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Microwave Photon Assisted Tunneling in 
Sn-I-Sn Superconducting Tunnel Junctions 

J. N.Sweet and G. I. Rochlin 

Department of Physics,·Uni~ersity of California 
and. 

Inorganic Materials Research Division, 
Lawrence Radiation Laboratory, 
Berkeley, California 94720 

.ABSTRACT 

UCRL-19160 

We have made an experimental study of comparatively. low 

frequency (3.93 GHz) microwave-photon assisted quasiparticle 

tunneling in superconducting Sn-I-Sn tunnel junctions. The 

junctions were situated in a perpendicular rf electric field 

with microwave voltages satisfying the condition eV f/hW < 18. r _ 

Excellent agreement with the rf power dependence predicted 

by the theory of Tien and Gordon has been obtained for 

junctions with normal resistances ~ 1 ohm, although the 

calculated junction cavity fields remain an order of 

magnitude below field '/aluesneeded to fit the data. As 

the junction resistance is decreased, agreement remains good 
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,at high rf nower levels but systemati c discrepancies between 
.~ 

theory and experiment occur at lower povrer levels, The 

interaction of microwave radiation with the zero voltage 

Josephson current bas also been studied on the same junc-

tions, and the response compared to the theoretical predic-

tions of vlerthamer, In this case quantitative agreement 

with the theory is generally poor and does n~t appear to be 

correlated with'sample resistance, 
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I. INTRODUCTION 

The Cluasiparticle tunneling currents which flow through an 

insulating layer between two supercona.uctors can be profoundly 

altered when time varying electromagnetic fields are present in or 

near the barr2,er region. The exact form of the modified Cluasiparticle 

tunneling characteristic depends on the applied micro.rave frequency 

wand the quantity a :::: .eVr/hw, where Vrf is the magnitude of the 

effective microwave voltage appearing across the oxide barrier. This 

inelastic process may be thought of as o photon assisted tunneling, in 

which the quasiparticles absorb or emit one or more photons while 

tunneling through the insulating layer. 'For a junction com:9osed of 

two identical superconductors, the tunneling current will, in general, 

be increased for applied dc bias voltages V < 26/e and decreased for 

V > 2f!.le, where 26 = the superconducting energy gap. The exact form 

of the modified current for this system at a given temperature depends 

only on the parameters wand a. 

We have made a series of detailed photon-assisted tunneling 

measurements utilizing compara.tively low frequency (3.93 GHz) micro

waves and high quality Sn-SnO-Sn junctions. Our results are in 

good agreement with the theoretical predictions of Tien and Gordon1 

when junction resistances are > 1 ohm.' Using a single adjustable 

parameter to scale the rf power, we are able to construct an excellent 

detailed fit to the theoretical power dependence of the tunneling 

current as a function of bias for experimentally determined values 

ofa as large as 18. Systematic deviati..ops from the theory, which 

are observed for lower resistance junctions, are not correlated with 
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excess currents but solely with j~nction resistance. Similar studies 

of the interaction of the dc Josephson
2

,3 current with the rf field, 

on the same sample, show much worse agre0ment'with theory. In 

particular, 'values of a derived from the quasiparticle tunn'eling 

data do not correspond to those necessary to fit the rf pOl-ier 

dependence of the dcJosephson current. 

"Section, II of this paper contains a review of previous discussions 

of photon-assisted tunneling and of the basic theory'. Experimental 

techniques are discussed in Section III and experimental results and 

data analysis are contained in Section IV. Our conclusions are 

presented in Section V. 

