelh3

has dlscussed the problem of a
tunneling current in the presence of a.spatlally 1ndependent ac voltage
of a slngle frequency Larkin and 0vch1nn1ko$ have studied the problem :
of a tunnellng current 1nteract1ng w1th a general tlme dependent but
spatially independent scalar potential'V(t)- Werthamer38 has generalized
these discussions tomthefcasevwhere.a géﬁérai,time dependent field |
E(r t) is present in the barrler region between the superconductlng
electrodes.- we shall set forth.the general results of Werthamer s
discussion snd then'use these results to dlscuss photon assisted tunneling_
| processes'involving both.tnevJosephson and the‘quasiparticle currents.

The.problem of finding the time aépénaent”éﬁffent in“thevpresence-
of applied and self—induced fields is essentiallystbat of solving the
electromagnetic wave equation, |

L 3 (r,t) '
b ¢ VD» .

(V® - e/c®)E(r,t) =
subject to proper boundary conditions on E. The usual analytical method
of attacking the problemvis to express the current density j(r t) as a
functional of the time dependent electrlc field and static magnetlc

field. Eq (34) can then be solved in some approx1mate manner subject.
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to an assumed set of boundary condltlons.: An exact epecification of
appropriate boundarycondltlonson E is precluded by the compllcated |
junctlon geometry and uncerta;nt;es concernlng the oxide barrler struc-
ture..iAsta reeult;>feirly eweepihglcesuhptions éﬁd gehefaiiiétions:ﬁust ,
be made hefore the fielde can be calcuiated fme}Eq. (34). In problems
ihvolvinghoniy the Josephsoc cuhfent_interactinghwith.ifs self—geherated
fields, the curreht is.somefihes celcuiated by solving fafichs linearized
U546 -

forms cf'Eq. (18). . These methods are equlvalent to solv1ng Eq. (34)

directly with the aesﬁmptlons that,
V(x,t) = $E(x,t), o (35) .

end thet £he relations.betweeh'the currenf; volteée;_and phase parameter
are gi&én by Egs. (12) and (lh)._ |

‘Thebfirst sﬁep in'ecivingiﬁq. (34) is to defiVeAeh apﬁropriate
form.for j(r t) from microscopic theory. By u31ng thermodynamic Green's
functlons and first order perturbatlon theory w1th1n the tunneling
Hamiltonian formalwsm, Ambegaokar and Baratoffh2 derived an expression
for the current density in a Junction with no time dependent fields
present . Werthamergs has generalized.this discussion to take into accouht
time Veryihé;fields énd has‘shown thét the curreht‘in ehjuhchion with
L < 2AJ_can be calculated from the formula,
-i(w-w')t

30,0, awf, aw firlw)” (w))e 3y (e /2)

)Wo' e 1(w*“ )t+‘¢+1“ o /2)} | (36)
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where the:current amplitudes are given by,

) = B3 T an T anletey)oeta HlquigAkmﬂwwg') |

kqo - T o

2

x [w -Qe-w+10 B (37)
3 (wj _ger e b T aw, aw L (w, )= clu)In. 7
2 - h k’q_o‘ - " | 2’ 159% 'E :%

xlﬁk(wl) B_q(wgl)‘ v{wl-w '-w—i(b)*"]*i: | ) (38)

k and g represent wavevectors on the left and right hend sides of the

barrier réspectively, o is a spin index, snd f(w)vis the Fermi function, :

fw)=[ Bhw+l] . Ak(&); B#(Q)“ténd.ﬁk(m)Léfeisééctral:weight fﬁnctions,“:
s Sl

.whichvin the BCS appfoxiﬁation arevgi§en by

A, (w) |

%{[1+(€15/31§)]5(WE15/TI1) * '[1;<¢E/%>]a<m+%/h>} (39)

RN
B(w)s_

L Ry )

B (w) = A:Ak B, (w). o . -' - (k1)

Ek is a bare partiéle'énergy medsured relative to the Fermi energy, and

Ek is a quasiparticle energy, defined as

o= (24022 (k2)
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where Ak is the energy'gap parameter for wavevector k The parameter ¢
in Eq. (36) is defined by the relatlon, . R : | . .

>

,.¢(g’£) N méf _ kx;"'bb s ‘i . .e' : .<h3)

| where m-'= (eé/ﬁiv‘ and k is defined.by'Eq.e(Eé.;j'The.afgumeht of the
complex quantlty BkBq has Been made e;p11c1t 1n the phase a. The func-
tion W(w) is defined in terms of ‘the time varylng electrlc field,E, (x,t),
by the relatlon,

Wlw) = v [ ate™™ exp{lie/h) [ at'[ az E (x,8")}, (4%)

where it is assumed fhat-Eiﬁo.ih the.eieetrede‘faf-from‘the barrier
region; | | | | |

The complex1ty of the current—fleld relatlonshlp, Eq. (36) jrecludes :
.the poss1b111ty of flndlng a general solutlon for arbltrary applled flelds
In Sectlon B and C we shall dlscuss the response of the qua51part1cle
and Josephson currents to a known'electrlc f1e1d~wh1ch;1s periodic in
time aha may be represented by an equivalent_veltage by a relation similaf
to Eq. (35). 1In Section D we shall examine some boSsible_modifications
of the basic theory-diecuséed_in B arnd Cf These medifications.may be
caused by fhe external enviroament'of tﬁe_junctione_such as the current -
biasing circuitry or by internal pfoperties of ﬁﬁe Junction such.ae its
capacitance and self inductance |

B. Quasiparticle Photon Assisted Tunneling (PAT)

When' & general time dependent electric field of the form,
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Ez(t) =1‘JEj cos(wjt+y5);' o .. | | -v (k5)

! which is spatislly constant over the barrier region is present, it may
R T oL L v ‘
by represented by an equivalent uniform voltage - : .

{ dzE_(t)

-00

V()

P (k)

Rt

applied across the electrodes. W(w) may then be calculated from Eq. (42)

with the resulty

Ww) =T {
J vnj?‘w - J

bli-ih (Y.+n) . : ‘
e 1N Jn.(qj) G(wf gnjwj)} (h7)- E

where, - . S aj = evj/hgh. : h v“ (48)

J_is en ordinary Bessel function of the first kind of order n. In the
special case where only one freQuency is present, W(w) reduces to the
-simple form,

W)= T g (o) 8le ey, (k)
wherelﬁhe(applied voltage is . Vl.cos wlt.

The quasiparticle cufrent éontribution to the total tunnéling current .
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arises from the first term in the integrand of Eq. (36) which contains
the current amplitudevjl(wi+w /2)4 If we substltute Eq (49) into the

first part of Eq. (36) and perform the w and -w' 1ntegrat10ns, we flnd

.the result,
vr . oo:.: ( ) .
Iag(ﬁ) =Ty T (a)J (a)el n-n kN (n oy - eV/h), (50)
n,n'=-w . ‘ " R C
where V = Vdé, mii‘&l;'end:d = dl.\'The‘time iﬁdependent (de) component

of Eq. (48) arises from the term in which n = n';

I.(V) = Z Jo 2 () Imj (n w + eV/h) (51)
=00 . ’ .

The imeginary part of the current amplltude Eq (37) can be evaluated

mmhthea;doftheraﬁmpn,'

(' + iO+)_ (1/w ) -7 G(w ) ( principei value).

After the spin summatlon is performed the result is,

ket y 7| f dw"[f(w") - f(w' . ™)

kg ,~~ -

~~

In j, Qu E -
| XAE (w"'+téf'.-) A%(w_")'. - L o (52)_

Eq. (52) is a general form for the single particle tunnelihg current.

Ir the‘tunneling matrix element quvls cons1dered to be constant, and

~ -~

(37) is used for Ak(w ), we may evaluate Eq (50) by converting

the sums over k and q to 1ntegrals and evaluatlng the k and w" integrals

13 o
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as shown in Appendix A. This reduces Eq. (52) to the Giaever formula
Eq. (1).
Using the above results, we can ﬁrite_Eq; (51) in the form,

==

»I(V)'#b ) Ji(d);ro(v.+ nhw/e), o (53)

where IO(V) is the quésiparticle current chéracterisfic in the absence
of radiation. This formula was originally'dérivéd by Tien and Gordon2
using hueristic arguments about modulation of thé densities of states
by thé~app1ied rf §oitagé. .Siﬁéé the result of thé microscopic theory -
is the sémevas that of Tien and Gordon, we shall designate the current )
in Bq. (53) as I,(V). Using the réiatioh,iJ_ﬁ(a)é(-l)an(a); Eq. (53)

may be rewritten in the form,

,1iTG(v).= (o)1 (V) + nZlJS(q)IIO(V f phu/e)

+ IO(V—nhw/é)J; - (54)

In the limits, hw + 0, a + 0, Eq. (5k) becomes;h8

WP )
I_ (V) ~ T (v)+—=E o)
TG o ) " dV2

Since the rf power Prf"a Vrfg, the low-power-level current deviation,

AT(V) = T(V) - I (v), D (55)
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is dirééfly_proportiohél to the applied rf power; o

In the classical limit, hw > 0, & > @, V_. finite, we would expect

that ITvabuld réducé'to'fhe'qofrect claésical'expreésion for the

average (dc) current,

Lp(V) = 5= f 1.V +V_. sin wt)at. o (56)
o Y T . o ,

That-thisﬁié in facﬁftﬁeicase is.shown in Appendika, and hence we can

say thatiquasiparticle photoneassisted tunneling is simply the quantum

mechanical'aﬁaloé .of-;lassiégi"rf'Aetécfibﬁ Bj:avaeviée with a nohlinéar

currenf—vbltagéIChafacteriétic. |
_Ihvéh atfempt to ekpl§i11thei#'36 GHé,fhofoﬁléséiéted tﬁnﬁéling

méasurements; Cook and Evérétt3 proposéd a modifiéétidn of thé Tien

vaordon theoreﬁical model by assuming that moduiafion.of the denéities

of stateS'Occurredvin bqth supercdnducting fiims.- The expression

proposed by Cook and Everéft (CE) for the dé curfent in the presénce Of.-b

an rf field is given by,

1,,(V) = ) gl=_mel(.la)Jr21(d) L[+ (.p--ﬁiv)"hiw/e]. | (57)

After some manipulation, Eq. (57) may be rewritten in the form,



-29-

ICE(?5,5,J§(a) I (V) + 2leJ (g); (V)

+ Z I (a (a) + J (a)] x [I (V+nhm/e)
n-l . _ L .

+ I (hw/e)]. (58)

In the'limit a >0, Jo(d) + 1 whiie ailvthe other Jg epfroach zero, and
hence iCE(V) > ITG(V). As a becoﬁes.appreciabiy greater than 1, the
diffefence between ICE apd ;TG becomes quite large,bindicating that iCE
does not reduce to the cofrecf ciassioal limitIWheﬁ hm -+ 0,

The’mejor assumption ﬁhich has been made in deriving Eq. (53) is
the repfesentation of the rf electric field E, (x t) by a homogeneous
voltage V(t). It mlght be expected that this assumption w1ll cease to
be valid ﬁhen the wavevlength.of.the applled fleld in’ the_barrler regionf
becomes comparable with the_lengtﬁ-L.of the junetiOn. The wavelength
in the barrier wili be felated‘to.the free space.ﬁgvelength &o by.the _"

relation)
" Wwhere VJ is given by‘Eq. (19). With_typieal values of junction parameters
ve estimate A ~ .05 A_, and hence a condition for the validity of the

TG formula, Eq. (53), can be steted as,

L5005 - (60)
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If the time dependent voltage appearing across'the Junction is in
the form of a standing Wave;

Vlx,t) =?-'vr';.'»(scﬁ‘fcastmf‘+»’y’<x'>]f_; e

Then a cons1derat10n of Eqs. (h7) (51) ‘shows that the net de tunnellng o

current w1ll be glven by,

I, (v) = Y -f 'Jﬁ[:d(x)]dx IOY(IVI +.vnh‘w/e_) o (62)

n=-o

ax) = VM (63)

In pr1n01ple, ‘the function V (_) can be determihed by solving the wave

‘equatlon Eq. (3k4),: subject to the boundary condltlon that the electrlc v

' field far from the junctlon pos1t10n equal its value in the bare cav1ty .

or wavegulde in which the Junetion is 51tuated ‘ In practlce, exact
aolutlons.are rarely poss1ble end hence some parameterlzed functlonal

dependence for Vrf(x) must be assumed.
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C. Josephson - Photon Assisted Tunnéling

The Josephson current response to an assumed field E (x t) arises

from the second term of Eq (56) whlch contalns the current amplltude

o‘v

32(&) Agaln, the calculatlons are dlfflcult, and hence\varlous approxi-

mate solutions of the basio:Josephson equations are usuallyvconsidered.

