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.'bLowarequency Photon-Assisted Tunnelingrin
. Superconducting Tunnel Junctions "
~J. N. Sweet and G. I. Rochlin
' Department of Physics, University of California‘
Inorganic Materials Research Division,
Lawrence Radiation Laboratory, '
Berkeley, California 94720

ABSTRACT

The photon-assisted tunneling response of Sn-SnO-Pb and
7“Sh;Shb;Sﬁ“supérconductihgvjunctions to-a¥3;9-GHvaicrOWave . .
_fiéld has been meésured. The experiméntal_reéponse of.thé
-tunneling cﬁrrent to the rf field agrees Yery:closely with

the‘réspthe prediéted by the theory of‘Tién and Gordon. The
prédictidns of the Cook and Everett theofy:défnot fit the data
vell. ‘ S |
v’Lé réponse tunnél aési;té par phbtohs des’jonctions
‘;SﬁfSnO—Pb'et Sn;SpO—sn.a un chémp aé‘microondes a 3.9'GHZ a
‘été:ﬁésuré; La reponse expérimentaie du' couvant tunnel au
champ de héute fréqueﬁce est en trés 5on aécord avec lavré;»
'rohsé calculée & 1'aide de la théprie de Tien et Gordon. .Les
. pfévisions de la theorie‘de Cook et Evefe£t ne ébrrespondaient

pas bien aux résultats expérimentaux.
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_'Microwavé photon—assisted quésiparticle tunnelihg between ﬁwo superconduc-
tors has beeﬁ5tﬁe éubjéct of sévéral récehf éxperimeﬁﬁé,désigﬂed fd investigate
the range of Véliaity of the simple Tien-Gordonl.theqry:of this process -and to
advance or’ekamine'alternate; more complex tﬁebries;‘ Wé‘have measured the pho-
ton-a551sted tunnellng response of Sn-Sn0-Sn and Sn—SnO-Pb thin fllm Junctlons
to & 3.9 GHZ mlcrowave electric field perpendlcular to the junctlon plane, and

compared the measured cu?rent-voltage (1-v) characterlstlcs to the theorles of
both Tién and]Gordon,l'and Cook and”Everett.g Excellentvdetailed agreement with
the Tien-Gordon (TG) theory'hasvbeen obtained for aii‘jghctions with normal
state resistances greéfer than a féw_ohms; The Cook.énd.Everett (CE) theory
dges not égfée_Wéll'with‘the experimental daté, excépt}at extremely low micro-
wave (rf) ﬁgwérrleveié where both the CE and the TG théories'cén#erge to the
same result, | |

in the TG-tﬁeory the net‘éffect of the microwavé.field ofvangulaf frequency

w is assumedft0 be the appeérancé'of induced rf voltage, V cos wt, across the

rf
-juncfion électrodes. The expression derived by TG for the dc current at a bias
voltage V in the presence of a microﬁave field is -

pelV) = 2 I (a)I (V+nhw/e) - f - (1),

. . s
where a‘eV /hw, I (V) is the quaglpartlcle tunnellng current in the absence of
.thg rf fleld,;and the Jn are ordinary Bessel functlons of the first klnd of
order n. | o |

Althohgh fG derived Eq. (1) ﬁsing somewhat huéristic arguments about mbduf' 
lationbof>the densities,of stateé, the same result can in fact'Be derived from
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more general theory. The TG result also reduces to the correct classical
expression for the average (de) current,

_w_fer/w o _ ' o '
IRF(V) = 5 fo Io(v+vrf co;twt)dt, B (2)
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"™ in the iimitvhélf:o. If the integrand iﬁ (2) is exbaﬁded in a Taylor series
| about V éndvinfégrated term by term, thé résultant ”ﬁgries‘is e?actly the same
‘vas that deri?ed By Goldstein, Abeles, and then? ffom Eq;,(l) in the limit 
b o,'. o L
bIn‘an attempt to explain.their'36 GHZ photon;éS§iéted tunneling measure-
ments, Cook'ahé Everett2 proposed a modified theqretiéal model based on modu-

lation of the densities of states'iﬂ both the superqonducting‘filmé. Their

result for the current in the presence of a microwave electric field is given

. . -] 2 2 ’ . oy
I (V) = § Ip (@) ()T [V+(n-m)hw/e]. . (3)
n ,m=-—° ' o
After some manipulation, Eq. (3) may be rewritten in the form,
T _ 2 ‘ L,
ICE(V)»- Jo(a)ITG(v)_+ 2 Zm=lkJm(a)Io(V)

17 )l (o) + 5 ()]

+
m,n=1
x [1_(varhu/e) + Io(v_nm/,g]. - (1)

In the limit o - o,"Ji(a) + 1 while all othér I approach ;ero, and hence
IbE(V) > ITb(V); 'As o becomes appfeciably greater:than 1, the differehce 
‘between ICE.and'ITG bécomés Quite largé, indiéating-thé£:ICE doeé-hot~reduce
to the correct classical limit when hw + 0. | |
In.ou{ experiments, conventi;nal crdésed-strip‘ﬁunnel junctibhs'ﬁere

placed on the sidewall of a TE 101 rectangular resonant cavity.at a point.