II. THEORY 

Superconducting, photon-assisted tunneling experiments were 

first reported by DayeriJ. and Martin
4 

and subsequently analyzed theoreti

cally by Tien and Gordon. l In the Dayem~Martin experiments, measure-

mentswere made on Al-Al20
3
-In junctions at a frequency of 38 GHz, 

with estimated values of a < 2. The observed characteristics were in 

qualitative agreement with .the Tien and Gordon (TG) theory, but 

several quantitative discrepancies existed. .Cook and EverettS 

subsequently conducted experiments on photon-assisted tunneling at 

36 GHz in an attempt to verify the TG theory in detail. They compared 

their meas'J.red conductances, dIldV, with the theoretical predictions of 

the TG theory by using a as an adjustable parameter which scales as 

(P
rf

)1/2, where P
rf 

is the applied microwave power. They were not 

able to achieve good fits to their data with the basic TG result 

, 
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(Eq. (4) below), but by modifying the theory in a somewhat arbl trary 

manner they improved the fit for experimental values of a ~ 3.· 

6 However, as first pointed out by Buttner and Gerlach, Cook and 

Everett's modification of the TG theory is not consistent with more· 

general theories of interaction between junctions and alternating 

fields. 3,1 We shall show that the Werthamer 3 theory of coupli ng 

between radiations fields and junctions reduces exactly to the TG 

result when a spatially uniform microwave field at a single frequency 

w is present in the barrier region. In addition, Goldstein, Abeles, 

8 and Cohen have investigated the interactions of various types of 

junctions with longitudinal micrOYTave phonons and photons at fre-

quencies from 3 to 9 GHz with experimentally fitted values of a < 6. 

Their experimental results were compared to the predictions of the 

TG theory and in many cases they obtained relatively good quantitative 

agreement. However, their results for some samples showed marked 

deviations from the theory.· 

In the basic theory, as developed by Tien and Gordon, it is 

assumed that an rf electric field perpendicular to the plane of the 

barrier-superconductor interfaces causes an effective rf voltage, 

vrf = Vrf cos wt, 

to appear across the junction. The result derived by TG for the de . 

current I flowing in a junction biased at a dc voltage V is 

00 00 

J [f(E-eV - nnw) - f (E)] 
n=_OO _00 
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Here G
NN 

is the junction conductance when both films are normal~ 

a == eVrf/hw, J is the ordinary Bessel function of the first kind of 
n 

order n, and f is the Fermi factor. Nt and Nrare the quasiparticle 

energy densities of states in the left and right hand films respectively 

measured relative to p(O), the 'density of states at the Fermi surface. 

The. integral in Eq. (2) is just the quasiparticle tunneling current 

expression of Giaever9 evaluated at a voltage (V + nhuJ/e), and hence 

we rewrite Eg. (2) as 

reV) .-
00 2 . I J (0.)1 (V + nnw/e) ~ . no· n=-oo 

where reV) is the qllasiparticle tunneling current at V in the absence o 

of a.microwave field. Usi'ng the relation J (a)=(-l)nJ (a), Eq. (3) 
-n n 

may be rewritten in the form 

00 

22' 
I(V)=::J-(a)r (V) + \' J (0.)[1 (V+nnuJ/e) + I (V-nhw/e)]. 

o 0 n~l n 0 0 

, ,8 
In the limits nw + 0, a + 0, (4) becomes 

I(V) -'~ :i: (V) + 
o 

2 2 
(Vrf ) dIo(V) 

4 dy2 

2 Since Prf ~ Vrf ' the low-power-level current deviation, 

nr (V) = I (V) - I (V), 
o 

is directly proportional to the applied rf power. 

The bare current, I (V), in an 8-1-8 junction at temperatures 
o 

(4 ) 

(6 ) 

T«Tr~mains small until V ~ 211/e. The tunneling current then rapidly 
c 

increases to a value 'J (2~+oV) ~ 7T~GN/2e--ln a voltage interval 

• 

• 
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oV ~ 2M15e centered about V=2Me. For most types of 8-1-8 junctions 

oV _ 100 llV. From the second term of Eq. (4) jt can be seen that the 

current at V depends on the bare current at .. all points V ± nhw/e. For 

hW/e « OV, the deviation, f.,I, will be a smooth and monotonically 

increasing function of a. "Ylhen hw/e > oV, a steplike structure will 

appear in the ICV) curve at voltages (2f., ± nhw)/e. This structure 

is caused by the steplike increase in current at V=2f.,!e contributing 

to one. of the terms in the summation in Eq. (4), and has been discussed 

. . 1 3-5 
prev).ously. ' 