If we consider the case:where therehis'an rf.voltage, Vrf cos wlt, applled
to the junctlon, we can see from 1nspectlon of Eq (h9) that the functlon
W(w) contrlbutes appre01ably to the 1ntegra1 in Eq. (56) only at harmonlcs'

of wl, and then only up to a harmonlc number nmax_~ a where o = eVrf/ﬁm
Thus, wWe only need the functlon 32(03 + a>/?) in the 1ntegrand of Eqg. (56)
for values of its argument satlsfylng the condition Im + o /2| [nméx ml[

maxwil. Another way of: statlng thlS

or equivalently, || <‘lwo/2v+ n
eondition-is to say that the major contrlbutlon to the w 1ntegral in
(36) comes from the region where, o | v
| Clmel < Woevil. (e
Werthamer has calculated the functions J (w) and Jg(m) with the BCS e
constant energy gap model spectral weight functlons, Egs. (39)-(k1),

'assuming IT ,qf? to be constant and in the.limit:T = 0°K. The results

ﬁor_jg(w)_in,the cage of_identioal superconductors is given by,

]

. [A'/(e RNNA)] K(x), OS ‘>< <1 (65) |
‘ o 2 _\L/21)
.[A/(e RN.NA-X)] K(1/x) + isgn(w) X [(x il) ]

gple)

X
o

x> 1.
Here Kiis the complete elliptic ihtégrél 6f the first kind, x = |rw| /28
and A is the Junction area. The sjgularity in jérat x =1 or equivalently‘

L3

at ﬁ]m] = 2A was first pointed out by Riedel ~ and is a consequence of
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the 81ngular1ty in the BCS model density of states at a voltage A/e Fore-
non-81ngular den31ty of states functlons, such as those dlscussed in seetlon
IT-A in conjunction with gap‘anlsotropy; we would expect the singularlty-

to becdﬁe.ajrounded peak ofifinitefhéight. .No.mddel calculations have

ever beeﬁ perfermed to test thie hypothesisgﬁbut the "width" of the
dlstortlon of 32 from the BCS model predlctlon 1s probably comparable -

in size to the width of the qu331partlcle current rise at V 2A/e.

Since the function K(x) is slowly varying‘until x becomes very close'to-l;

we cantapproximatevjl(m) by a constant when the condition, ]VO-+erf[ << éaﬁe
is satiéfied, |

If.the'totalevoltage across the junction is given by,

Vo= Vv +V f' cos (wt + 8), R _ (.6'5)':‘

then Eq. (12) relating the time derivative of @ to the voltage is ,

8¢/8t =.(2e/ﬁ )[Vo +_‘VI_f cos(mt_+ 9)]. : (67) -

Integratihg with respect to time, we obtain,
¢ = 2eVt/fi o+ (2e vrf/m) sin(awt + 6) + ¢,. o (68) ¢
If we consider the current amplitude jg to be a"qonstant, the approxi-
‘mate current-phase relation, Eq. (14) may be used to yield the current
‘voltage relation, -
I = I;sin [2eV t/h+ (22) sin (ot + 6) + ¢ 1. - (69
Since I(t) is periodic in t with period 2m/w,it may be expanded in a FOurier

series. The resﬁlt may be conveniently expressed'by the formula,

I(t) é. Il ; -(;l)n Jn(Qa) sin (2e Vot/ﬁ'é-ndﬁ - né + ¢6);'. (70) o
, 10 4 . . .
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When the condition,
eV /f = m, ()

is satisfied, the current>hasva dc compdhent given by,

Ty = Il-(jl)r-l Jn(2d)sin(¢o-.-n6:) N 2.

‘When.the'bias voltage V6‘ié‘éiven by (71), the cﬁrrenf will be limited in
absolute ?alﬁe to the région _ | | ' |
o < il < 1,5 () [sing |, ()
where ¢;ytdépends'on the“curfeht‘supplieé'b& the.extérnél bias ¢iréui£fy.
In the'pfésence of a de magnetiC'fiéid Eq._(?l) is médified by the additiéh
of a multipiiéafivé fiéld debéndent'Fféunhofer fdéfqr,iés specified 5y’b |
Eq. (28),fbr a narrow junction. - | |
If the‘junction is biaéed by a consianficﬁrfent dc Supply, thé spikésv
in the'cénsmant voltage ch§racteristic at the vgltages specified by |
2evrf-$ nfioy will appéar_asbcurrent steps ét thééé séme voltages. An
examplé of this step'liké structuré'ié show in Fig}EH which illustrates
fhe reéponse of an Sn-Sn0-Sn junctiqn to LGHz fadiation.
| When the-sﬁall signal approximation, Eq. (64) is not valid we may
calculate the de current from the bésic Wérthamér férmula, EQ. (56).in é f
manner strictlybanalpgqus tp that gsed’tq‘determine the quasiparticle
response, Eg. (51).  inéefting the function W(w) given by Eq. (ﬁ9) in
the second term of Eq. (56)vahd rétéining the time indqjendent terms we
obtain; :

o0

7)) = s ng(a) 7, (@ {Be [3,[(nn/2)a1] sin (e + 3,)

me=oo

+ Im [jg[_(m-, n/Q)m]] cos (kx+ ¢o)}} | ' (75)
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with V~ nﬁm/Ee and ¢ ‘used in place of a which appears in (56) At
temperatures T<<'T o’ the second term 1ns1de the summatlon 1nvolv1ng
Im (32) 1s_much smaller that the flrst term.andvmay.be neglected in compnting

If the real part o‘f'j2 is considered constant and taken outside the

Summationsin Eq. (73), we_cen use the Bessel function identity,
z g (@) T, (@) = J(ea), e <7h>
m=00 : . ' :

to show that Jd from Eq (73) reduces exactly to the approx1mate result

Eq. (71) - In the case of arbltrarlly large V and' ® (V ) must 1n

f,
general be computed numerlcally us1ng Eq (65) for Jg(m) In the special-'

case n—O and v =0, Eq (73) reduces to,

(o) = JJ (2a) +0. z (-1)" Jzka) [jE(HM) ”r]}
= { . IT*TZKBT.’ p
X 35(0) sin (kx + ¢ ) S (1)

where we have used the identity;'J'(Ea)f = I (a) + 2 z (-1)" 2(@);
- om=1

From Eq. (75) we can see that the response of the.zero voltage Josephson |
current to an applled rf voltage will be proportlonal to J (20) untll
~terms in- the summation in Eq (75) become large. _Thls_w1ll oceur when
o and ® satisfy.the conditions nfw :'EA/e and~a‘;‘n. In our experiments
conducted at frequenciesvrgz b GHZ or fm/e ::léfuv;pwitt Sn-I-Sn junctions
these conditions_inply that for,values-of’a 25755;the Riedel singularity l'
in 32(&) should.cause one of the terms in the‘stmation in (75) to
'contrlbute an observable magnitude to Jd
In the situation, where no applied rf field is present the ac Joseph—
son currént os01llat1ng at frequency mb can cause.tlme varylng E and'g

fields to be induced in the bartier region. The non-linear nature of ‘both
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the JOééphsén'current-voltage‘relationship and qﬁéSipafticié chardcteristic
can cauéé field and cﬁrfent harmonics fo bé.geneféﬁéd_at fréquehcies
wh.= nmo[' For the thin.fiim junc£ibﬁ:géometry‘sh¢wn in Fig. h—é the
oxide barriéf of héight'L:éhd widfh-z formé an efféctive cavity or
résonant structurévin which eiectromaghetic'fiélds may be confined.
| Aithough the ends of the cavity at,x=0,»L are:nof_boundéd by metallic
wails, they do act to effectiveiy confine the fie]‘_d.sb»_ by causing a near
total réfleétion of trﬁnsvérse.ﬁaﬁés traveling7invthe ix.directions. |
This reflection occurs because of the large mismatch betwéen the wave
propagafioﬁ_velocity vy in the cavity and the gpeed of light in a yaéugm :
The sitﬁation 1s analogous to thescphfinement of an E-M ﬁavé in an ordinéry
dielectric with .a dielectric: constant e ="((':b/i./ )2v”or € .~ 200-MOO.l

T Teff J’? eff T
The modes with the highest Q, defined by the relation, |

q = w.X Average stored énergy
~  Energy radiated per cycle 7

are those for Which anvintegral number of hélf wavelengths fit in thé
cavity.dimension in the plane of the barrier?_i;e. those modes with propa-
gation_veétors satisfying,. ‘ | ’
KL = o (76)
or equivalenﬁly, : ' :; ' .
2L =. m, B - (77).
where7x =-2ﬁ§&ﬁ§. The eléctric field corfesponding ﬁb-the maximum Q
condition in the»nth mode may be shown tovhave'é_SPafial vafiation, Enz'¢
Qos(nﬂx/L), cbrfesponding to a magnetig1fieldv§ariaﬁioanny_«sin (nﬂX/L)?
The functional form of‘thé v componeht Qf»the.ﬁagnétic _fiéld is frequéhtly
taken to Be a consequence of the vanishing of surface currents in the'k |

49,50

direction at x = O,L. - In most experimental junction geometries (such
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as the érstéd strip geometry illustrated in Fig}5 5 ), it is far from
obvious that these surface currents do in fact vaﬁiéh, and hence it is
worth‘notihg that the vanishing of longitudinal surface currents is not
a necessary1condition for the specified_Ez and Hz_field variations.

For each cavity mode, designated by the integer n, there is a dc
voltage“Vn,at which the ac Josephson freqdéncy Eé‘Vn/ﬁ equals the cavity
mode frequency. Using Eq. (77) this condition may be expresséd as,

V_ = n(mh v_/2el). o (78)

These modes (commonly designated as "Fiske modes" after one of their

T Oy o . I
principal dlscoverers5 ) may then be thought of as quasistationary
oscillatiohs in which the energy radiated away at‘the Junction edges is
supplied by the ac Josephson current. Explicit formulas for the time depen-
dent electric field have been derived from linearized forms of Eq. (13).
Tf we operate.on Eq. (13) with the differentialroperator, (1i/2e8) 3/3t -
we can derive an equivalent equation for EZ(x,f),

z . b : 7

ot ves Vj

WPr -y

The usual schemeh8’u9 for Solving-Eq. (79) is to.aééume that j2 may be
approximated by Eq. (33) and that the time depénaent field solution is
of the form; . | v : -
” Ez(x,t) = 3 cos (nnx/L)-fn(t). o - (80)
This method of solution_is equivaient to negleéting all time dependent
voltagés'in thé Josephson voltage phase relation;:Eq. (12) and thus is

most vélid in the limit where = |V(x,t)]| = ]Ez(x;t)/?[ KV_. A phenomené—

logical damping term, (w?/Q vJ?) (B.EZ/Bt), is usually added to Eg. (79)to
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repfesent radiative anddkin effect losses. Since_jZ is perlodic in time .
with a bériod T = 2ﬂﬂno, thé}functions fn(t) may written as, f,(t) =
+ + b - sin + 6
a, cos gmoﬁ' Qn)v bn.sln.fa%$ _Qn), and the gonstants a s bn’ Gn,
may then be determined by the standard methods of Fourier analysis. The

k9

result for this electric field is

B Mnjl | = nmx
Ebot) = g 2 e () |
i | (81)

a ’cos-(m t+60 ) +b sin (o ﬁ-+ 6 )
_n o n n "~ o n
'3\[L 5Q(anJﬁnoL)2]2 + (l/Qn)2$ 1z

The coefficients‘an.bn are oscillatory functions of the static magnetic

X

field strength with magniﬁudes : ]aﬁ], 5] <1. .A_t-the Fiske mode voltages
the Josephson freQuencytno is given by, @, =_nwvj/L; énd hence the |
electric field has a.magnitudé,blEz{fﬁé Ygr jl Qh/é;w s ﬁhefe Qn is the
Q factor for the nth‘mode. | o -

| The dé component .of the total Joéephson curféﬁt may be calcuiated
by compﬁting the time and spatiaivaverage of thé cﬁrrent denéity uéing '

Egs. Cﬁﬂand (14) to relate current and time dependent.voltage, V= ZEZ(X,t)
- L @ EWﬁno : ' '
I, = (1/Ln) £ dz  —= ({ _ dt I, sin d(x,t) |
If we write, ¢ = kx -o bt 5¢(x,t), where 8¢ is given by

[ (2et/n) Ez(x,t') dt', and then - linearize the integrand of (82) by’

writing; L ’ o .
sin ¢ (x,t) ~ sin (kx «not) + 8¢ cos (kx 4mot)”

v .. 46 ; . o
we can perform the integration. Kullk -~ has graphed the first few stép.
heightsfas a function of the dc'magnetic‘flux_threading the junction.

