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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, University of California
: - : and. . o
‘Inorganic Materials Research Division,

Lawrence Radiation Laboratory,
Berkeley, California 9L720

- ABSTRACT

' Wevﬁavé'made an éiperimental spudy of ccmparativé1y low
fféquenc& (3.93 Gsz microwavé—phofon éSsiéted-qgaSipartiéle'
: funnéling'in sﬁpércondﬁéting Sn—I—Snvtunnel Junetions. = The
ljunctibns weré sitﬁatéd in a perpéndicular rf electric field
with microwave Voltagés‘satisfying the condition eVrf/hw < 18,
Ex¢éilent‘agreémént wifh the rf power aepeﬁdencg’prédicted
by the theory of Tien and Gordon has been obtained for
'Junétidns withvnormal,résistanqes 2 1 ohm, although‘the
cﬁléuiatédvjunction cavity fields.remain an order of
megnitude below field values needed to fit the data. As

the junction resistance is decreased, agreement remains good
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at high rf prér levels but systematic discrepénciesfbetween

tﬁeory ana expefimént occﬁr at 1owér pover leveié. The - .
. interaction of microwavé radiation with thé zérovvbltage

Josephsdn current has aléo béen studied on the same jﬁnc;- | o
pioﬁs; and the responsé_comparéd to thé theoretiqal prédic-

tions of Wérthamer; In this case guantitative égfeement
withrthe'théory_is‘génerally.pboruand does ndt appear to be

correlated with sample resistance.
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I. INTRODUCTION
The Quasiparficlé tunneling currents which flow through an
insulating layer‘bétweén two supérconductors can be profounaly
altered when time varying eléctromagnétic fields are present in or
neﬁr the barrier region;' Thé éxact fofm of the modified quasiparticle
| tunneling charactéristic dépends on thé applied‘microwave frequenéy
w and'the.quantity d = éVrf/hw; Whéré Vrf is thé ﬁagnitude of the
effective microwavé‘voltagé appearing across the oxide barrier. ‘Thié
ineiaéfic procéss may bétthéuéht of'as“photon assisted tunnéling, iﬁ
which thé'éuasiparticles ébsorb'or‘émit one ér more éhotbns while
tunneling through thé'insﬁlating layér. ‘For a junction composed of -
two identical supércondﬁctors; thé tunnéling currént will; in general,
be incréaééd for ;ppiiéd dc bias voltagés V < 20/e and décreased for.
V.;‘QA]é, whéré 20 = thé.supércdnaﬁctiﬁg energy gap. The exact-fofm
»of the“ﬁﬁdified‘currént for this system at a given fémperature depeﬁds
only,on‘thé'parameféfs w and d.’ | |
 Wévhaye made a séries of détailéd photon—assisted tunneling

méasurements utilizing comparatively low frequency (3.93 GHz) mi cro—

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

goodvagreémént with thé“theorétical prédictions of Tien and Gordonl
when junction fésistancés are > 1 ohm. Using a single adjusfable
parémetéf to scalé thé rf.powér;wé‘aré aﬁlé to ééhstruct an.éxcelleht
détailéd £it fo thé théorétical powér dependence>of fhe tunnéling
current as a function of bias for expériméntally défermined_values
_of.d.as iafgé as 18. Systématic deviations frpm'the.theory; which
arevobserVéd for 1bwér resistance.juhctions, are pbt correlated with
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excess currents but éolély with junction resisténce. Similer studies
of the inféraction of thé de Joséphsong’3 cﬁrrent with the rf field,
on thé same sample, show mﬁch worse agreement with theory. In
particuiar,'values of d derivea ffom the quasiparticle tundéling
data do no£ correspond to those necessary to fit.the rf.powef '
dependencelof thé dﬁ'Jéséphson cufrent.