The original TG result, Eq. (3), may also be obtained. from the 

more general electromagnetic coupling theory of Werthamer3 if we 

assume that only a single ac voltage, Vrf cos wt, appears across the 
.. 3 

barrier. We begin with Werthamer's Eq. (34) which gives the time 

dependent single particle current density in the presence of the 

perturbing potential (1); 

00 

r{t) = rm 2 J (a)ei(n-n')wtjl(n'w_ev/h), 
ti,n'=':'oo n 

where 

(8 ) 

~(w) is a spectral weight function, given in the BC810 approximation 

by 
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where k and q are plane wave states on the left and right sides of the 

barrier; and 0" is a spin index. E::k is a bare particle energy measured 

relative to the Fermi energy, and ~ is the quasiparticle energy, 

defined as 

(10 ) 

where t\.. is the energy gap parameter for wavevector k. ',The .time 

independent (dc) compoll';mt of Eq. (7) come s from the term for whi c h n=n';, 

(11 ) 

The imaginary part of the current amplitude (8) can be evaluated with 

the a.id of the relation, (W'+iO+)-l:p(l/W') - ilTo(w'), (P::principal value). 

After the spin summation is performed, the result is, 

4elT 
h 

00 

J dW" [f(w") -f(w'+w")] 
_co 

x ~ (w'+w") Aq(W"). 
- -

Equation (12) is a general form for the single particle tunneling 

.current.ll If the tunneling matrix elementTkq is considered to be 

--

(12 ) 

constant and Eq. (9) is used for ~(W'), we may evaluate Eq. (12) by 

converting the sums over ~ and ~ to integrals and evaluating the k and wIt 

integrals. This reduces Eq. (12) to the Giaever formula,9 

00 

f dE Nt(E-eV)Nr(E)[f(E-eV) - f(E)]dE, 
_co 

(13 ) 

where 

• 

• 
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(14 ) 

and the reduced density of states function i? given by 

N. (E) 
]. 

== o 

Equation (11) is exactly equivalent to Eq. (3), the original TG formula. 

The interaction of the dc Josephson current with the microwave 

field may. also be derived from the general formulation of Vlerthamer. 3 

If the micro-wave frequency satisfies the condition hw «26 and the 

rf voltage is such that eVrf «26, then the zero voltage dc Josephson 

current is given by 

sin <P J (2a), 
o 0 

(16) 

where IJ(O) is the dc Josephson current in the absence of an applied 

rf voltage and <Po is the dc Josephson phase factor. Thus the Josephson 

current should be an oscillatory function of rf voltage with its 

first zero at a == 1.2. 

The basic results of the theory described above may be summarized 

as follows. Assuming that the net effect of a perpendicular rf electric 

field is to induce a homogeneousrf voltage across the barrier region, 

then the modified quasiparticle current should be governed by Eq. (4), 

where I (V) is taken to. be the measured bare current in the absence of 
o 

the rffield. Presumably the dc Josephson tcnneling current sees the 

same rf voltage, and its response should be governed by Eq. (16) . 

. , .... ': 
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Therefore the response of I J should be correlated with the response of 

the quasiparticle current. 

III. EXPERIHENTAL DE'l'AILS 

The Sn-SnO-Sn junctions used in our'experiments were prepared by 

vacuum deposition of thin tin strips onto a clean glass substrate which 

is ·1.3xIO-2 cm thick and 1.52 em in diaIneter (see Fig. i). An 0.16 rnm 

wide ~ongitudinal strip ~ 2000 A thick was deposited first and then 

oxidized in pure oxygen at a pressure of approximately 1/3 atm. The 

oxidation time was varied from'12 to 36 hours. Low resistance junctions 

were oxidized at rOQm temperature, ,while heat was applied .1hen high 

resistance junctions were desired. In general, a 12-hour oxidation 

at3000K would produce junctions .,ith 4.2°K resistances in the milliohm 

range., while a 24-hour oxidation using two heat lamps (standard 250 v.T 

infra':"red flood lights, approximately 3 ft. from the oxidation be11jar) 

would produce resistances in the r.ange 2-10 rl. Following oxidation, 

three 0.16 nun wide cross strips ~2000 A thick were deposited perpendicu-

lar to the longitudinal strip so as to form three tunnel junctions on 

the glass substrate. Evaporation pressures were usually kept in the 

range 2xlO-7 - 9xlO-7 torr and evaporation rates were in the range 

5-10 A/sec. We observed no correlation between final junction quality 

and evaporation pressure or rate. 