They afe also oscillatory functions of the'dc‘magnetic field strength

with the nth step having a central maximum when KL = n7m where k is related
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to H_ by Eq. (26). If H_ is adjusted for peak coutling to the ﬁth
mode, the n*2m modes are not ex01ted | |

The major drawback of the linear theory descrlbed above is that the
ac voltage amplitude at frequency-wb ls not in general small canpared to‘
the dcttias_voltage. We can estimate the magnitude of the nth Fiske

mode ac voltage fram Eq. (81). The result ‘is, in practical units,

e 60T B0\ (/L) (8 - (82)
Teslt) 2 wmr(e-sn)(%/c)x |
For a Sn-I-Sn Junctlon with £ = 203, = 1. 6x10°~ 'cm, vJ/c = 0.1, A/e==0.6

nV, n =~2, and Q = 100, Egq. (82) ylelds, v, (n) ~ 180 uV. Since the
conresnonding dc bias voltage (V from Eq. (78)) is V. o 590 W, lt

is 1mmed1ately apparent that the small 31gnal approx1matlon llnear
analys1s is invalid, Another.shortcomlng of the above analy51s is that
field spatial variatlon has _been assumed to occur only in the x direction
perpendlcular to the externally applled de magnetlc field H .2 If7the
propagatlon vector quantlzatlon condltlon, Eq. (76) is generallzed to
1nclude spatlal variations in both the x and y dlrectlons for a squane -
junction of side length L, the sélf resonant voltage modé relation,

Eq. (78) will become,

| 1/2

Vo,m = (n +m)

(ﬂﬁ v /QeL) (83)

The bias voltage quantization: condltlons (78), or (83), are strictly

a consequence of spatial boundary conditions 1mposed,on the Junction
electromagnetic fields, and so they should not be affected by the
nonlinearity of the junction responsel However, we can expect that the
magnitudes of the Fiske mode current'steps will not be pfedicted accurately
by the linear theory, although the general oscillatory dependence on HO

should remain.
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When an extermal rf'voltage'iskapplied to tﬁe‘jﬁnction tﬁe nonliﬁear
debendence of both the Josephson énd>qﬁasipértiélé cﬁrrents éh the‘foﬁal
junction'ﬁpitage leadé»fovgénepétidn éf‘harmdnics'of the appliedﬁfrequency
and to miking.dflﬁhése hafmdﬁiéé ﬁitﬂ ﬁarﬁonics‘pf’the ac‘Josephéon
frequency}bo. Inithe case of the quasipérticleTcurfent, mixing and
harmoniC-geperétibh are essentially a cqnséquencé”of the nonlinear
nature Cf the volt-amp chardcteristic, and are quantum aﬁalogues of the
same phendmenauwhich occur.in classical nonlineér circuif élements.

For Josephson currents,'hcweQér mixing‘o¢curs n¢£ only Via nonlinearity
.in the I-V‘characteristic, but also throuéh the'bQSic non-lihearity‘of'
the Josephson cuffenf-phase relafidnshiﬁ,‘Eq. (i&),5¥’52 A1l of thése.
~ complex phySiéal phenbmena, however, are fundaménta;ly_consequehcgs of _ 

the basic current-voltage relationship, Eq. (36)f
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D. Modifications of the rf Voltage CoupllngATheogx

In Sectlon III-B C above we have cons1dered the response of tunneling
currents to known applledvrf voltages. In actual experlmental-s1tua-
' tions, thejunctlon senv1ronment as well as its phys1cal propertles)
w1ll affect the magnltude of the 1nduced rf voltage for a glven applled
rf electrlc fleld A property of spec1al 1nterest for evaporated film
junctlons is the capacltance since the capac1t1ve reactance can be. |
apprec1able relatlve to the dynamlc resistance of the junctlon Forh
example, a square junction with side length L= 0.16 mm, a plate
separation.k = QOA; and a dielectric constant g, = ﬁ has a‘capacitance

= 400 wuF. At a frequency w/éw =hGHz, the reactance‘x is 9.3x1o'29.

C
This.value of XC is roughly the same as the gap region dynamlc re51stance
of a Junctlon with a normal state re81stance RﬁN p 1. Other 1mportant |
propertles are the geometrlcal arrangement and phy51cal nature of the
junctlon-sdblas c1rcu1try ulrlng since this w1r1ng>can act as.an |
antenna in‘the presence of_an.rfvfield: |

chcumber53 hasvanalyzed the response of a thinvfilmbjunction when
considered as‘a lumped circuit combination of a Josephson Junction
shunted by a linear conductance representing thelquasiparticle current
path and a capacitance. Al though his_model‘seems reaSOnable from a
thsical point of,view,_it does have.the property.that-an applied rf
voltage ofiany frequency andjamplitude will appear‘undiminished across
the junction despite the presence of the'capacitance. The junction
response-uill thenvbe the same as it.is in the”unshunted case since,

by Eq. (51) and Eq. (72), the dc current flowing in the junction is a

property’only_of the magnitude andvfrequency of the:rf,signal voltage.



b1

In an attempt to explaln some - experimental data which 1nd1cete that
Vrf 1e notva constant which is 1ndependent of dc hias voltage, we have
studied the properties of some alternate simple,lumped circuit junction
modelé.#il , _ : - , : _ .

| If We con51der a junction hlased by a hlgh re51stance de current
source; one of the 31mplest c1rcu1ts which can be dev1sedvthat includes
the effect of an rf electric field as an equivalent voltage source is
shown in Fig."?, A1 of the externally supplied de current passes
through the junction and all of the rf current c1rculates internally in
the junction as.shown,since~the'dc current source is assumed to have a
' very leréebseries‘reeistancef The-functionvIOkat)] represents the.
quasiparticle tunneling characteristic, Eq. (SO).' At frequencies low
- compared to(eGV/h where 6V = gaﬁ Width‘ we canfapproximate IO[V(t)]
by the measured bare current characteristic. When the total time
dependent voltage V(t) is- known the dc current at the bias voltage
_VO may be calculated from the formula,

= 2P vie)les. (84)
.o T '

The circuit equations describing the circuit shown in Fig.7 are
(85)

If we write, I ac=Yo /R and I (V) )/R where R is the normal state



resisténce,‘then'Eq. (85) may combine_to-yield a-single integro-
differential equation in the dimensionless variable p=uwt,

av

3K {YO Y[V(p)]} +V . cos P (86)
with : : " ' K'=‘wRC'-
If we assume the form for v(p),
R AR S AN
then Eq. (86) becomes, _
G =% o = Y[V * Vpp sinp + 0(2)}, e
with‘Yo.giﬁeh by,
: - 1 ISO+277 e R . . . ’
v (V)= Lim{ Z= ylv(p)lap}. (89)

Beforeidisdussiné the mathematical problem of solving Egs. (88)-(89), we
cah note that the same equations apply to the problem of a tunnel

junctioh'shunted by a capacitance and driven by a shunt rf current source

+(R/K)ir

in parallel with the de source if we make tlhe replacement, Vg f_:

in Eq. (88), where i is the current source strength. More complicated

rf
model circuits cen of course be devised, but they willrrequire additidnal
circuit elements which entef the problem as unknown parameters. Since
there is no microscopic or experimental justification at this time for

the introduction of additional parameters we shali:confiné ocour attention

.



-4 3=

to the simple circuit shown in Fig. 7 and described by Egs. (87)-(89).
The‘eseential difficulty in solvingeEq. (88).15 the high degree of

nonlinearity»intfoduced by the,qpasiparticle chéfacteriétic y(v). 1If

a ' s;‘atisfies'. the cdridition, |

the magnitude of the driving term, V f,

Vg << 8V, y(V) can be approx1mated by & p1ecew1se llnear model and

Eq. (88) can then be solved analytlcally This approx1mat10n results in

T, being given by Eq.(Sh),»the e formula,.w1th_Vrf_g1ven by,

s - [K /(1+K )1/2

- Wee (90)
: o :

with = wclaviarly .
' ' o
From Eq; (90) we can see thaﬁ fhe magnitude of the rf voltage is enhaneeq_
in regiohs of high dyﬁamic fesistance and diminiehed iﬁ regions of low
dynamieiresietance; In-r.)ractice,‘Vrf isnusuaily not emall coﬁpared to
8V and hence the approx1mate solutlon has only qualltatlve 51gn1f1cance
Although the solutlon of Eq (88) and Eq (89) is strlctly & mathe-
matical problem, it is not one that is dlscussed in any of the literatuire
known to us. Because of this lack of previous discus51on on the subject
we shall describe briefly one metﬁod of'selviﬁnghe system. If Eq. (88)
is'solved numerically subject fo the iﬁitiel‘eenaiﬁions that at p=0,
¢#¢O,then in generai ¢(p) will containvboth a transient and a periodic - .~
part. The transient solutioﬁ will decey with a fime constant k, and
thus for pﬁactical purposes, P, in Eq. (89) ma&_be teken ae po’: 5.
However, the solution .must aléo be self-coneistent,,i.e., the initially

assumed value of Yo must be the same as the one finally calculated from
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Eq. (89) after solv1ng Eq (88) Since K can be- qulte lafge relatlve
" to 2ﬂ, thls method of solutlon in geﬁeral‘ls qulte 1mpract1cal o

An altérnate methoa of solutlon which we have used involves convert—
ing Eq. (88) to an infiﬁite system of nonline&r.algebraic equations
- and then soiving a truncated set.offthesevequatioﬁs by iteration. Since
the desired parf'of ¢(p)'£s periodié ih hs) with pefiod 27 and has zero

average value, it can be represented as a Fourier series,

¢(p) Z[(a sin (np )+ b cos(npﬂ . (91)
n=1 . : .

Substitﬁting Eq. (91) iniEq. (88) and using the famlllar Fourier ortho—‘
gonallty 1ntegrals we flnd that the coeff1c1ents & and bh‘are given by ’

the transcendental'equat;ons;

‘ . roo2m. . o
-(1/nkm) [ y[V(p)] cos(np)dp
) -

a -
n
(92)
b = l/nKN) f Vip)] 81n(np dp,
with,
V(p) = VOF+ Vrf'sih P +_Zg [an'siﬁ(np)‘fibn.cos(np)]. | (93)_

When aﬁself—consiStent setvof‘coefficients'satisfying Bq. (92) is found,
the dec current can be computed from the formula,
2m

v (V) = (1/2m) [ y[v(p)ldp. | , (9L).

e}
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‘_ In praEtice, the utility of ﬁhié method dépendé oﬂ the magnitudes
of Kk, Vrf;_and VO. 'In_genéral, convergenge_is ﬁprst for small k, large .
Vrf’ and.yhen V0 is iﬁfh§ ggp;regioh;:vThe ﬁaj§f,ngmérical problem
- which is'éﬁgountered is the.selection of a rapidly convergent iteration -
proceduré since the computatidn:£iﬁé vafies éireéﬁly as the product of
the number of iterations timés the maximuﬁ value of n used. . For values
of K ééfiéfyinglthe céhdi%ibnbkl> 7, ﬁe have f§ﬁﬁd thét’convergence can
be obiained, in from L po 15 itgrgﬁioné, at any values of Vd»and Vrf
when nﬁax=4'and whén_fhe iférgtioh.p}oceaﬁre.fof-aﬁ_or.ﬁn at the k+lst

iteration is given by,

o (k+1) = 1/2 {g_la(k),b(k)] + a_(x)}

b, (42) = 1/2 {n_[0k) 506} + ().

The’fﬁnétibnsagn and ‘h “are defined from Eqs. (92) as,

g (a,5) = ~(1/ncm) 27 y[V(a,b.p)] cos(np)ap
b (a,0) = (L/ncm) (27 y(V(a,5,0)] sin(np)dp.