'Section-il’of this papér contains a review of previous discussions
‘of photgn;assistéd tﬁnne1ing and of thé basic theoff.. Experiﬁental._
techniques aré discusséd.in Section iII and experiﬁental resﬁlts and
data analysis are contained in Séction IV. Our conclﬁsions ére
presentedvin Séction V.

II. 'THEORY

Supeféonducting,'photon—assisted.tunnéling experiments were
- first reported by Dayém and Martinh and éubsequently aﬁalyzed theoreti-
_cally'ﬁy Tien and Gordon.l' In thé Dayem;Martin expériments, measure-

'mentsfwere'made on A1-A1,0_~In junctions at a fre@uency of 38 GHz,

3

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

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

sevéral,Quantitativé discrépanciés éxistéd. ,Cook and Evérett
subsequently conducted éxperiments on photon-assisted tunneling at

36 GHz iﬁ aﬂ attempt to vérify the TG theofy in detail. They ébmpafed
their measuréd condﬁctances,_dI/éV,'with the théorétical predictions of

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

(Prf)lze, where P . is the applied microwave power. They were not

sble to achieve good fits to their data with the basic TG result -
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(Eq. (k) below), but by modifying the theory in a s@mewhat arbitrary
mannér they'improvéd thé fit for éxperimentalvvalges of d < 3.
However; as first pointed out by Buttnér and Gerlach,6 Cook and
Everett's modification of the TG théory is not consistent with'@ore'
general thebriés 6f interaction bétweénvjunctions_and alfefnating_

fields.3’7’ We shall show that the Wérthamer3 theory of coupling

 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, Abelies,

and Cohen8 have investigated the interactions of various types of

Juhctions with 1cngitudinél microwave phonons and photons at fre-

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

~ Their experimental results were compared to the predictiohs of the

TG theory and in many cases they obtained relatively good quantitétive
agreement. . However, their results for some sémples showed marked
deviations from the theory.

In théAbasic theory, as developed by Tiéh.and Gordon, it is

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

barrier-superconductor interfaces causes an effective rf voltage,

Ve = Vrf cos wt, - f (l)

~ to appear across the junction. The result derived by TG for the dc-

current_I flowing in a junction biased at a de voltage V is
‘o

| I(V‘)é(-GNﬁ/e) nz‘ (a) [ [£(B-eV - %h0) - £ (B)]

-0 -0

x ﬁl(E-eV-nﬁw)Nr(E)dE. (2)
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" Here GNN is the junction.conductance when both- films are normal,

o = eVrf/hw, Jr is the ordinary Bessel function of‘the’first kind of
: n ;

order n, agd f is thé‘Fermi factor. NQ and Nf‘are the quasiparticle
ehergy‘dénsities of statés in the léft and right hand films reépectiVely A ﬂé
measured relative to p(o); ihé‘density of states at the Fermi éurface.
The‘integrdl in Eq. (2) ié Just thé Quasiparticle tunnéling current
expression éf Giaévér9 évaiﬁéted at a voltagé (V + nhw/e), and hence
we rewrife Eg. (2) asr h

. : P . . ) .

1) = [ G2 (v + dhw/e), (3)

=00

¢
[

where IO(V) is the'quasipartiéle tunneling current at V in the absence
of a microwave field. Using thé relation J_ (a)=(-1)"3 (a), Za. (3) |
-may be rewfitten in the form

T(W)=3T(a)T (V) + § I°(a)[I_(Vinhw/e) + I_(V-nhw/e)]. (&)

- o o n o] _ [o} g . K
. n=1 : .