Electrical leads were then attached to the sample with silver 

. 12 
conducting paint, and the substrate was installed on the large end 

wall of a reentrant coa.xial microwave cavity, as shown in Fig. 1. The 

cavity could be tuned in the range 3-4. 3--CHz by moving the center plunger 

and was excited by a coaxial coupling loop. The sample location in the 

• 
, 

• 
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cavity was such that the rf electric field was perpendicular to the 

plane of the junctions, while the rf magnetic field was approximately 

zero. Static magnetic fields up to 20G could be applied with a smaIl 

Helmholz coil pair placed outside the cavity. The cavity and magnet 

were enclosed in a superconducting shield can to minimize the effects 

of stray rf and magnetic fields, and the entire assembly was immersed 

directly in the liquid He
4 

bath to insure thermal equilibrium. 

,Most of the experiments were done at temperatures near 1.2°K 

in order to minimize the effects of microwave heating on the h'elium 

in the cavity. Below the A-point the hel,ium density changes only a 

small amount as the temperature increases; and hence the helium dielec-

tricconstant (which varies line,arly as the density) remains approximt.tely 

constant. Above the A-point the density varies rapidly with temperature, 

and the rlilsul tant dielectric constant variation can lead to appreciable 

cavitydetuning if the bath heats up during a run. Measurements could, 

however, be made above the A-point as long as the microwave power 

dissipated in the cavity, P
D

, was kept below 3xl0-3 W. Whenhigh 

temperature data were taken, the bath temperature was regulated to 

within a fewmillidegrees Kelvin with an ac Wheatstone bridge temperature 

'1 t 13 regu, a or. 

The electronic equipment used was all of standard design and is 

illustrated schematically in Fig. 2. Microvrave power was supplied by 

a tunable General Radio l36o-A microwave oscillator. While I-V 

measurements were being made, incident and reflected microwave powers 

were monitored with a Boonton 41A-R microwattmeter to insure that the 

microwave field strengths in the cavity remained constant. 

:"i. 
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IV. EXPERIMENTAL RESULTS 

The response of the Sn-SnO-Sn junctions to the perpendicula~~ rf. 

electric field "las measured at various paver levels and compared to the 

response predicted by ECl. (11). The method of data analysis used was 
'. '. 8 

basically similar to that described by Goldstein) et al. 'The bare 

current I (V) was taken to be the experimentallY determ:i ned current vith o 

zero rf power applied (cf Fig. 3). The current ICV) was the~ computed 

numerically from Eil. (4), using terms up to n=lOO in the calculation. 

The experimental current deviations, llI,·vere determined from I-V chart 

recordings on which 1:1 group of ICV) graphs were superimposed on an 

I (V) graph. Voltage differences were measured to an accuracy of 
o 

± 2~V using a horizontal voltage scale of 50 ~V/inch. The current 

deviations, llI, were measured to an accuracy of approximately 3% of 

the maximum deviation at any given bias. The resistance parameter, 

R=l/GNN,for each junction was determined by fitting the measured 

I (V') for V>2t:./e to the value of RI predicted from Eqs. (13)-(15). The o 0 

value of 211 was determined using a method discussed by Rm'rell.
14 

The excess currents15 flowing in the junction were measured by 

subtracting the theoretical thermally-excited background current from 

the measured current at voltages V<211/e, as shown in Fig. 3. 'l'he current 

rise at V=ll/e discussed by Rowell and Feldman15 is quite evident in ' 

this figure. Finally, the response of the dc Josephson current to both 

microwave power and a static magnetic field were measured. All junc

tions retained for analysis
16 

showed good magnetic field diffraction 

patterns,l? although those with R ~2n frequently showed only one or 

• 

• 

• 
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two sidelobes. All junctions tested were in the non-self field limited 