The function V(a,b,p) is given by Eq. (93), and the column vectors a,b

are defined by,

2°"

Qo
il
)

o’
il

-
o
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The initial values of a énd'b are taken as those predicted by the

l—Vrf/(stl), b= stVr£(K5+l?,

piecewisé linear small signal model, a 3

a > bn=0:f5f‘n #1, Ky is the "local" #alﬁe of kK as defined by Eq. (90).

54

Mofé'sophiSticatéaﬁiteratioh ééhemés éan of.gdufse bé;employed,
buf anykméﬁhod involviﬁg.incfe;ééd fuhétibn evalﬁatién.wili raéidly
incréaééftﬁé computafion timef As stécreaseé ﬁélbﬁ.Y, N oox énd fhe
number bfiiférafibﬁé both mﬁst ﬁe‘incréASéd,vand eveﬁ theﬁ; éoﬁvefgence
is condifidnal on thé vAiue bf vof We ﬁaﬁévﬁot méde.én exhaustive
study of;thé convérgénce problem since the major‘goal of our computation
was to ;aiculate theoretical current~voltage chéracferistics,whichiapply
to our.ownuparticular;sét of éxperimant&&&&ata. R

The.major,result.of this éection is that, ﬁitﬁin the framework
of thevsimpie model shown ianig.:7,. » the.junction capacitance can
have avSignificant effect on fhe‘shape of tﬁe de i;Y characteristic
when rf fie1as are present; In the case of qﬁasipérticle tunneling,‘
the relévant paraqétér is =,QRNNC' When K f 20, the theoretical

F(V) as given

characteristies will start to deviate appreciably from IR

by Eq. (56).

-
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IV. EXPERIMENTAL METHODS

A, Junctioanrpparation

Tne'Sn;Snessn and:Sn;SnOTPbijunetions.used in.our_experiments were
preparedvty vacnnm deposition of thin metallic strips onto microscope
cover glasssubstrates l;3iX'ld—2 em.thiek.”'The widths of the strip
electrodes belng depos1ted were- dellneated by thln alumlnum masks lo-.
cated dlrectly below the substrates. Evaporatlon pressures were in the :

-7 =T

range (2-12) x 10 Torr for Sn and (1 5) x 10 Torr for Pb and
_ovaporatlon rates were in the ranges 5-10 A/sec and 20-40 A/sec for
Sn and Pb respectlvely. There was no observable correlatlon between
final junctlon quallty and evaporatlonrpressures or rates ‘All evapora;.
tions were performed at room temperature.ln a Varlan VI-MC 1on—pumped
'.hlgh vacuum - system | |

An 0. l6 mm w1de longltudlnal strlp of Sn é 3600 A tnlck-was
dep081ted flrst and then. ox1d1zed in pure oxygen at a pressure of
approxlmately 1/3 atm. The'oxidation time was varied from 12-36 hours
and the ox1datlon temperature was controlled w1th heat lamps Followlng:
oxidation of the bottom electrode, three 0.16 mm wide cross strip top
electrodes were deposited in a perpendicular direction so as to form
three crossed strip tunnel jnnctions on the same substrate (see Figs.v
5, 6, 8). In general, for junctions withvan ares Q.16,X 0.16 mm2,ba
12-hour oxidation at 300°K wonld produce Sn-Sn0-Sn junctions.with H,2°Kt-
normal state resistances in the milliohm range, while a 2h-hour orida—-
tlon nsing two heat lamps (standard 250 W infrafred flood lights,
approximately 3 ft. from the oxidation belljar).nonld-produce'resistances'
in thelrenge 2-10 Q. The'resistances of the Sn—SnC—Pb Junctions with
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areas O. 16 x 0 16 mm2 were all in the ‘range 20—120 Q. Junctions with
: normal state resistances in the range 20—&0  were produced by l8—hour
ox1dation with 1 heat lamp.w The higher re51stance junctions were pro-
| duced by 1ncrea51ng the ox1dation time but they would not be produced
- as reliably as the Sn-SnO~Sn junctions. As 8 general rule of thumb, we
can conclude that junctions w1th'Pb,top electrodes_w1ll have re31stances
1-2 orders of magnitude larger than those with Sn top electrodes when the
ox1dation time andvtemperature are 1dentical. The thickness of a dep031ted
metal stfiﬁ:was determined with a Sloan DTM;3 deposit thickness monitoring
systemit This systenideternines.relatiue thicknessvby measuring the
change invfrequency.of.a:resonating quartz crystai‘placed in closevprox—
imity to the substrate as the depos1t builds up on, the crystal surface.
The crystal was'calibrated by measuring the thickness of selected Sn and
.Pb films w1th a Varian 980—&000 multiple beam 1nterferometer The bottom‘
Sn strips always had thicknesses ~ 3000 A while the thickness of the ton
strip was varied from sample to sample.. |

Follow1ng dep051tion of the top electrode,‘the substrate:was installed
in the»micr0wave cavity and electricai leads wereiattached to the samples
with silrer conducting paint.17 In general, the samples were installed |
and cooled d0wn to liquid nitrogen temperature within 30-60 minutes
after compietion of deposition. When.Sn—SnO—Sn.junctions were left
exposed'to air at room temperature for a period of more than one day,
they frequently showed'signs of deteriorstion. -Shorts appeared through
the oiide film-when the_Sn:electrodes were superconducting and the juné;
tions displayed poor quasinarticle tunneling characteristics. The

Sn-5n0-Pb junctions appeared to be much more stable. One junction;
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with,RﬁNl 117 Q was left on the shelf for two months with no evidence
of deterioratlon in that tlme._ Thls stablllty‘ls conSLStent w1th the
generally'hlgher res1stances observed in the Sn—SnO-Pb junctlons

:‘B{' Cryogenlcs

Measurements were performed 1n a standard glass llquld hellum
cryostat at temperatures between_h,2°K and l°K. ;Temperatures.were
'measured with a éolitron germanlumvthermometer:whichvhad been calibrated
against a primary’standard and which ves mounted out31de the microwave
cavity hut in close prox1m1ty'to the sample., The temperature could be
»regulatedvtovulthin a.few millidegrees Kelvin-with an ac wheatstone
bridge temperature regulator.56 The output‘of the“regulatorvsupplied v
vcurrent to a 100 Q manganln‘wire heater coil wound around a shield can
whlch surrounded the‘microwave cavitv : The heater output was balanced
by pumplng on the helium bath through a small 1/8 inch line containing
a needle valve. Most of the experlments were done‘at temperatures near
1.2°%K in order to minimize the effects of microvavehheating on the helium
in the'cavlty. Belov thevX—pointAthe helium densitv changes only a small
amount as the temperature increases and hence the helium dielectric
constant (which varies linearly as‘the density) remains approximately
constant.v Above the l—point the density variesvrapidly,with temperature;,e
and the resultant dielectric constant variation can produce sappreciable ._f
cavity detuning if the bath heats up during a run. Measurements could,
however, he'made above the A-point as long as-the.microwave power dissi—~

‘pated in the cavity, PD,'was kept below 3 x 1073 w.

C. Microwave and Cavity Systems

The microwave and resonant cavity systems used in our experiments
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were de51gned to produce a large ff electrlc field at the p051t10n of -
sample for a glven rf power 1nput to the cav1tyb Two dlfferent mlcrowave
cav1t1es were employed durlng the experlments, a coax1al reentrant cavity
as shown 1n F1g 8 and a rectangular cav1ty operatlng‘ln the TE 10l mode.v
The reentrant cav1ty was de51gned to resonant in a frequency range |
3. 5 -4 GHz w1th the resonant frequency belng controlled by the
vertlcal p031t10n of the tunlng plunger. The dlameter of the cav1ty.
was 1.91 cm, the helght l 43 cm, and the dlameter of the plunger was
0.96'cm. These dlmen51ons were determlned u51ng de51gn curves given by
Moreno;ST s0 as to prov1de adequate space for mountlng the samples,on
the cav1ty endwall as shown in Flg 8 -On the anls;of‘the cayity;sdirectly
below the tunlng plunger E is perpendlcular to the plane of the Junc- .
- tions and H f is zero when the cav1ty is exc1ted 1n 1ts fundamental mode‘
The substrate was located with its center on the cav1ty ax1s,-and all
" three junctlons on the_substrate were_close enough,together SO that
grf and H »f at the actual Junction positions'were the same as the axial
values of the fields.v_The electriCal wires connected to the junctions
were run out_of the cavity.through small holesrdrilled in the eayity
base in order to ninlmize antennadpickup in the leads.

Theimagnitude of the rf electric_field on the'cavity axis was
determined'indirectly from measurements'of the;cavity loaded Q, QL’ and
the VSWR}at resonance.'_From measurement of the cavity bandwidth_Af,hQL

was calculated from the relation,
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where fé,ié’the resonanp frequency aﬁdvfg.ﬁ Af/E‘afe the points at
which.the'reflected rf power ﬁaévihereased by'50%.of ifs net change
when the:cevity is tuned far"from resohance Wlth Q determined -
experlmentallyg the bare cav1ty Q factor Q was. calculated from the

express1on, p
=q(1+8), (95)
where the eoﬁpiing factor B is giveh by,

l/ (VSWR )re sonance’

S'8’59"’I'he Q, of our cavity when filled with

for an undercoupled cevity.
liquid hellum at L. 2°K with Junctlons in place was in the range Q h20—h80
- as compared to a’ value computed from Moreno 857 de31gn formulas
oktheop ) 1550 us1ng a brass skin depth § = 2 x 10 h.cm. Since theep
cavity was bolted together and had joints across which surface
currents flowed, the observed ;eduction of QO below its design palue
eeemed reasonable. With the experimental value'evab, the cavity shunt

resistence Rb was calculated from the equation,

Ro = (Ro/Qo)theor. ‘onf
where (R /QO)the was determined from Moreno's formulas. RO is defined
58 | |

for a ﬂeentrant cavity by,
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Ro "Ul’ Eer d’f! /2P

where PD = power dissipéted}in thescaﬁify‘and the lihe integral is taken
along the céﬁity‘axis'betweén base and plunger.f_Thevmagnitude of the
field could then be compufederom,,‘
B = (2p R )%/ (00), (%)
rf Do o -
where'Az.' helght of plunger above the cav1ty base The relation between

Erf and P determlned in thls manner was,

(uV/A) 8.48:1073(p, (uW))1/2 | (97)
The major sources of error in detérﬁlning the mégnltudé of the rf fleld .
arise from experlmental erroré in the determlnatlon of Q and PD | The
major source ofvuncertalnty in the Q measﬁrement érlses ffoﬁ error in
determlnat;on of the coupllng factor B,vwh;le error.in fD.meaéurement
is caused by uncertainties in determining ébsoluﬁe values of incidentvand}
reflecﬁed bower and coaxial cable attenuation betweén the difectional |
coupler and the cavity (Fig. 95; The error from both sources was esti-
vmated to.produge at'most a facﬁor of'l.S er;or'iﬁ the final computed
value.of'fhe electric field. .