_ In the limits hw + 0, a > 0, (k) becomes®
RS ( rf)2 dQIo(V)‘ . R R - é
(v) =1 (V) + - . - (9) g

oo T ' o -

the low-power-level current deviation,

: 5 2
$1nce;Prf,“ Vrf’

pI(V) = 1(V) -1 (W), . (6)

" is directly proportional to the applied rf power.
The bare current, IO(V), in an S-I-S junction at temperatures |
T<<Tc‘remains small until V = 2A/e. The tunneling current then rapidly

increases to a value T(2A+8V) = ﬂAGNﬁ/2é"in a voltage interval
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SV =~ 2A/15e centered about V=2A/e. For most types of S-I-S junctions
§v ~ 100 ﬁV; From the seéond term of,Eq. (4) it can be seen that the
’ ' current at V depends on thé baré current at. .all points V + nhw/e. For
hw/e << 6V, the deviatioﬁ; AI; will bé a.smdoth‘and monotonically
inereasing function of d. Whén hw/e > 8§V, a steplike structure will
appear in the I(V) curve at voltages (2A % nhw)/e. This structure
is caused by thé stépliké'incréasé in currénf at.V=2A/e cdntributing
“to one.of the terms in thé.sﬁmmation in Eq. (%), and has been discussed
préviously.l’3_5
The original TG résﬁlt, Eq;'(3); may also be obtained from the
‘mofe genera1 eléctromagnétic coupling theory of Werthamer3 if we
assume that only a sinélé ac voltagé, fo cos wt, appears'acroészthe,
barrier. We begin with Wérthamér's Eq. (3h)3 which gives the-time
dependent‘single partiéle currént dénsity_in the presehcé of‘the
ﬁertﬁrbiﬁg potential (1), |
_ - . v o
I(t) = Im ) Jn(a)ei(n'n')“tjl(n'w-ev/h);' M
‘n',n'=-'—oo : : , .
 vhere
o o oo - R
33 (") ze’f RN o 0, o) =5 (0 1y () 4 ()

x lqulz[w14m2+iO+]~l-» (8)

Ak(w) is»a spectral weight function, given in the_BCSlO approximafibn

by

A}'t(w)=1/‘2{t1+(ek/Ek)'JcS(w—Ek/h)-+ [x=(e, /E )18(wE M)}, (9)
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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. Ek is -a bare particle energy measured

~

relatlve to the Fermi energy, and Ek is the ques iparticle energy,

deflned as
(2 4 22 1/2 | |
(e AP . (10)

where Akvis the energy gap parameter for wavevector k. “The time

independent: (dc) component of Eq. (7) comes from thebterm for which n=n'j;
i} .

Idc(V} - Y 53(&) Im jl(n'w+¢v/h}. | (11)

n=-—0

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

the aid of the relaﬁion, (w‘+i0f)—l=P(l/w') - iﬂé(w'), (P=principal value).

After the spin summation is performed, the result is;

In (w7) = i‘-gl};z Im )2 [t [ew") - r(erw)]
| oL - |

? AE (w'+w™) Ag(@"). - '(12)

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

'_current 11 If the tunneling ma+r1x element qu is considered to be

-~

constant and Eq (9) is used for Ak(w , We may evaluate Eq. (12) by
' convertlng the sums over k and q to 1ntegrals and evaluating the k and w"

integrals,‘ This reduces Eq. (12) to the Giaever formula,9
. o
= (GNN/e) [ aE N, (B-eV)N_(E)[£(E-eV) - £(E)]dE, (13)
-0 ]

where




field may, also be derived from the general formulation of Verthamer.

- rf voltage is such that eVr

9 " R UCRL-19160

- (i 2 o |
Gy = (kme/n)|2|™ o, (0)p_(0), )
end the reduced density of states function igbgiven by
5 = . . <
N, (E) | 0 | -, El=a

2 1/2

[/ (5% - Af) , |B]>8, (15)

_EQuation (ll)'is exactly equivalent to Eq. (3), the original TG formula.