. ·18, th 1 t' . b t th J h t .' d' t reglme, l.e., e re a lon e ween" e osep son pene raG10n lS ance 

A
J 

and the dimension L of the junction perpendicular to the magnetic 

field was always such that L ~ 2AJ' 

Typical graphs of the single particle tunneling current response 

to a 3.93 GHz (hw/e=16.3]JV) field are shown in Figs. 4 and 5 for the 

highest and lowest resistance junctions used in our experiments. The 

current deviations, 61, determined from Figs. 4 and" 5 are plotted in 

Figs. 6 and 8 respectively, while LlI(V) f()ra junction of intermediate 

resistance" is shown in Fig. 7. The solid curves in Figs. 6-8 are the 

theoretical values of 6I(V) derived from Eq. (4). 

The correspondence behleen "the microwave po"rer, P D' and a was 

determin"ed by fitting at only one point for each junction, If P 
Dm 

was the microwave power dissipated in the cavity at the highest power 

level used, then aci' the value of a corresponding to PDrn , was deter

mined by fitting the theoretical 6I to the experimental 61 at the" 

point of maximum deviation. All succeeding theoretical M(V) curves 

were then calculated using by a's determined from the relation, 

The agreement between theory and experiment is excellent in the 

limit of high junction resistance for al::"values of PD, as can be seen 

from an inspection of Fig. 6. For junctions with resistances> I ohm, 

the exact point chosen to fit the data made little difference in the 

ultimate value of am determined from the fit. In Fig. 9, 161 I for the 
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sample of Figs. 4 and 6 is plotted vs microwave power corresponding to 

o ~ ~. :55.4 for various dc vol·tages measured from V=26/e. The agree-

ment between theory and experiment is quite good for high resistance 

junctions even in the limit of small a. 

Figure 9 shows that the low rf power limit result, 1611 IX P
D

, 

predicted by Eq. (5) is'valid only in the range a < 1. For larger a, 

deviations from linear power dependence are quite pronounced. 

For low resistance junctiops, agreement bet.reen theory and experi-

nient becomes progressively worse, as shmm in Figs. 7 and 8. As 

junction resistance decreases, deviatIons from the theory occur first 

at t~e lowest microwave power levels. For very low resistance jlli~C-

tions (c~ Fig. 8) the theoretical and experimental 61 at high microwave 

power levels agree only in the region near V=26/e. A comparison of 

Figs. 4 and 5 indicates the differences behTeen the I-V characteristics 

of high and low resistance junctions respectively. 

In an attempt to improve the agreement between theory and 

experiment for the low resistance junctions, we tried to determine 

a by fitting at low microwave powers as indicated by the dashed line 
m 

in Fig. 8. a at higher power levels was then calculated from Eq. (17). 

Although this improved the small a agreement somewhat, the deduced fits 

for large a were then extremely poor. Although one can achieve a 

fairly gooe!. fit in this manner at voltages where 1611 is near its 

maximum, the agreement far from these voltages becomes progressively 

worse. Attempts to improve the low resistance junction fits by 

modifying the bare current, 1 (V), used in the theoretical calculat:ion 
o 

• 

! 
, ! 

tl ! 

.. I 
! 
I , 
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Were also uns"eccessful. The agreement betveen theory and e.>.-:pcriment 

improved at higher temperatures for the low resistance junctions, but 

for sufficiently small values of a deviations ahrays occurred. 

Since excess tunneling currents Cat voltages V < 2f:,/e) usually 

increased relative to the thermal background current as junction 

resistance decreased, it was suspected that these excess current~ might 

be responsible for deviations from the TG theory. Hovever, several of 

our junctions in the intermediate resistance range had unusually high 

~ excess currents (> 10 x thermal background), but the response of these 

junctions agreed more closely with the t1).eory than that of the very 

lowest resistance junctions. \-Te conclude that junction resistance is 

the relevant parameter in describing how well experimental response can 

be described by existing theory. 