Iﬁ a later‘series-of experiments with Sn-Sn0O-Pb junctions,'a TE 101 
rectangular gold plgted cavity was used. This cavity was 8.18 cm long,

1.27 cm high and 4.18 cm wide, with the rf electric field everywhere

perpendicular to the large 8.18 x 4.18 cm2 top and bottom cavity walls.
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The cawlty'was exc1ted by an adjuetable coupllng loop whlch termlnated
the coax1al 1nput cable at one of the small L. 18 X l 27 cm2 end walls
" Both the 1nsert10n depth and the orlentatlon of the loop could be adjusted
vlndependently from out51de the cryostat so as to achleve any de51red
magnltude of rf coupllngf In practlce, tﬁe cav1ty was uormally operated v
in a criticallj coupledrcondltlon (B=l) in order to ellmlnate errorsvln
Q determlnatlon and to maximize the magnltude of the rf field for given.
level of-1nc1dent.rf power. The substrate was 1nstalled &t the center
of the BOttom face ét thevp01nt of maximum I?rfl; and the sample wiring
was run out of the cavity along the bottom face:eo that it wae always
perpendicular to gr . we found experlmentally that even very short
(< 1 mm) sections of wiring parallel to E . at the center of the cav1ty
would reduce the cavity‘Q'to a very_emaii value relative to its empty
cavity;value. The uaiue.of Qo.meésuredvuith the.eubstrate'iuetalled,
wés Qo=l,éSO, asfcompared to a theoretical value, Q;(theor.)=h070 computed
using'eu.rf'skin depth 6 =.l.'55x10-h em. |

The:magnitude of the rf field wascdetermined from a measurement of

incident rf power with the aid of the relation,

Q= u /P, R (98)

where wo=rf angular frequency and U=vaverage stored energy. For a TE 101

mode, U = (€/8) abd E-_,

. rf ,
el 5 Ve e I
Erf I?r l. Thus Erf_(th/"foe.abé) p and ulth the actual velues .

vhere a, b, 4 are cavity dimensions and

of Q, f_, and cavity dimensions, E

f is given by,

i



 sh
(uV/A) 3. zaxlo‘3(p (uW))l/2 9

D andrErf is

The resson tnat the pronorﬁioneliry‘constant:releting Pl/2
smaller-forzthé rectangular cawity thah for the reentrant csvity (Eq. 97)
is that‘fne:rectengular-cevify;has a mnch largerdeffective volume for
storing rfrenergy. Even fhough Qo(rect.) =vﬁrQO‘(reentranf), the wolume<
effect more than coﬁpens#tes and so tne reentranﬁ csvity will produce
larger flelds at the sample pos1t10n for a glven value of PD

The remalnder of the microvave system is 1llustrated schematlcally
in Flg 9 Mlcrowave power produced by a tunable General Radio 1360 A
microwave 0501llator was supplled to the cav1ty via O lhl 1nch semlrlgld
coax1al cable Inc1dent and reflected rf powers were monltored w1th a
Boonton hlA—R mlcrowattmeter whlle junctlon data was belng collected to
insure that.the mlcrowave fleld strengths remalnedlconstant. ~When
0perat1ng below the X—p01nt of hellum 'a value of PD > 8—10 mW would
result in relatlvely rapid cav1ty detunlng due to the consequent decrease
in he11Um density as the helium bath warmed up. : |

Stefic magnetic fields up to 2OG could be applied with a small
Helmholtz coil pair olaced outside the microwaveccavity but inside the
v helium bath. The cavityvand magnet were both enclosed in a superconduct-
ing shleld can fo prevent,interference from»strey'rf and magnetic fields,
and additional magnetic shielding'was nlaced outéide_the liquid nitrogen
dewar invorder.to screen out the earth's field.

D. Electronics -

The tunnel junction I-V characteristics were determined by sweeping

the junction with a constant current biasssupply and measuring the junction
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'voltage u51ng h termlnal Cchults such as the ohe‘shoun schematlcally

in Fig. 9 The motorlzed Hellpot sweep and low pass fllter were replaced
by a Wayetek voltage controlled SLgnal generator when osc1lloscope
dlsplay'of'the I—V characterlstlcbwas.des1red. The Wavetek generator
could also be used to produce chart recordlnés of T—V characterlstlcs
when operatlng at sweep frequen01es in the range O Ol—O 05 Hz. The
junction’bias_current was determined by.measuring the voltage drop

across a_homlnal 1% tolerance resiStor lnbseries with the tunnel junction.

. | g
The junction dynamic resistance dV/dI as a function of voltage

was determlned by conventlonal phase;sen51t1ve detectlon technlques lT
The dynamlc conductance dI/dV o could also be determlned dlrectly by -
the use’ of a novel technlque 1nvolv1ng data acqulsltlon w1th a RIDL 3h 27.
series multlchannel analyzer; The junctlon was blased w1th the Wavetek
generator.operatlng in a llnear (trlahgle wave) sueep mode thus produc1ng

a condltlon 1n Whlch dI/dt-constant Slnce the dYnamic conductance can

“be’ expressed as |
. dI/av = (ar/dt)/(av/at),

a quantity G(V) which is'proportional_to”dl/dV can be determihed from
measurement:ofidt/dvt The.voltage V was used to determine the ’
analyzer memory address or channel in which input'pulses from a 10 KHz.i
pulse generator were to be stored. Since the voltage uidths dv were alsop
constaht,ethe time 4t (V) spent at each channel was proportlonal to G(V)fi
and thus so was the number of counts stored in the:channel corresponding

to:voltage’V. The sensitivity of_this_techniduevcoﬁpares favorably -
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with that:found when using ac modulation and lock;in detection to

measurevdV/di, énd whén_rapid qualitativé data was.désired, the
analyzer téchniqué provéd much* the bétﬁer of the fwé»methods:bécause

 stray éhort duration ﬁoisé ﬁulSes picked ﬁp by t§é voltage ﬁeasuring

circuitry did not greatly affect the quality of the recorded data.
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V. EXPERIMENTAL RESULTS 1.

A. Qua51part1cle PAT

Thelexperlmental response of the qua31part1cle tunnellng.current
‘to the perpendlcular rf electrlc field was determlned by measurlng the
junctlon’IfV characterlstlc at a series of mlcrowave power levels.

The barevcurrent I (V) was taken to be the experlmentally measured

current with zero rf power applled (cf Flg 2), amd the various theoreti-
cal characteristics were then calculated numerlcally from Egs. (54) and

(57) with o as a parameter, or from Eq. (56) w1th Vrf

as a parameﬁer.

The experlmental current devratlons, ATl = (V)—Ié(V), were determined

from I-V chart recording on whlch a group ofii(V) graphs were superimposedv
on an irkV)vgraph. Voltage dlfferences were measured to an accuracy of |
* 2uv us1ng a horlzontar scale of 50 uV/lnch whlle the current devia-
tlons,1AI, were measured to an accuracy of approx1mately 3% of the

maximum observed deviatiou-aﬁ any éiven bdas. bTme resiStahce parameter,
R=1/GNN; uas determined for each4junction‘oy fitting.the measured fo(V)
for V > 2A/e + 8V to the theoretical RiO(V) fumcfion calculated from

Eq. (1). The value of APb + ASn or EASn was determined using a method
described by Rowell and McMillan22 iu which the sum of the energy gaps
corresp0nds.to‘the voltage at which the current has'inCreased to
approximately one half the value of the equivalent_BCS'currentediscontinuity
(cf. Fig. 19). In calculating RIO(V5 from Eq.(1), the transition tempera-
ture for the Pb films was taken as the measured Bulk value, 7.19°K, whiie;
TC for the Sn films was taken as fhe measured value (To=3.78t.03°K for ﬁ

all the Sn films). The zero voltage Josephson current, which was always
i ) - .

observed for junctions with R 5 30 2, was- quenched with a dc magnetic
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field whlle the qua51part1cle characterdstlcs were belng measured

The amount of non—tunnellng or excess current.flow1ng in the ‘
Junction was measured by subtractlng the theoretlcal thermally exc1ted
ibackground current, calcuiated from Eq. (1), from the measured current
at. voltages vV < (A + A )/e as 1llustrated in Flg 2 . The broad current
rise at V= A /e, dlscussed in Sectlon I, is clearly ev1dent in thls
flgure : There was a general tendencf for lower re31stance junctlons to
have larger fractlonal excess currents but several exceptlons to this
rule were observed. |

. Typical graphs'offthe single.particie‘tunneiing current response
for Sn;SnQ—Sn junctionsTto.a!3;9§'GHz (hw/eslé.éuV)Tfield are shown.in'
Figs. lO ll and 12. The data of Flg lO vere taken at a reduced
temperature t O 87 whlle that of Flgs. ll and 12 were taken at t 0. 30
The current dev1at10ns, AI determlned from Flgs. 11 and 12 are plotted
in Flgs. 13 and lh respectlvely, vhile AI(V) for a Junctlon with a
re51stancevbetween_that of the Junctions shown in Flgs. 11 and 12 is
shown in Fig. 15. The soiid curves iniFigs. 13—i5 are graphs of AITG(V)
derived from Eq. (54). The correspondence between the microwave
: power, PD,'and'a Wasvdetermined by fitting'at onlyvone point for each
Junctlon. If PDm‘was the microwave power dissipated in the cavity at
the hlghest power level used, then o, the value of a corresponding to PDm’
was determlned by f1tt1ng the theoretical AI to the experlmental AT at
.the p01nt of maximum deviation. A1l succeedlng theoretlcal AI(V) curves

were then'calculated by using a's determined from_the relation,

oc(PD) = dn;.(Pb/'PDm)l:/z. . . {(99)
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The agreement between the:Té theory and_experlment is excellent in the
limit of.high Junction resistance for all_values ofVPD, as can be seen
from an inspection of'Fig; 13w For”Sn—SnO—Sn junctions with R > 2,5 Q,
the exact point chosen to fltcthekdatavmade littlevdifference'in the
ultlmate value of o determined from the flt For‘the lower resistance
, junctlons, agreement between experlment and the TG theory becomes
progres31vely worse as R decreases, and hence the fitting. procedure
becomes somewhat ambiguous. In an attempt to lmprove agreement between
theory-and experlment for the low re51stance junctlons, we tried to
determine-am by fitting:at low microwave powervlevels, as indicated by
the dashedkline-in Fig. lS; Although this improved the small a agreement
vsomewhat the deduced flts for large o were then extremely poor. The
agreement betWeen theory and experlment 1mproved at hlgher temperatures
for the low re51stance Junctlons, but for suff1c1ently small wvalues of
e} dev1at1ons always occurred. ‘ v
In_Fig. 16 the data-for the-6.35-9 junctlon of Figs. ll and 13 have .
been replotted to show lAlr as a function of PD or a for various dc
voltages measured from V=»2ASn/e' The agreement between theory and
experlment can be seen to be quite good, even in the limit of small q.

Fig. 9 also indicates that the low rf power limit result, |AI| « PD’

predicted by Eq. (55) is valid only in the range o < 1. In Fig-vlT the .

0=1.8 data from Fig. 13 have been replotted together with theoretical

AT AIRF,-and AICE curves calculated from Eqs. (54), (56), and (57)

TG>
respectively. The very close agreement between the experlmental points

and AIT is clearly ev1dent, as ‘is the much poorer agreement between

experiment and AICE. It can also be seen that AIRF( V) is very close to
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AlTG(V);.even at this'low value or.d.: ﬁumerical calculations indicate
that ITéiandAIRF are apprpximately equal‘where dfz ld for h,GHs micro_
wavestll i : | o . | | | | |

In order to test the effects of flnite Junction capac1tance we
calculated theoretical AI characteristics for several of the low.
( < Q) res1stance Sn—SnO Sn junctions using the model discussed in
Section III—D. The parameter_K defined in Eq. (86)'was at first treated
as an adjustable parameter’since the.junction canacitance was not
prec1sely known TAIRF was'then calculated for 5”0{59'9 junction using
a series of values for k until substantlal agreement between theoretical
and experimental AI's was obtained. .Wlth K determined, the capacitance
was calculated from Eq (86) and this:value oftC was'subsequently
employed to calculate Kk for junctions with different values of R. In
. Fig. 18_ AI and-AI are'shown for a junction with R=l.3l 9 and
K=ll.3.r The modifled theory can be seen to fit the data very closely
over most of the voltage range. The dlfference between AI and the
experimental p01nts at V-V SXlO -2 mV is probably-caused by using the
cla531cal formulas for calculating ATl in lieu of the proper Tien-Gordon -
quantum'mechanical formaliSm; A similar discrepancy between AI RF and
experiment is evident in Fig 17 for a hlgh re51stance Junction
(R= 6.35 Q k= 54.8). The experimental value of C for the Junctions w1thf
a surface area A= 2.56X10_h cm2 was C= 35010 upF. With this value of
C, the ratio of barrier thickness‘h:dielectricvconstant, 2/85, calculated?
from the expression C= ESA/hﬂQ is 2/e = 6.5 A,‘which is about twice as'
large as”values of the sameiparameter.derived from Eq. (19) and (78) with

measured Fiske mode voltage spacing (See Section IV-B).
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The validity of the CE theory was tested by comparlng the measured
response: of high re51stance Sn-SnO-Pb junctions to the response
predlcted by Eq. (58) Typlcal results are presented in Flgs 19 and 20
for a junction W1th R = 120 Q. Fig 19 shows the measured I(V) characteris—

tic compared with both I ‘ and I . Again, flts the data very

CE TG

dev1ates apprec1ably from the experimental points.