The interaction of the dc Josephson current with the microwave

3

If the microwave frequency satisfies the condition hw <<2A and the

P <<2A, then the zero voltage dc Josephson

current is given by

‘IJ‘= Ij(o) sin ¢o J0 (20}, ' - (16)

where IJ(O) is the dc Josephson current in the absence of an appliéd
rf‘volﬁage and ¢o is the dc Joséphsoﬁﬂphase factor. Thus the Josephson

cﬁrrenﬁvShbuld be an oscillatory function of rf voltage Vith its

" first zero at o = 1.2.

l :The basi¢ results of the théofy.déscribéd abové may:be summéfiied
as follows. 'Assﬁming that the net effect of a perpendicular rf_eleétric'
field is to induéé a'hombgeheouS'rf voltage across the barrier regibn3j
then theimcdified quasiparticlé current should be governed by Eq. (4),

where IO(V) is taken to be the measured bare current in the ébsence'of

bthe rf»field. Presumably the dc Josephson tunneling current Sees‘the

samé rf #oltége, and its response should be governed by Eq. (16).




S0~ © UCRL-19160
Therefore the response of IJ should be corrélated with the_résponse of -
the quasiparticle currént. ' o \
| ITI. EXPERIMENTAL DETATLS
The Sn-Sn0-Sn junctions used in our experiments were prepéréd by ' .
Vacuﬁm dépdsitidn of fhin tin strips onto a clean glass substréte which
is'l.3X10—2 cm thick.and 1.52 e in diéméter (see Fig. 1). An 0.16 mm

wide }ongitudinal strip ® 2000 A thick vas deposited'first and then

okidized.in:pure'oxygén at avpréssuré of approﬁimatéiy 1/3 atm. The
oxidation’time'w;é‘varied from;l2 to 36 hburs. Low résistance Junctions
tweré oiidiiéd at'room‘fémpéréture;,whilé heat‘was appliéd whenihigh
resistahce Junctions wéré desirédl In général, a 1l2-hour okidation‘

at 300°K Qould prodﬁce junctions with L4.2°K résisfancés in the milliohm
réngé,_while é 2Lh-hour oxidatién using two héat lamps (standard 250 W
iﬁfra;red flood lights, approkimatély'B ft. from thé oiidatioﬁ belljar)
would produée resistances in the rangé 2—10'Q.' Following oxidation,
three:0.16 mm wide cross strips ~2000 A thick wéré deposited pérpendicu»

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

the glass substrate., Evaporation pressures were usually kept in the:

range 2><'10_’r - 9X10-7 torr and evaporation rates were in the range
S-lO A/sec. We observed no correlation between final junction quality

and evaporation pressure or rate.’ : o ' L

Electrical leads were thén éttachéd to tﬂé sample with silver 
_conducting péint,lz and the substraté was installéd on the large end
wall of a.reentrant coaiialrmicrowavé cavity, as shown in Fig. 1. Tﬁe
cavity could be tuned in the fange.3—h.3-GHz by moving the centér plunger

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




 regulator.
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cavity was.such that the rf electric field was perpendicular t¢ the
plane of the junctions, while the rf magnetic field was approximately
zero. Static magnetic fields up to 20G cculd be applied with a small

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

vwere enclosed in a superconducting shield can to minimize the effects

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

directly in the liquid Heh 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 heatlng on the helium

in the cavity. Below the k—p01nt the hellum den51ty changes only a

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

tric constant (which varies linearly as the density) remains approximztely

_ cbnstant} ‘Above the A-point the density varies rapidly with tempereture,

and the resultant dielectric constant variation can lead to appreciable

_cavitj detuning if the bath heats up during a run. - Measurements ceu1d,

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

-diSéipated in the cavity, PD’ wasg kept‘below 3><‘ZLO—'3 W. When high

temperature data were taken, the bath temperature was regulated to"

"within'e'feﬁ.millidegrees Kelvin with an ac Wheatstone bridge temperature

13
‘The electronic equlpment used was all of standard de51gn and is

1llustrated schematlcally in Fig. 2. Microwave power was Supplled by

K:! tunable‘General Radio 1360-A nicrowave oscillatof. While IQV

measurenents were being made, incident and reflected microwave powers

were monitored with a Boonton hlA—R'micrgyattmeter to insure that the

‘microwave field strengths in the cavity remained constant.
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IV. EXPERIMENTAL RESULTS