The response of the dc Josephson current, 1J' to the microwave 

field was strongly sample dependent, and was not in good agreement with 

the theory. The experimental values of CI. for which the first zero of 

1J occurred, Cl.
J

, were determined from Eq. (17) by using values of Cl.
m 

and 

PDm determined from the single particle current response data together 
/ 

with the measured PD at which 1J=O. The values of Cl.
J 

determined in this 

manner ranged from 0.19 to 10.4, as compared to the theoretical value 

of 1.2, and they ,Tere not correlated with junction resistance or 

excess current. The observed functional dependence of 1
J 

on CI. is also 

not well described by Eq. (16). Although some of our junctions did 

exhibit an oscillatory dependence of 1J on microwave power, in most 

cases I J remained zero for all rf powers:....in excess of that necessary 
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to achieve the initial null. Instabilities in IJ,similar to those 

18 reported by Dahm , et al., were also observed at certain microwave power 

levels for low resistance junctions. 

From a knowledge of the microwave cavity Q, cavity coupling factor, 

and incident power, we were able to calculate the bare electric field 

in the cavity at the sample position for a given value of dissipated 

20 
power PD' . If we assume that (V rf ) = IE fll, where l=o~ide thickness 

-r . 

(~ 10-30 A) and ~rf is the RMS electric field on the IPicrowave· cavity 

axi.s, then the value of (V rf) can be estimated and compared to values 

determined from fitting the observed single particle tunneling data. 

In general) we observed that the values of (Vrf ) determined from PD 

were at least one order of magnitude less than the V f values determined 
r . 

from CJJtw/e. This result is consistent with previous observations of 

- 2 3 21 
the effects of microvTaves on tunneling currents. " In addition, 

t d · . f If t t t . J h . t' 22,23 h 1 d s u les 0 se resonan s ruc ure ln osep son Junc lons ave e 

to estimates of the dielectric constant for the barrier oxide, t >4 

at· microwave frequencies. The microwave voltage should therefore be 

reduced by a factor £-1 relative to its empty cavity value. This 

correction will increase the discrepancy between the estimated (V rf ) 

and the calculated value of CJJtw/e. 

At a fixed microwave power level all samples would be expected to 

see approximately the same rf voltage for a given value of PD, since 

the barrier thickness is essentially constant for an order of magni-

tude change 
24 

in resistance. Experimentally there was a small spread 

in (). values required to fit the quasipar_t;icle i(v) data for the different 

junctions at the same microwave power level. For example, the derived 

• 
\,/ 
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1 f d · t p 5.3 x .10-
4 17 11' tb . th va ues 0 a correspon lng ·0 D = _ ~ were a Wl 11n e 

range a =4.3 ± 1.2. This range can be seen to be much smaller than 

spread in a values for which I
J 

reaches its first null. There was 

apparently no correlation between junction resistance and the value of 

a necessary to fit the quasiparticle I(V) data for a fixed P
D

' even 

for junctions on the same substrate. 

V •. CONCLUSIONS AND DISCUSSION 

It would appear that the Tien-Gordon theory of photon-assisted tunneling 

between superconductors-appears to provide an exact description of 

the low frequency (hw « 26/15e) rf power dependence of the current 

when the junction resistance is large. As the junction resistance is 

decreased,however, agreement between theory and experiment becomes 

progressively worse for low microwave power levels, although very 

good agreement can still be obtained in the high rf pOl·rer li:ni t . The 

excellent agreement between theory and experiment in the high resistance 

limit justifies the use of the measured bare tunneling current I (V) 
a 

as the actual single particle tunneling current to be inserted in 

Tien-Gordon result Eq. (4). 