TG

closely while IC

Fig. 20 shows the experimental current deviation compared to AICE and

AITG. :The variation of AI CE from the date becomes‘smaller as o decreases,

as predieted by Eq (58)" Flg. 17 shows a comparison of AICE and an

experlmental AT curve: for a 6. 35 Q Sn—SnO Sn Junction at o= 1. 8 Even

at this low value of o there is a large difference between AI and‘

CE
AITG. In view of the detalled agreement between the predictions of the
TG theory and the experimental data for low—frequency photon ass1sted
3,k

tunnellng, 1t would appear that attempts to explain the results of
higher.frequency tunnellng-measurements with Eq. (57) are 1ncorrect.v

At a.fixed microvave power»level,iallvsamples.of the same type
would be expected to see thelsamebrf'voltage forvavgiven value of PD’
since the magnitude of the induced voltage should depend only on physical
'parameters of the junction such as the barrier and electrode thicknesses{,
Sincevthe barrier‘thickness 2 is approximately constant for an order of
/magnitude change inrnormal.state'resistanee,6o there'should not be a
strong depehdence of rf voltage on that parameter. Experimentally,
there was‘a small spread in o values required to'fit the quasiparticle
1(V) data for the different junctions at the same_uicrowave power level..

For the experiments with Sn-Sn0-Sn junctions in the reentrant cavity

described in Section III-B, the effective values of o for PD=lO_h,W were

Iy
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in the‘range; o, f—l .9 .6. The experlments w1th the. Sn-SnO—Pb

Junction' 1n the rectangular cav1ty ylelded w1th one exceptlon an

epp Volues, a o, = h.2 % 0.7 for PD-6.65><lO

Whieh lé“equivalent’to»PD=lO;h W in the»reentrant:cavity. The exact

equivalent range of o

reason for the dlécrepanCy intaéff velues Between.coexiel and rectangular
cavitiee is not known, but'itris within the.margin of error of P
measurement forvthe reentrént‘cavity as discussed in Section IlI—C.vaor '
the data relative to‘each cavitv; there was no Obvions eorrelation

between the value of a ff correspondlng to a fixed PD and junctlon

normal state re51stance or electrode fllm thlcknesses. The average

effective rf voltage calculated from aeff hw/e correSponding to PD=lO—b W
in the coaxial cavity is (V: ').: 33 nV. Using Eq;”(97 to calculate
the magnltude of the rf electrlc fleld present in the bare cav1ty, we

find ’E ) 8. h8XlO uV/A and thus the effectlve dlstance over

'f.,
which the rf voltage is developed should be (V VIE l = 390 A This
dlstance is an order of magnltude larger than a typical_oxide barrier

thickness, & = 20 A, indicating that the_effective rf voltage is

enhanced relative to the bare cavity voltage (V

e > = IE rflg which is

developed across a distance edual to the-barrier‘thiékness. Similar
effecte have'previously'been observed QUalitativelyrin both quasipar-
ticlel’2?§8 and Josephson8 photon—assisted_tunnelingr

We can summarize the results of our quasiparticle PAT experinents
by noting that we have observed excellent detailed agreement between
experiment and the,predictions of the TG theory Vhen the parameter o is-

treated as an adjustable constant. Discrepancies which occur between

the basic theory and experiment for low resistance junctions can be
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explained hy a model ﬁhich includes theveffectsvof.junction capacitancef
There remains, however, an order of magnitude discrepancy between the

magnitude of v necessary to flt the I—V data and the magnitude of

rf

Vrf whlch ex1sts in the bare cav1ty along a distance equal to the oxide

barrier_thickness.

B vJosepheon.PAT.

Allcthe_experimental neasurenentenof JosepheOn;tunneling phenomena
were performed_on thé"éa@é Sn—SnO—thjnnctione ﬁhich were naed in the
quasiparticleVPAT'eiﬁerimenta deeCribed in Section.IVFA;v The magnituded”
of the rf_electricvfield was again‘determined froﬁ:measnrement of thet
'incident:and.reflected’nicrowave ooﬁer.' The magnitnde of the etatic
magnetic field Qas determined from measurenentnof the ﬁelmholtz coil
current usﬁng a calculated constant of proportionality between current
and field. Due to some uncertainty in the value of the c01l packing
factor magnetic field measurements were con31dered to he accurate only
to within + 10% of the theOretical design value.

A-composite,of t&o.t&pical I-v éraphs is ehown in Fig. 21 for a
2.58 Q junction with a length L=l.6><lO-2 cm perpendicular to the dc
nagnetic field direction. The section of the graph marked'IFl indicates *
the current which flows in the first Fiske mode when the dc magnetic

field has been set to produce the first zero in I Fig. 22 illustrates

. J'

a typical dependence of I_ on dec magnetic field for a Junction with

J
1< RNN < 8 Q as compared to the theoretical Fraunhoter type pattern

prediction of Eq. (28) indicated by the dashed line. For lower resistanc_'e

Junctions (R < 0.1 @), the field dependence of I agreed very closely

NN J
with the theoretical prediction of Eq. (28),_while_for junctions with
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larger values of R the magnltude of the 51delobes was usually less

NN>.

than the theoretlcal value, as 1nd1cated in Flg 22 The magnetlc

J

of. the fleld correspondlng to the flrst zero 1n I , as’ predlcted by

_J
(28)

field values at whlch I.=0 were, however, always 1nteger multlples

As 8 standard of junction quality,'we required’that any junction

being analyzed have a well deflned I dlffractlon pattern w1th at least

J
two 51delobes. Although all junctlons had the same nomlnal length

-2 -

perpendlcular to H s L=l 6XlO en, there was an apparently random

'varlatlon in the perlod AH between nulls 1nvIJ.. The cause of this
varlatlon ‘cannot be completely'determlned slnce,vaccordlng to Eqs (28) _;
and (29) measurement of AH ylelds only the product Ld 2AL. If we
assume'that-L is equal to 1tsvmeasured value, then.the derived penetration
lengths were in the range lSn(T%OOK) =375 + 70fA;_in.reasonable .
agreement.with.the value Xén=hOO'A found by Matisooho in‘measurements of -
JosephsonvjunctionvcritiCal currents. The observed temperature dependence
of AH ‘was. also in reasonably good agreement w1th the theoretlcal inverse
London penetratlon length temperature dependence,61 X(0)/A(T) =

(1- (z/7_)")M/2.

As'another.check of junction quality; we measured the temperature
(T)

dependence of T for selected Junctions and compared the measured I

J J

with the_predmctlon of the Ambegaokar andearatoff formula, Eq. (15).

The ratios of:the measured’values'of IJ(T=O°K)_to the theoretical value,

Y= fell withi | < <
IJ(theor.) ﬂd(O)/ZRNN, all fell within the range 0.79 < I, <0.90,
where Irel = IJ(meas.)/IJ(theor;), w1th the average value of Irel given
by (I > = 0.85. This value is in reasonably good agreement with the

rel
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value i' el = O 91 for an Sn;I Sn Junctlon derlved by Fulton and McCum.ber62
in a calculatlon which 1ncluded strong coupllng superconduct1v1ty
correctlons to the basic Ambegaokar and Baratoff formallsm ‘ng
I (T-O°K) was taken as the experlmentally measured value, the experimental
(T)/I.(A> function agreed very closely w1th the dependence predicted
by Eq. (15). . T |
Measurements of self—resonant or Tiske mode phenomena 1nd1cated
that the amplitude dependence of the mode currents on HO was complicatedp
and not reproduc1ble from sample to sample.l A typicai experimental
—V trace is shown in F1g 23, where the arrows 1nd1cate the path traced
for increasing or decreasing-bias current._ Fig. 22 indicates a typical
experimental magnetio field dependence_of modebcurrents on H;,‘and is
in general.agreement with both the quaiitative predictions of the 1inear»
theory deseribed in Section‘IiI—C,and.similar measurements of Dimitrenkot
and Y‘anson.62 The Flske.mode voltages V were usually spaced at equal
1ntervals as predlcted by Eq (78) ' Although some examples of anomoloust
behavior were observed,_they Were neither reproducible, nor cbuld they
be correlated with the .positivons vn,m predicted.‘by. Eq. (83) for the
case where wavevector quantization exists in both spatial dimensions
in the-plane of the Jjunction. The average value of the Fiske mode
spacing for our junctions was AVn=105.uV§ yielding a‘value of 2/e=2.9 |
from Eq. (78) if ASn'is taken as SOQ A, the valuegfor pure'tin.63 With
our value ASn = 375 A deriVed from the measured.average magnetic field
dependence of IJ, we find /e = 2.1.‘ In TabielIZ we list reported

experimental value of %/€ for Sn-Sn0-Sn junctions and the methods by

which they have been determined.
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The predlcted temperature dependence of the voltage 1nterval hetween
self—resonant modes as 1nd1cated by Eq (78) is, - |
Y, (D)/V, (0) = vy(T)/v,(0),

or, using Eq. (19) for Vs

» ~ h1/h
| Vn(T)/Vn_(O) - [lf‘(T,/_Tf.) ]

Although Dmltrenko and Yanson62 have prev1ously reported good agreement

between the measured V (t) and Eq. (100) for the flrst step, our measure- -

ments do not agree well w1th thlS theory. ‘At reduced temperatures
0.6 <. t l we flnd that V.(t) decreases moreArapldly with increasing

temperature than Eq (100) predlcts.- Above a reduced temperature
t=0.73 the spac1ng between the modes dld not correspond to integral
multlples of a fundamental spac1ng, as predlcted by Eq (78) |

Ngaléh-has recently 1ncluded_the_frequency dependence of the
penetration depth (and hence the frequency dependence of vJ) in.a
calculation of v (T); _Although his theory prediCts that the step
spac1ng w1ll become non—unlform for t > 0. 6 because of . the frequency
ddependence of D it also preducts that V (T)- w111 fall off 1ess
rapldly Wlth increasing T than the rate predlcted'by Eq. (100), in
contradlctlon with our experlmental data..- |

The effect of the externally applied microwave field on the
Josephson currents was determined by methods analogous to those used

in the quasiparticle PAT experiments. The dependence . of I; on rf power

(100) -

&
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was determined forhall theAjunctions used In the PAT experiments ahd

the interaetion of the‘external field with the Fdshe.mode currehts was
studded for.selected-sahpless .In general vwe observed poor quantltatlve
aéreement with the theory dlscussed in Sectlon III C and large varlatlons
in measurediquantltles from sampIe to sample. For Junctions with
large.ercess curreht compohents, theveffect ofﬂtherrf electrie field

uas to Induce constaht‘current‘steps.at voltages’V nhw/2e as predlcted
- by Egs. (71) and (72) Although the step amplltudes were osc1llatory
functlons of rf power, they did not vary as J (Ea), ‘as predlcted by

Eq. (72). .A typical experimental I-v trace for a.junction with excess
current;exposed to'h Ghé radiatioh‘Isnshowh ianig;véh.' For the junctions
used in‘our‘experiﬁents whichhhad small excessicurrent components

(cf Flg. 2) the response to the rf fleld was qulte dlfferent The
.usual effect of the rf fleld vas a monotonlc decrease in IJ to zZero.
Thereafter, I usually remalned zero for larger flelds, but in some
ngher order

Jd D

1nduced steps could not be produced in these Junctlons;'even at reduced

cases a small I would reappear at dlscrete values of P

temperatures near one where a large thermelly excited quasiparticie

current component existed.

The general nature of the measured dependence of IJ on (PD)J'/2 is

illustrated in Fig. 25. A JO(2q) function has been fitted to the experi-.
mental curve at the points where Vrf=0'andzwhere IJ=O_to'indiCate the
usual nature of the discrepancy between theory and experimehtJ The small

peak in the.eXperimentaI graph near Vrf=o was observed in all the samples,

 but the magnitude of the peak relative to the'extrapolated value of IJ

varied from sample to sample in the range .03 IJ < GIJ < 0.1 IJ. We
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have assumed that this peak is caused by small short circult current
components flow1ng near the Junctlon edges but no detalled analy51s
of the phenomena was performed. The experlmental value of a for which

the first Zero of I occurred 0., was determined,from-Eq. (99 ) by

) J’ _ ,
using values of a and PDm determlned from: the s1ngle particle current
' response data, together with the measured P at whlch I.=0. The values

D J

J

of a determlned in this manner-ranged from 0.19 to lO.h as compared to
the theoretical value of 1.2 at which Jo(2a)=0;- The experimental values

-of aJ appeared to vary:randomly and were not correlated with either RNN

or the magnltude of the excess current component, .even for junctions on

the same substrate

The-rf detectlon sens1t1v1ty‘of7the self—resonant mode currents
was usually greater than the sen51t1v1ty of I . If the dc magnetlc
fleld vas adgusted to maxrmlze the flrst Flske mode current then the
presence of external rf power WouldAreduce IFl to';ero at a value
o = 0.1 dJ;,.There was? however, no;evddence of.mirmng between the
externél*ffband the Fiske mode fields, i.e. no Induced ff steps
appearedbsuperimposed on’the.Fiske steps.