The response of thé 5n-Sn0-5n junctions to thé pérpeﬁdiculaf‘rf_
electric fiéld was measﬁréd at.various,poyér levéls and compared>tb.the
response.predicted by Eaq. (h).' Thé méthod of data analysis used'was
_ basically:similar to that described b& Goldstéin, ét a1.8 The bare
éurrenﬁ IO(V) was taken to be thé‘é#péfiﬁéntally.détérmﬁhed current with
zero rf péwer applied (cf Fig. 3). The current I(V) was then computed
anmériCaliybfrom Eq. (h),‘using terms up to n=100 in thé caléulétidh.
-Thg.expefiméngalAcurrént deviations, AI;-wéré détérmined from i—V éhart
récordings_on'which é group of i(V).gfaphs véfe superimposed on an
IO(V) gfaéh. Voltage différéncés wéré méasured to an éccuracy‘of
* 2uV using a horizontal voltagé scalé of 50 uV/inch. The current
deviatiohs, Ai, were measuréd to an accﬁracy of approkimately 3% of
the'maximuh deviation at any givén bias. Thé ré;istance parameter,

R=1/GNN,?f6r each junction was determined by fitting the measured

Ié(V) for V>2A/e to the value of RI_ predicted from Egs. (13)-(15).  The

value §fV2A was determinéd using a method discussed by Rowell.l

; The excess currents15 fiowing in thé Junction wéré measured by
‘subtractipg the.theoréﬁical thérmally—éxcited background current from
the measuied current at voltages V<2A/e; és shown ih Fig. 3. The current
‘riée at V=A/e discussed by Rowell and Féldmanl5 is quité eﬁideﬁf in’
this figﬁfe. Finally, the responsé'ofAthé de Jésephson currént to both
microwave pdwer and a static magnétic fiéld wére méasured. A1l jﬁnc-
tidns:retained for analysisl6 showed good magnétic fiéld diffraction

patterns,17 although those with R >2Q frequently showed only one or
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tWo_sidéloﬁes. Alltjunctions tested wéré in the non-self field limited
regime;lg-i,e.,‘the rélation<bétwéén ﬁhé Joséphsbn penetration distance
AJ and the.dimensioh L 6f thé'junction pérpendicular to thé magnetic
field waé éiways such that L < 2XJ.

Typical grephs of the single particle tunneling current résponse

“to & 3.93 CHz (hw/e=16.3uV) field are shown in Figs. L and 5 for the

highest and lowest resistanéé junctions‘uséd in our éipérimenﬁsf The
éurrent deviations, AT, détérminéd from Figs. L and' 5 gre-plotted in
Figs#v6 and 8 respectivély, while AI(V) for a junction of intermediate
resistance is shown ih’Fig; T. The Solié curves in Figs. 6-8 are the
theoretical values of AT(V) derived from Bq. (4).

The correépondénce betwéen‘fhe'microwavé powéf, PD’ and o was
determinéd by fitting at only oné point.fér éach Junction.  IT PDm
waé'the microwave powef diésipated in thé cavity at tﬁé“highest pdwéf
iev¢1 uséd, then aﬁ,-thé vaiﬁe of d corréspondingvto PDm’ Wgs‘déter—
mined By fiﬁting the thébretical AL to the éxpérimental AT at the .

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

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

aley) = o (Po/e, 12, o an

The agreement between theory and expériment is excellent in the

limit of.high Junction resistance for all values of PD’ as can be seen

from'an inspection of Fig. 6. TFor junctidns with resistances > 1 ohm,
the exact point chosen to fit the data made little difference in the

ultimate value of a determined from the fit. In Fig. 9, |AI| for the
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sample of Figs. 4 and 6 is pl§ttéd vévmiérowave power éérresponding to
0 < q.SZS.M for various dc»voltagés measﬁréd from_V=2A/é. The agree-
ment between tHeofy and éxperiment is quité good for high resistance
junctions_even_in the 1limit of small d._ - : ' | ’ oA
Figure 9 sﬁows that the low rf powér limit reéult, IAIIVOc ?D’
predicted by Eq. (5) is'valid only in the range d < 1. For larger d,
dgvia@ions from linear ﬁower dependence are quite pronouncéd.