Since all the sample junctions .rere prepared in an identical_ 

manner, except for oxidation time, the variations in the actual 

strength-of the coupling between the junction and the rf field may be 

determined 'by the condition of the oxidel:arrier at the edge of the 

junction~ which will vary from sample to sample in an unknown way, 

leading to a spread in experim~~ntal a values for a given rf power 

level. The order of magni tudeji discrepancy observed between calculated 
,::-Yl 
<,1 
, , I:~I-; 

.~, ... 
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and actual microvrave voltage across the junction has previously been. 

ascribed to a strong impedance mismatch between the microwave cavity 

and the junction. 3 Hm,rever, if microwave power is reflected from the 

junction because of an impedance mismatch we would expect that the 

effect~ve rf voltage across the junction would be smaller than the 

rf voltage across an equivalent length of the bare cavity. This 

would lead to a > a ff' where a· is determined from rf power cav e cav 

measurement anda
eff 

from I-V curve fitting. Since experimentally 

a
cav 

< a
eff

, some alternative explanation is required. If one assumes 

that the bare rf voltage appears across the jilnctionelectrodes, then 

one must also assume that the junction barrier has an effective thickness 

> 3QO A to accoupt for the observed values ofa
eff

. 

The experimental data on the interaction between the rf field and 

the de Josephson current is not well described by the theory. The 

failure of Eq. (16) to properly describe the ~ dependence of I
J 

implies a systematic breakdovm of the theory. The wide spread in a
J 

values for different samples indicates that sample variables (such 

as the microscopic condition of the junction boundary or film surface 

roughness) need to be accounted for. The deviation of a
J 

values from 

the theoretically predicted value of 1.2 might also indicate that the 

interaction between the electromagnetic field and the Josephson current 

differs in some way from the quasiparticle-field interaction. 

• 
v 

~ 

I' 

• 



'v 

(-i 

-19- UCRL-19160 

ACKNOHLEDGENENTS 

The authors would lik0 to express their thanks to Dr. S. A. St.erling 

for many informative discussions concerning the theory of photon,.

tunneling current interact.ions. Thanks are also due to Dr. J. Clarke 

for many interesting discussions about the properties of Josephson 

Junctions. 

This work was performed under the auspices of the U. S. Atomic 

Energy Commission. 

'. • I . . 



-20- UCRL-19160 

REFEPJi~NCES 

P. K. Tien and J. P. Gordon ~ Phys. Rev. 129~ 647 (1963). 

2. B. D. ,Tosephson, Phys. Letters l~ 251 (1962) . 

3. N. R. l..Jertharner, Phys. Rev. 147~ 235 (1967) . 

4. A. H. Dayem and R. J. Martin, Phys. Rev. Letters ~, 2)+6 (1962). 

5. 

6. 

7. 

8. 

C. 

H. 

E. 

Y. 

F. Cook and 

Buttner and 

Riedel, Z. 

Goldstein, 

G. E. Everett ~ Phys. Rev. 159, 374 (1967) . 

E. Gerlach, Phys. Letters 27A, 266 (1968). 

Naturforsch. 19A, 1634 (1964) . 

B. Abeles, and R. W. Cohen, Phys. Re"v, 151, 

9. r. Giaever and K. Megerle, Phys." Rev. 122,1101 (1961). 

349 (1966). 

10. "J. R. Schrieffer~ 'l'heory of Superconductivity (W. A. Benjalnin, Inc:. , 

N.Y., 1964) p. 123." 

II. W. L. McMillan and J. M. Rm{ell in Superconductivity Vol. I, edited 

by R. D. Parks (Marcel Dekker, Inc., N.Y. 1969) pp. 575-576. 

i2. G. I. Rochlin, Phys. Rev. 153, 513 (1967). 

13. G. 1. Rochlin, J. Appl. Phys.January 1970 (to be nublished)." 

14. W. L. McMillan and J .. M. Rowell in Superconducti vi ty Vol. I, op. cit., 

pp. 595-597. 

15. J. M. Rowell and W. L. Feldman, Phys .. Rev. 172~ 393 (1968). 

16. Using the junction fabrication techniques described in Section II, 

17. 

18. 

19. 

our yield of usable junctions was almost 100%. 

J. E. Mercereau in Superconductivity Vol. I, op. cit. pp. 393-403. 

c. S. Owen and D. J. Scalapino, Phys. Rev. 164, 538 (1967) . 