ﬁqs perpendicular to the plane of the junctioﬁs and Hr ~* 0. A1l
5 :

where grf

Junctions tested had areas of (0.16 x 0.16) mm", with metallic'film thicknesses
between 2000 A and 6000 A. The Sn-SnO-Sn junctions had normalvstate resistances

"of 2 - T Q while Sn-Sn0-Pb junctions were in the range 20 - 130 Q. All junc-
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tions with-ndrnel'state resistances‘less than 30 § hed‘eppreeianle dc Josephson
currents, wnieh were quenched with a small’magnetic field”during our: measure-
ments A comparlson of typlcal experlmental results for a hlgh resistance
Sn-Sn0-Pb Junctlon with theory is shown in Fig. 1 Thevcurjes marked IfG and
.ICE vere calculated from Egs. (1) and (3)_respectiveiy, nsing the measured
IO(V). The #alne_of d»wes dedueed'by-fitting an exper?menta; I-V curve to a
theoretical'TG:eurve‘etfe high microwave power le?el;(inithis case, one corres—
ponding'to q=60;é).” o was tnen scaled es tne squere:reet'of‘the'microwave
power incidént'en the cavitj. The curve marked IBCS}is the bare current pre-
dicted ty‘the'ﬁCS constant A model.with AP5_+'ASn=1.98 mevvat‘l.léK.‘ Since
hw/e=16 uvg‘whilefthetwidth of theveurrent step in IO(V) at A?ﬁ + A -ie

Sn ©
2,7 in the I-V

L4

= 175 UV, we can not reeolve'indiyidualvmicrbwave induced steps
characteristicsfat voltages V.=A +A inhw/e. These,eteps will begin to appeer
when the angular frequency satisfies the condition hw/e > 175 uv, correspondlng
‘to a frequencyvv > 40 GHZ. In Fig. 2, the current dev1at10n, AI=I(V)- IO(V), 1s‘
-plotted at'three different mlcrpwave ‘power levels for-the Junction whose I.(V)
characteriétic‘ie shown in Fig l ‘The close agreement between the experl—
mental data and the TG theory is clear. ‘

In Fig. 3, AI(V) is shown for a_6.35'9 Sn-Sn0-Sn junction at a relatively -
low microwave power level correeponaing to d:l.8. Evenuet this'iow velneiof a,
the differencee between the_CE and‘TG;theeries are quite'proneuneed.'vit canv:
also be se¥n’ that 1RF(V) is #ery close to ITG(V) even at this low value of a.
Numerical ealculations'indicate‘that ITG and IRF are approximately equal when
a > 10’ for h GHZ microwaves. |

In view of the detailed agreement between the predictions of the TG theory

and the exper;mental data for low-frequency photon—a551sted tunneling, it wouldn'
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appear that recent attem.ptsz’7 to explain the'results'6f.highef_frequency

tunneling experiments with Eg. (3)rarevincorréct. An alternate éxplanation

for the deviatidﬂ of eipériménfal results from'Eq..(i)l;t high,ﬁicrowave
frequencies hés fepehtly been probosed by Hamilton and Shapir08 to explain théir
experimental dafa}at 70 GHZ. Their theory ﬁées Eq.-(l) but takes into account
the transverse.spétial variatioh of the rf voltagé acfésg fhe‘junction. Since
the free spa¢e wa#elength, Ao, of thg electromagﬁetic rgdiafionfis réduced_by
_a factor of appféximateljv20 in the oxide barrier,9 this‘vapiétion”is important'
onlj-at freQﬁeﬁcies>Qhere 10/20”; junction Vidth. At ;:GHZ;FAO/2O = 3.7 mm,
‘which is much larger than the junctiéhvwidth_used in our'éxperimehts. Thus,
theibasic TGvfeéult, Eq..(l), can be expected to provide é'correct theoretical

[ 4

deécription of our experimental data, while for frequencies > %O GHZ,
AO/QO < 0.37 mm'and'spatiél variation would have to be taken into account.

To summarize, we have observed éxcellént agreeméﬁt between our low;fre-
quéncy‘photon—assisted tunneling bbservatipns éﬁd the basic fheory:of Tien and
Gordon over a wide range of ﬁicrqwave power levels, while the agreement with
the theory of quk and Everett has been fouﬁd to be qﬁife poor. We therefore
bconclude thﬁt fhe TG formula does in fact provide the éorrecﬁvdescription of
the'basic phéfbn-assisted tunneling process, and that deviations from,thé TG
forﬁula at high frequéncies are most prbbably-att?ibﬁtablevto spatiai variation
of fhe rf voltage induced in the junctibn,

-
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"4 FIGURE CAPTIONS

1. = Typical I-V characteristics for a SnfsnO—Pb jﬁnction'at voltages

ﬁear APbr;_ASn' IO(V) is the measuféd barévcufrént} ITG(V)'was derived
from‘qu (l)vusing a=19, ?nd ICE(V) ﬁas'derived from Eq. (3) for the same -
value ofid;. The points are experimen?al; IﬁCS(V) is the current predicted
by the BCS constant A model. L

2. AI(V,a) = I(V,a) - IQ(V) derived f;ombmeasuréd I-v graphs for the

Junctionfof Fig. 1. PD is the average_powervdissipated‘iﬁ the microwave

cavity and’V0 is an arbitrary voltage near APb + ASn chosen for convenience

in data reduction. The o values were scaled as_(PD)l/Z:after'fitting a

theoretical AITG(V) to measured data at PD'# 19.5 mW (not shown).

3. AI(V,a) for a 6.35 Q Sn-Sn0O-Sn junction at a = 1.8. AIRF(V)'haS

been calculated from Eq. (2), using Vr = 1.8 hu/e. The points are experi- E

f

mental values.
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