. For iow resistance junctions, agré%mént betweén fhéory and experi—
rent beéomessprogfessively worse, as shéwn in Figs. 7 and 8. As .
juﬁctibn resistaﬁcé decreases, deviations from the théory occur first
at the lowestlmiCrowave powervlevels. Fér.very loﬁ résistancé june—

' tions'(cﬂ Fig. 8) the theéretical and ekperimental AT at high microwave
péwefilevels égree only in_the region_néar V=2A/é; FA comparison'of
Figs. hvand.S indicates thé differences betweén the I-V characteristics
of high and low resistance junctions réspectivély;#

~In an‘attempt to improve the agréement'béfweén theory and
experimenf-for the lowbresisfance Junctions, we triéd to.determiﬁe 
: am by fifting at 1§w miéroﬁave powers as indicated by‘the dasﬁed'line
in Fig. 8fi d at highér powér léve;s was then Calculatéd from Eq. (17).
Although fhis‘improved the small d agreement soméwhat, thé deduced fits
for'lafgé o were then extremely poor. vAlthough oné can achieve a
fairly good fit in this manner at voltagés where IAIl is near_its y
maximum, thé agréemént far from these voltages becomes progréésively

worse. Attempts to improve the low resistance junction fits by

modifying the bare current, IO(V), used in the theoretical calculation

H
\
i
i
i
1
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were .also unseccessful. The agréémént;bétweén theory and experiment .
improved.at_higher temperatures for thé‘low resistance Junctions, but
for suffiéiently small values of d deviations alvays occurréd.

Since excess‘funneling currents.(aﬁ voltagés V< 2A/e) usually
increased relative to the thermal backgrbﬁnd éurrent'as Junction
resistance decreased, it was suspected that thésé excéss currents might
be responsible for deviations from tﬁe TG theéry. Howevef, séverél of
our junctions iﬁ-the intermediate resistance rangé had unusually high
excess currents (> 10 X thermal baékground), bﬁt thé'résponsé of these
Juncﬁibns agreed ﬁorebélosely with the theory than that of the very

lowest resistance Junctions. We conclude that junction resistance is

the relevant parameter in describing how well experimental respouse :can

be'descfibed by existing theory.

Tﬁe»response of the dc Josephsbh current, IJ; to thé microwave .
fiela was.strongly sample dependent, and was not in good agreémént witﬁ
fhejthéory; The exﬁerimental valués’of d for which thé'first'zéro-éf

IJAoccurred, a., were determined from Eq. (17) by usihg values of uﬁ and

‘P determined from the single particle current respbnse data together

Dm
7 :

‘with the measured P. at which I_=0. ' The values of o determined in this

D J dJd

‘manner'raqged from 0.19 to 10.L4, as compared to the theoretical value

of 1.2, and they were not gorrelated with junction‘résistanCe or
excess current. The observed functional dependence of IJ on o is also
not well described by Eq. (16). Although some of our junctions aia

; on microvave power, in most

exhibit an oscillatory dééendence of 1

J remained zero for all rf powers_in excess of that necessary

cases I
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to achieve the initial nuli: Instabilities in IJ,'similar to those

reported by'Dahm, et al.}8 weré also obsérvéd'at cértain microwave power

levels for léw resistance junétions. |
Ffom é knowledge of -the microwavé cavity Q; cavity coupling factor,

and incidént pover, we were ablé to calculate thé baré eléctric field

in the cavity at the samble position for a'givén value‘bf dissipated

If we assume that (Vr ) ='|Erfl2, where f=oxide thickness

20
D

(%,10—30'A) and-?rf

power P P

is the RMS electric field on the.microwave'cavity

£ ) can be estimated and compared to values

axis, thén the value of (Vr

determined from fitting the obsefved.éingle'partidle tunneling data.