A. J~ Dahm,A. Denenstein~ T. F. Finnegan, D. N. Langen ber g ,. and 

D. J. Scalapino, Phys. Rev. Letters 20, 859 (1968) . 

20. T.Moreno Microwave Transmission Design Data (Dover Publications 

Inc., N.Y., N.Y. 1948), chapter 13. 

v 

:"\ 

i 

i 
" I 



,., 

V 

-21~ UCRL-19160 

21. S . Shapiro, A. R • Janus, S . Holly, Rev . Mod . Phys. )6, 223 (1961~); 

S. Shapiro, Phys. Rev. Letters 11, 80 (1963). 

22. R. E. Eck, D. J. Scalapino, B. N. 'l'aylor, Phys. Rev. Letters 1:.1, 

15 (1964). 

23. D. N. LanGenberg, D. J. Scalapino, B. N. Taylor, R. E. Eck, Phys. 

Rev. Letters 2, 294 (1965). 

24. I. Giaever in Tunneling Phenomena in Solids, Edited by E. Burstein 

and S. Lunr.1quist, (Plenu.rn Press, N. Y., N; Y., 1969), pp. 20-23. 

','. ,:. 



-22- UCRL-19l60 

FIGURE CAPTIONS 

Fig. 1. HicrOl-lave reE;!ntrant cavity with tunnel. junction samples 

installed. At the sample position, the rf electric field is 

perpendicular to the sample and the rf magnetic field is zero. 

A static magnetic field can be applied parallel to the common 

longitudinal strip. 

Fig. 2. Schematic of· microwave setup and electronic equipment 1:lsed 

to measure the sample characteristics as a function of rf power. 

Fig. 3. Bare current I CV} for a 1. 31 n Sn-SnO-Sn junction with no . 0 

micrOl'Tave power applied. The current scale has been expanded as 

indicated. The dashed line labeled BCS shows the theoretical 

thermal baCkground current predicted by Eq. (13). 

Fig. 4. C~rrent I (V) with mi crow~ve. f'OI-Ter appli ed for a 6.3 n Sn-SnO-Sn 

. junction ... The munbers 1-7 of" the graphs correspond_ to a values of 

1.8, 4.0, 5.7, 8.0, 11.3, 15.0, and 18.0 respectively. 0.=18 

corresponds to P
n

=5.3xIO-3 W dissipated in thec~vity. 

Fig. 5. Current I(V) with microwave power applied for a 0.35 n Sn-SnO-Sn 

junction. The numbers 1-4 of the graph correspond to CI. values of 

3.2,5.5,8.4, and 12.3 respectively. 0.=12.3 corresponds to 

Pn=7.95xIO-3 W dissipated in the cavity. 

Fig. 6. ~I(V,o.) derived from the I(V) c~rves in Fig. 4. The solid lines ~ 

are theoretical curves calculated from Eq. (4). V is an arbitrary 
o 

voltage near V=2~ chosen for convenience in data reduction. The 

correspondence between a and Pn was determined by fitting curve 7 

of Fig. 4at one point. 

Fig. 7. 6I(V,o.) corresponding to the ICV) curves in Fig. 5. The solid 

.. ~ , 
T, ! ,t.: 
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lines are theoretioal curves calculated from Eq. (1.1). 
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V is 
o 

an arbitrary voltage near V=26 chosen for conveniencE: in data 

reduction. The correspondence between a and PD was determiried .. 

by fitting the graph for a=12. 3 at the point where v-v =-.04 mV .. 
o 

Fig. 8. lll(V,a) for a 0.69 n Sn-SnO-Sn junction. The solid lines are 

theoretical curves calculated from Eq. (4). The curve for 

. '. -3 
a=12.0 was fitted to the experimental P

D
=5.3xlO W data at 

v-v = -.05 mV. The dashed line indicates 'the theoretical 0.=2.7 
<) 

-3 graph fitted to the P
D

=.53xlO W data at -I-Vo= -'-.03 mY. 

Fig. 9. IM(v,a)1 vs P
D 

f4Jr the junction of Fig::.. 4 and 6 plotted for 

various values of 6V=V-V
o 

as indicated. The dashed lines are 

theoretical and +.he solid curves are experimental. The a range 

cover,ed in th';'s graph is a < a ~ 5.4. The linear power dependence 

of/6 II on PD is approximately correct for a .;:: 1 . 
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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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