In an attempt'to obtain experimental evidence for the existence
of the Riedel singularity in the Josephson current amplltude, we

observed the response -of I at large values of a, -as determined from

J
Eq. (99) with @ = o;. As discussed in Section III C, Eq. (75) predicts .
that there should be an observable IJ(a) when‘the conditions nhw = 24,

_ v i
0 = n are satisfied. In our case, n = 75 and,! assuming

(0). Although Eq. (75)

3, (28/1) 2:i0 3,(0) we £ind that iJ(u=75)-= qfl IJ‘

predicts that the n * 1 terms will contribute values -of opposite sign

i
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f;om thé hté_term, the singularity in jQ(Q)'asxgiVenvby Eq. (65) is so
sharp thva.t'Jg_(-QA/fl-"i Q)fﬁ‘3.2jé(0),,and;hence.ﬁbé n * 1 terms will not
cancel t_henth term when hu- is an exact multip1e pf 2A. After stabilizing
the junétipn temperéture at T ~ i.15°K, fﬁe'miéréwave freguency was

adjusted'slightly until‘2A/hw' TS.I'The-dc Josaphsdn current was then

monitored és a function of rf power up to the highest rf powers
attainable on two of our samplesvfor'which values of a > 75 could be
reached. No dc Josephson current was observed at large o within the

experimental limit for these measurements, .Ol'IJ(O).

I}
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VI DISCUSSION AND CONCLUSIONS

The principal result of our low—frequency qua51part1cle PAT ' N e o
neasurements is the confirmation of the validity of the TG theoretical
description.of the process.' In the limit where the parameter K (defined
hy Eq.?(é6)) isllarge; the basic:TG formula Eq. (Sh) fits the data
very closely for all values of a < 60 At lower values of the parameter
K, the model described in Section III-D predicts the shape of the I-V
characteristics quite accurately at-low rf power levels where the
ba51c TG theory fails. A consequence of this theory is that the
external microwave field acts either as a voltage source in series with
the junction capa01tance or as a current source With a magnitude ‘

/wC « /_—wa in parallel w1th both the capa01tance and the qua81—
partlcle nonlinear res1stance. Although this model has been ,Successful
in explaining the measured data, we have not been ahle to derive it
from theimore generalbelectromagneticywave equationv.ﬁd; (3#); A
secondary result obtained from comparison of model predictions and
experimental data has been the 1nd1rect deternination of junction
capaCitance at 4 GHz, resulting in an experimental walue of /€ for
Sn-Sn0-8n junctions, 2/€=6.5 A (see Table I). This value is about
twice as large as most of the'values previously .determined from measure-
ments of.Fiske mode voltages (Table I),ihut considering the simplicity .
of our_model; the agreement is felt to be quite.good. |

Since all the sample junctions were prepared in an identical
manner;vexcept for oxidation time, the Variations.in the actual
strength of the coupling between the junctions.and the rf field may be

dependent on the condition of the oxide barrier at the edge of the
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junction ‘which will vary fromvsannleato samplevinban unknown way ,
1ead1ng to a sprean 1n-exper1mental o values for a glven rf power‘
level. v The order of magnltude dlscrepancy observed between calculated
and actual mlcrowave voltage across the junctlon has prev1ously been
ascrlbed to a large 1mpedance mlsmatch between the mlcrowave cav1ty
and the.,junctlon.38 However, if mlcrowave'power is reflected from

the junotion because of'an impedanoe.misnatch, We-would expect that
the effective rf voltagexacross the jnnotion wduid be smaller than the

rf voltage across a equivalent length'of bare cavity. This would

lead to o > ff’ where O év is determlned from rf power measurement

CV

and o from I-V curve flttlng. Slnce experlmentally, ueffz(QO—SO)xacav

eff
~ some alternatlve explanatlon‘ls requlred. va‘one'assumes that the bare
rf voltage appears across the junctlon electroaes; then one must also
assune that the junetion barrier has an effeotive tbickness 2 > koo A
to acconnt for thevobserved valnes of aeffr'
.in.view of the detailed agreenent between the predictions of the
.TG theory and the experimentai data for'low-ﬁreqnency‘PAT, it would
appear that recent attempts3’5 to explain the results of higher
frequency_tunneling experiments with the CE theory (Eq. (57)) are
inoorrect.' The results of a recent PAT experiment performed by
Hamilton and,Shapiro65_at T0 GHz on SnFSnO;Sn junctions have been ;}
explained by them in a semi-quantitative manner by inoluding the |
effects of transverse spatial variation in the bigh frequency rf
voltage; presumably by use of Egs. (62) and'(63). The major difficuity

encountered in making a detailed comparison between theory and experi-

ment at high frequencies is lack of detailed knowledge of the function

b
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Vrf(k) to be used in Eq (62) Hamllton and Shaplro chose.a.conventlonal
standlng wave for thls functlon, characterlzed by one parameter, the
voltage standlng'wave rat10<(VSWR)‘ and thenﬂadjusted.thls parameter

to fit experlmental results to the theory. for our experiments>the
wavelength of h GHz radlatlon in the ox1de barrler is estlmated to

be A * 3.7 mm from Eq (59) and since X >> L, the assumptlon of
uniform rf voltage is certalnly valld. o ; '

Our experlments on the 1nteract10n of;Josephson currents with the
rf field indicaterthatiJosephson PAT isAnotﬁwellvdescribed hy the
basic theory outllned 1n Sectlon III C, ‘even though the dependence of
Ij on magnetlc fleld and temperature agrees well w1th the dc theory of
_Sectlon II-B. In partlcularv the functlonal dependence of I on o
does not agree with the predlctlon of ﬁq (75){ The w1de spread 1n
'dJ values for dlfferent samples 1nd1cates that sample varlables (such
as.the mlcroscoplc condltlon of the junctlon boundary or fllm surface
roughness) need to be accounted for The dev1atlon of aJ values from
the theoretlcally predlcted value of 1.2 and the large experlmental
spread of these values 1ndlcate that the quas1part1cle and Josephson
components of the current do not see the.same_value»of'rf voltage at
the fundamental frequency w_forva given valueyof microwave power
incident on the junction. |

Another major d1screpancy between experlment and theory has been
lack of h1gher order induced steps in the I-V characteristics at
voltages & nhw/2e for junctions with little or no excess current

component. M though this may be due to a fundamental shortcoming of

the theory, it could also be a result of instabilities in the junction
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caused by ﬁéiée voltaées from the constant current bias circuitry.. It
may be'ndfed;.ﬁowever, that for jﬁnetlone witﬁ excése'curreete we
could trace out the induced q£eps. in the I-v ehafecteristic with the
dc sweep c1rcu1try 1llustrated 1n Flg 9, aﬁd it was p0551b1eito hold
the voltage constant at any p01nt on & step for long perlods of tlme
without the occurrence of‘a noise 1nduced tran31t10n to the next.step
It therefore-seems llkely that the presence ef a nontunnellng current
coﬁponent 1ﬁcfeases the 1nherent stablllty of thevJosephson currents at
the induced step voltages, and that the amplltudes of these currents
are much smaller than those predicted by Eq. (75) | |
Experimental study of the interaction of external microwave
radiatioﬁ with the self—reéonant mode currents produced no direct
evidence fof the existence of large rf voltages at the m1x1ng frequencies .
wn’m—QeV / ‘t nwrf, where Vn»ls the nth~Flske mode voltage. The
reeponse of the Fiske mode currents to the external rf was similar to
that of'I: although the rf voltage sensitivity was somewhat greater.

Our search for experimental evidence of the Riedel singularity in the

response of I_ likewise produced a null result, but this seems quite

J

reasonable in view of the expected smearing of the Josephson current

amplitude'jé(w)'near w= 2A/h.



The

APPENDICES

A. Derivation of BCS Model Current, Eq. (1) from Eq. (52).

The_imaginary pért of the current amplitude"jl, as given by

i

(52) is,
(m? ég—- gq ITE?QVI_ {mdw' [f(w'+w) f(gv?] ,A

With the definition, wk Ek/h the spectral welght functlon Ak(w deflned

by Eq. (39) can be wrltten,
Ag(w) =172 '{[.l+(’_€1§:/.Ek)r]5"(.w—ulk) + -6 /5) 16 (v ). (n-2)

To evaluate (A-l) in the BCS approx1mat10n we use (A-2) for Ak (w) and

change the k and q summatlons to energy 1ntegratlons via the prescr1pt1on,

where N(ek) is the energy density of states for one spin. After performing

the w'vintegration we find,;
' ._ en ) : ' .
Imy (w) = Y ng(aq)deq fNr(ek)qelek,ql (w,e, 56, (A-3)

where F(w,ek, eq) is defined by,

~
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,€k~:, Eq) = {[—f(wqm‘)‘f f(wq),](;+eq/Eq) _

~ . ~ oA ~ ~

Flw
 Harmm) Sl » (o5 /B) Sloreyry)

e ltlon) + 2w ))oe /)

~ ~ v

< Lase/5) s<w-m5;¢éi°;*(1-ck/ék) a<m4¢£l¢é5]}. - (a-4)

v

In the constant energy gap model, A =A. for all-k:vand thus,

In the evaluatlon of (A-3) we shall have to calculate 1ntegrals of

the form f g(ek Ek ds where g is a functlon which contalns factors

such as G(E—Ek). In order to change the 1ntegrat10n variable to Ek

~ . ~

we divide the origlnal €

k'lntegratlon 1nto negatlve and positive parts,
oo- o) oo
[ gle ., E)ae, =] + ] gae. (a-5)
A EE ke o é_ ' .

The integral over thé negative a"region can be rewritten

k

[ st e = [oteyis

by changing the order of integration and then making the variable change -

€ T By Slnce € ‘+(Ek A2 1/2

~ ~

for Elﬁ> 0, de}E/dEfE]E/elE, Eq. (.A—S)' can

S | (A-5)
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then be ﬁritﬁen es,

f[g(ek Ek g(-e, '15)_]deIE
e :‘, o dg
‘f:[_é(EE,EE) + g‘-%f:%f” T 05

ITIw S(EE, EE)deg

dE, .  (a=6)

I[g(ek Ek) + g( 15 Elf

Wlth the aid of Eq (A— ) we can easily evaluate the various

: integrals which appear in Eq. (A-3). All of the required integrals

[+

are of the form f de 1/2(l+€ /Ek 6(Ek E)g(Ek), and by using (A-6) we

readlly flnd
f de 1/2(1+ € /Ek cS(Ek “E| g(Ek g(E)n ) (A-T)
where p(E) is the BCS feducedvdensity of'States”fﬁﬁetion,

g/ (E2-a2)1/2 E> A

n(E)
=0 ‘ E < A. v (A-8) -

If we assume that thevtunneling matrix element Tk'q and the normal
9

~ o~

metal dens1t1es of states are slowly varylng functions of energy, then

these faétors may be taken outside the integrals in (A-3) and replaced

" by their_averagevvaluesf For this purpose, we define ITk_ 12 = T2 and .