f

In genéral, we observed that the values of (V? } determined from PD

were at least one order of magnitude less than the Vr valuesvdetermined

f
from chw/e. This‘result is consistent with previous observations of

2,3,21

the effects of microwaves on tunneling currents. In addition,

2,23 have led

studiés of self resonant"structure in Josephson -jtnctibns2
»to‘es£imaﬁes of the diele¢tric constant for‘the barriér oiide, € z'§
at’ﬁicroﬁgve frequencies; The microwdve voltage shOuld_therefore be
reduced by a factor e—l r§lative to its empty cavity value. This
cofrection will increase the discreégncy between thé estimatéd (vrf)
and the calculated value of chw/e.

At a fixed microwave power level all.éamples would be éﬁpecﬁed to
seé appfoximately the same rf voltage for a‘given‘valué'of PD,'since
the barrfer thickness is essentially constant for an order of magni-
tude change in resistance.z}4 Experimentally there waé a small spreéd

in o values required to fit the quasiparticle I(V) data for the different

junctions at the same microwave power level. For example, the derived
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. .~ _ h
- values of o corresponding to PD = 5.3 X 10 VW were &ll within the
range O = 4.3 £ 1.2. This range can be seen to be much smeller than

spfead in o values for'which IJ reaches its first null. There was
apparently no correlation between junction resgistance and the value of

p> even

. 0 necessary tc fit the quasiparticle 1(V) data fof'a fixed P
for.junctions on the same subs£rate.
V.. CONCLUSIONS AND'DISCUSSION

It would appear that the Tien-Gordon theory of phdton—assisted tunneling
betweén superconductors’gppears to provide an exact description of
.the_lowAfrequency (hw <% 2A/l§e)_rf power'dependencé of the current
when the Junction resistance iS'large; As the Jjunction resistance_is
decréésed,-however, agreement between theory and expériment becoméé
prdgfessively worse for low micbeave.pOWer 1evels; although very

good agreement can still bé obtained in the high‘ff power limit. _Thé
excéllent agreement between theory and experiment in the higﬁ.rééisﬁance
limit Justifies the use of the measured bare.tuﬁneling currént_Io(V)
as the QCtual.single particl; tunnéliﬁg current to be inserted in
Tien-Gordon result Eq. (4).

' Sihée.all tﬁe sample junctions were prepafed in an_identical.
manner, except for oxidation time, the variations in‘the aétuai
strength'Of_the coupling between the junction and thé rf field-may'be
detefmined by the condition of tﬁe oxide tarrier at the\edge of thei
Jﬁnction, which will vgry from sample to sample in én unknown way,
1eadipg_to a sbread iﬁ experimgntal d valﬁes_for é given rf power

level. The order of magnitudggdiscrepancy bbserved between calcUlafed
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and actual microwavé voltage across the junction has previously been .
ascribed to a.strong impedance mismatch between the microwave cavity
and the_junction.3 However, if microwave power is reflected frqm the
Junction Eecause of an impedance mismatch we would expect thaﬁ‘the‘ U
effective rf voltage across the junction would be sﬁa}ler than the

rf voltage across én equivalent” length of the bére cavity. This

would lead to o > 0. .., where o ' is .determined from rf powerv
: c eff cav ; _

av

measurement ahd’aeff from I-V curve fitting. 'Siﬁce‘experimentélly

acav‘< aeff’ some alterhative explanation isvrequired. If one assumes
that,the,bare rf voltage appears across the jﬁnctiOntelectrodes, ﬁhén
one:mustAglsé éséuﬁe‘that'the junction barrier has an effectivé thickness
: E:SQOVA to éccognt for the obséfyed vaiues of G o . ‘“'b ~
 _-The éxperimentél data on the interaction betﬁéen'the rf field and
the dc Jésephson current is not well described bybthe theory. The
failuré‘Qf Eq. (16) to properly describe'the ¢, dependence of I&
"implies a systematié_breakaown of the theory. The.wide spréadzin'aJ
vgiues for -di fferent samples indicates that samplé Variableé (such
as the_microscobic condition of the jﬁnction bbunaary or'film SQrface
rdﬁghnéss) peed_to be accounted for. The deviatién of o vélﬁes.frbm
the theoreficélly prediéted value.of 1.2 might also indicate that ﬁhe

interaction between the'eléctromagnetic field and the Josephson current

differs in some way from the quasiparticle—fieldzinteraction.
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FIGURE CAPTIONS

Fig. 1. Microwave reentrant cavity with tunnel junction samples

»

installédf At thé samplé position, thé rf électric field is
péfpendidular to thé sample and thé rf magnétic fiéld is zéro. .
Avétatic magnetic fiéld,can be appliéd'parallél to the common
- longitudinal strip.’ |
Fig. 2.' Schematic of-microwavénsetup_and eiecfronic equipment used
to measuré>the sample characteristics as a fﬁnction of rf power.
Fig. 3. Earé cﬁrrént IQ(V) for a 1.31 9 Sn-Sn0-Sn jﬁnétibn»with no
3 miCrbwaye powér appliéd. Thé.current séale has been expanded as
'iédicated.. Thé dashed liné labéléd BCS shoWs>the theoretical
thérﬁal baékgroﬁna'Curréht‘prédiéted by Eq. (13).'
,Fig;rh,; Cﬁrréht I(V) ﬁith‘micréwavé.poﬁér appliéa'for a 6.3 Q Sn-5n0-Sn
L " junction. . fﬂe'n#mbefs 1;7 of the graphs cofrespénd_fo a.Valuestéf
. i,S,IM.O;AS.T, 8.0, 11.3, 15.0; énd 18.0 réséecfiveiy. a =18 | : | | §

3

corresponds to P,=5.3x10 " W dissipated in the cavity.

Fig. 5. Current I(V) with microwave power applied for a 0.35 Q Sri-Sn0-Sn
Junction. The numbers 1-4 of the graph correspond to o values of

3.2, S.S, 8.k, and 12.3 respectively.. 0=12.3 corresponds to -

3

P =T.95X1077 W dissipated in the cavity.

Fig. 6. AI(V,a) derived from the I(V) curves_in Fig. b, The sdlia lines

Ad

are theoretical curves calculated from Eq. (k). Vv is an arbitrary
voltage near V=2A chosen for convenience in data reduction. The

correspondence between o and P was determined by fitting curve 7

D
of Fig. 4 at one point.

~ Fig. 7. AI(V,a) corresponding to the I(V) curves in Fig. 5. The solid
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lines are theoretical curves calculated from Eq. (L4). v, is
an arbitrary voltage near V=2A chosen for convenience in data

reduction. The correspondence between o and P_ was determined‘-'

D
by fitting the graph for o=12.3 at the point where V—V6=—.Oh mV..

8. AI(V,a) for a 0.69 Q Sn-5n0-5n junction.: The solid lines are

theoretical curves calculated from Eq{ (k). The curve for

d=12;0 was fitted to the experimental PD=5'3X10—3 W data at

V—Vé= -.05 mV.. The dashed line indicates ‘the theoretical a=2.7
graph fitted to the PD=.53x1o“3

for the junction of Figs. 4-and 6 plotted for

W data at v-vo=’a.o3 nv.

.9;' |AI(V;a)| vs P

_Varibus.values of AV=V—VO as indicated. The dashed lines:are-'

‘theoretical and the solid curves are experimental. The o range

covered in this graph is 0 < o <.5;h. The linear power dependence

“of IA II on PD is approximdfely correct for o < l:
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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.
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