~ o~

N(E) =N(0) n(E), where N(0) is the density of states at the Fermi

surface. After performing the €k integration'end'transforming the eq

~
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integration with (A-6), we find that,

tag, ,»'_%‘.’-f) - 1 S 0y 0 [, 4B ny()
x'{{f(E)-f(E+ev)][nr(Efev) +n_(<E-eV)]
+ fr(-E) - f(ev-E)] [nr(eV—E) +-nr(E—eV)]}T (A-8)

Az)l/gyih accordance with

When n(E) ié redefined as n(E) = IEI/(EQ—
Eq. (3) and when the multiplicative constants in (A-8) are defined by
"Eq. (14), we find
Tnjy (eV/h) = Gy {f, aE gg(g) nr(E+ev)[f(E)-f(E+ev)]
o | - | Casoy.
+ [, 4E n,(E) nr(E-ev)(f(-E) - f(ev-E)}. (A-9)"

If we make the change of variables E+ -E in the. second integral in
(A-9) and also reverse the order of integration, (A-9) can be rewritten
a8,

) Imjl(eV/n) = Gy {de pQ(E)nr(E+eV)[f(E)~f(e+eV)]5

" which, with the change'of'variable E » E-eV, becomes the Giaever

formula, Eq. (1).
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B. Proof that To(Vsa) > I (V) in the Limit, a > =, hw > 0

T

In: the cla551cal llmlt the average or dc current flow1ng in a
nonlinear res1st1ve element: w1th characterlstlc I (V) when biased at a

voltage V+V sin wt is,

, rf

T en/w .
IRF(V) = 2m Io IO(V+V

o¢ Sin wt)dt | (B-l) 

with the chénge oflvériaﬁle'p=wt, (B—l)‘bééomes,f

L 1 2T e
-IRF(Y) 5 o IO(V+Vrf sin p)dp

55 (7 L1 (V+V_ sin p) + I_(V-V_, sin p)lap. (B-2) -

rf

By expandlng the. 1ntegrand in Eq. (B 2) 1n a Taylor in powers of V rf sin p
series about V and collectlng terms we obtain,
S on é:(vo) . o 3
_ d 2n . 2n :
Iep(V) = HZO T""TT e (V)7 [, (sin p)Tap,  (B-3)

where the 6rder:6f summation and integration has been reversed. With

‘the aid of the formula,

-f“ (sin p)°@ dp.=_ﬂ(2n)!/(2nn!)2,
o A

we obtain
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IRF 2

© vV __on on [T (v) R
, nZO (n1)? av®®" S

In order to compare Eq (B—h) with the llmltlng form of the TG
formula we expand the functlons I (V+nhw/e) whlch appear in Eq. (Sh) in
a Taylor serles in. powers of nhw/e about the: p01nt V. The resultant

series may be expressed as,

2r

jor [x (v)] e .
.IT’G_(‘YJ); Zo T_)_ (hw/e) V . | zo X ne Jn(a), (3_5)‘ 3

where
X =2, o, (B-6)

Geldstein,‘Abeles, and Cohe'nh8 héVe shown that the éummation over n may

be expressed by the equation,

. .
. 1 ‘
E X er J2(a),= ——13224—-a2r + terms proportional
n n 2.2r . :
n=0 - } (r1)°2 :
to aer—es agr—h;_etc‘-': (B'7 ) -

In the limit o = o, only the first term in Eq. (B-T7) survives. When

this term is inserted in Eq. (B-5) we find that the resultant series

is the same as that for I__ in Eq. (B-k4).

RF

Forhfiked values of r in Eq. (B-5), the summations over n can be

calculated with the aid of various Bessel function sum rules.. The
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résult”through terms containing the fourth derivative of Iofcan be

written as,

) vy . é 2 .' é | dhi (hw/e)?
Ing(V) - IO(Y) = (V,g/2)° Ja°T /av® + ( p2) R

av

x [0‘2[%‘ - J‘i(a)]— gwl(a)Jo(g) * 'qu(_ﬂa) +1]]}- | (B-8)

Thus, through terms with r=2,

i

Vv 231 2 L

_ rf\T T o (hw/e) 2.2 :
BTp6-0Tgy = () a#%‘. 5= w:[fa To(@) - 2qq}{?)Jq(a).
" hJi(a)+l] v o ,v;v; ‘ . .(B—9) 

—'Vif (d»-hI°>'£ 2(0)2 7. ()T (a)+ < (43%(a)+1)] (B-10)"
=78 ;;ﬂ—" - la) 5 Jptald la 2 lea . - (B-10)
 ha )u th : L 2 3 , v
= ( whg (dvho).[fa_Jo(a)-ea Jl(a) Jq(a)_

 +.&2(hJ§(d)+l)]. | ._ ’ | (B—li)}

From Eqs. (B-10) and (B-11) we can observe the interesting fact that

the difference befween AIT and AIRF + 0 not only in the limit when

G

¢ finite, but also in the limit a + 0, hw/e finite.

o+ © with V
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FIGURE CAPTIONS

Fig.vl.d‘(al'Normalized I-y chafacteristic for'an Sn;I—Ph Junction
calculated from Eq. (l) w1th.the BCS den31ty of states functlon
Eq: (3) Energy gap parameters used were A (0) 0.6 mv,

AP (0) 1.4 mv. |
(b) Normallzed I—V characterlstlc for an Sn-T-Sn junctlon
calculated from Eq (l) ASn( )=O.6 mvV. _.f,

Fig. 2{J Bare current IO(V)_for a 1.31 Q Sn—SnO;éh'juhcticn with:no
microwave power applied. The curreut scale:has been expanded as
indicated. The dashed line labeled BCS shows the theoretlcal
thermal background current predlcted by Eq. (l). |

Fig. 3. Schematic 1llustrat10n of Josephson (a), single particle (b),
ahdjdouble particle (c) and (d) tunnellng hetween two BCS super-
conductors with éap parameters AL and_AR.ldInvthe Josephson

'»(supefcurrent)'tunneliné; the electrons.are'condensed into paifs
ih hoth electrodes, so the currentbflows ohly;if there.exists
zero hias between electrodes. In single—partlcle tunneling, a
pair is broken'up andlone of the two electrcns tunnels. For
non-identical electrodes, the threshold for this process is
eVéAL+AR.lFIn one kind of double-particle tunneling, both‘of the
electfous that comprise a single pair tunnel_through the barrier
into guasi-particle states. The threshold voltage for this process
is el[iAR as shown in (c¢). Another th;particle tunneling process
shown in (d) occurs when two pairs are bfoken‘in the left- electrodev
~ and one member of each pair tunnels through the barrier and then
recohdenses in the right electrode. The threshold for this process

1s.eV=AL.
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h.;.Schematic diagram.of an "ideal éupércondnctOr junction. The
insuletcr is a planar slab of width & and tne‘electrodes are

considered to be much longer'than eithervofﬁthewpenetfaticn lengths,

5. _Sketchﬁof actual crossed—stfip,junction'geometry showing junction

invthe presence of an.rf electric field perpendicular to the plane

;oflthe junbtion. The:dc magnetic fieid'is.in.the~y direction

parallel to the edge of the bottom electrode.

6. End and 51de views of crossed-strlp tunnellng Junction show1ng
difections of rf electrlc and dc magnetlc flelds. | |
7:~]Scnematic oflumpedcircnit-Junction model discussed in
Sectien III-D. The rf:electnic field iépcenéidefed to act as a
voltaée sourcevin.seriecfwithfthe junctionvcabacitance. Iéc is
tne'current éupplied'by the dc Biasﬁend I, [V(t)] is the total time
dependent current flow1ng in the Junctlon ‘ | |

8:’ Mlcrowave reentrant cav1ty w1th tunnel junctlon samples
1nstalled At the sample position, the rf electrlc fleld is
perpendlcular to the sample and the rf magnetlc fleld is . zero.

A static magnetic field can be applied parallel to the common
lcngitudinalJStrip. |

9. Schematic of microwave and electronic equipment used to -

measure the sample characteristics as a function of rf power.

lQ, 1Bare cnrrent-Io(V) and photon-assisted tunneling current for
a é\52 Q Sn-Sn0-Sn junction at a reduced temperature t=0.865. The =
dashed line indicates the BCS theoretical current calculated from Eq. (1).

11. Current I(V) with micrewave power applied for a 6.3 Q



Snisrbeén.junction. The. numbers 1-T7 of the graphs correspond to
o values of l 8, L, 0 5 7 8 0, 11.3, 15. 0 and 18.0 respectively.
a*lB corresponds to P —5 3X10 -3 W dlSSlpated‘ln the eavity.
Fig. 12.. Current»I(V) w1th mlcrowave power applied'for.a 0.35 Q
Sn—SnO—Sn junctlon. The numbers l-h of the graph correspond to
o values of 3.2, 5 5 8.4, and 12.3 respectlvely a=12.3 corresponds

to P —7 95x1o -3

_Wvd1851pated in the cav1ty.

Fig. 13, AI(V,a) derived from the I(V) curves io.Fig. 11. The solid
lihes‘ﬁre tﬁeoretioal curves;celculated froo ﬁq. (SM).. Vo is an
arbitrary voltage'near‘V=éA ehosen for con?enience in dsta reductioh.

p Was determined by fitting curve

The oorrespondenee oetween o and P
T of Fig. 4 at one poiﬁt;r |
Fig. 1h. 'AI(V,d) corresponding to the'I(V)'curves in Fig. 12. The
solid lines are theoretical curves calculafeqnfrom Eq. (54). v, is-
vao-aroitrary voltage oear V=2A chosen for-eonvenience in data

reduction. The correspondence between o and P_ was determined by

D
fitting the graph for 0=12.3 at the point where V-V = -.0b mv.

Fig. 15. AI(V,a) for a 0.69 § Sn-SnO-Sn Junction. The solid lines are
theoretical-ourves calculated from Eq. (54). The curve for a=12.6
'wes,fitted‘to tﬂe experimental PD=5'3X10—3 W data at V—VO='-.OS mV;e
The’dashed line indicétes the theoreticalvq=2.7 graph fitted to the:i
P,=.53x107> W data at V-V = -.03 mV.

Fig. 16. |AI(V,a)] vs P, for the junction of Figs. 11 and 13 plotted
for various values of AV=V—V§ as indicated. The dashed lines

are theoretical and the solid curves are experimental. The a

‘ range'covered in this graph is 0 <o < 5.4. - The linear power
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dependence of IAIl on PD is approx1mately correct for a < 1.

17, AI(V a) for & 6.35 Q Sn-Sn0-Sn junction at a=1.8. M, (V) has

been calculated from Eq. (56)'using Vrf=l.8vhw/e. The points are

.experimental values.

18. .AI(V.d) for a 1.31 Q sﬁ—Sno;sﬁ Junction;..fhe solid lines have

been calculated using the finite capacitance model of Section III-D-

and.K=ll.3. The dashed lines are the TG theory predlctlons from
(54).

. fTYpical_I—V characteristic for a Sn—SnQFPb junction at voltages

near A +A . IO(V) is the measured bare current. I (V) was |

Pb" “Sn TERE g |
derived from Eq. (54) using d=19, and ICE(V)'waé derived from Eq. (57)
for the same value of a. The:points are experimental. IBCS(V) is
the current predlcted by the BCS constant A model |
20; CAT(V,a) derlved from the. measured I-V graphs for the junctlon
of Flg 19 o was scaled as (P ) 1/2 after fitting a theoretlcal |
ALp (V) to measured data at PD‘19 .5 mW (not shown)

21. Compos1te I-V graph of 2.58 Q Sn-SnO- Sn Junctlon at T=1. 2°K
J in zero magnetic field

and current in the first Fiske mode IFl at a magnetic field value

showing zero voltage Josephson current T

for which IJ=O. The arrows indicate the path by which the characteristic

is traced when biased by a current source.

J
dashed line is the theoretical pattern for junction with L < 2AJ

22. I. vs dc magnetic field for a 2.17 Q Sn-Sn0~-Sn junction. The

predicted by Eq. (28). Ip, and I, are the currents observed in the
first two Fiske modes.

23,“ Experimental I-V graph showing Fiske mode constant current

W



Fig.

Fig.
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step§}  Arrows iﬁdicatevthe'pathrby which thé:eharacteristic.is
trécé&:wﬁén'thé'junction ig biased by a current source.

2h;. Miprowavé inducédfstéps_for a junction'in fhevpfeséncé of

L GHZ;fadiatioh. Thié'juhctioﬁ has a 1argé non—tunneliné cufrent 
compoﬁent which{can_bé Seén at bias voltagéé,]VI > hopv.

25,1'13 Vs (PD)l/'2 for a 2.17 Q Sn-Sn0-Sn Junction. The solid
line:ié'the1experiméntaliy measured graph ana_the aashed line
réprésents_a JO(2d).function fittéd at bothlends of the experimentél

trace..
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: ' '

. A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages

resulting from the use of any information, apparatus, method, or
process disclosed in this report. :

As used in the above, ''person acting on behalf of the Commission’’ -
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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