Downloaded from orbit.dtu.dk on: Dec 17, 2017

Technical University of Denmark

=
—
—

i

Microwave dependence of subharmonic gap structure in superconducting junctions

Sgrensen, O. Hoffman; Kofoed, Bent; Pedersen, Niels Falsig; Shapiro, Sidney

Published in:
Physical Review B Condensed Matter

Link to article, DOI:
10.1103/PhysRevB.9.3746

Publication date:
1974

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):

Sgrensen, O. H., Kofoed, B., Pedersen, N. F., & Shapiro, S. (1974). Microwave dependence of subharmonic
gap structure in superconducting junctions. Physical Review B Condensed Matter, 9(9), 3746-3756. DOI:
10.1103/PhysRevB.9.3746

DTU Library
Technical Information Center of Denmark

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
¢ You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


http://dx.doi.org/10.1103/PhysRevB.9.3746
http://orbit.dtu.dk/en/publications/microwave-dependence-of-subharmonic-gap-structure-in-superconducting-junctions(34497928-132c-4a46-91ba-245c1c4f2bad).html

PHYSICAL REVIEW B

VOLUME 9,

NUMBER 9 1 MAY 1974

Microwave dependence of subharmonic gap structure in superconducting junctions

O. Hoffmann Soerensen, B. Kofoed, N. F. Pedersen, and Sidney Shapiro*
Physics Laboratory I, The Technical University of Denmark, DK-2800, Lyngby, Denmark
(Received 23 August 1973)

Experiments on botn point-contact junctions (Nb-Nb) and on small area thin-film tunnel junctions
(Sn-O-Sn) show that applied 4-mm radiation produces satellites associated with “subharmonic” gap
structure as well as the familiar microwave-assisted tunneling structure associated with the
superconducting energy gap itself. The location in voltage of all these structures is given by
eV =(2A+nhv)/m, where 2A is the superconducting energy gap, v is the applied frequency, h is
Planck’s constant, e is the magnitude of the electronic charge, V is the dc voltage drop across the
junction, and m and n are integers: m =1,2,3,... and n =0,1,2,... . The power dependence of the
satellite structure and the microwave-assisted tunneling structure is consistent for all junctions tested
with the expression J2(me V /hv), where J ,(x) is the ordinary Bessel function of order n, V; is
the amplitude of the induced microwave voltage drop accross the junction, and the other quantities are
as defined above. A distinction between the explanations—multiparticle tunneling and nonlinear
self-coupling—of the subharmonic gap structure cannot, however, be made on the basis of the
observed power dependence. Hence other properties such as relative amplitude and line shape are
considered and it is concluded that self-coupling mechanisms seem able to account for all the
observations, whereas multiparticle tunneling may be discarded as the sole explanation of the structure.

I. INTRODUCTION

In the past decade considerable effort has been
put into attempts to understand the so-called “sub-
harmonic” gap structure in the current-voltage
(IV) characteristic of superconducting junctions?
It is well known that structure is commonly ob-
served at voltages approximately equal to submul-
tiples of the superconducting energy gap, that is,
at voltages 2A/me, where 2A is the energy gap,

e is the magnitude of the electronic charge, and
m=1,2,3,... . This structure is seen in thin-film
tunnel junctions'~'? as well as in point-contact junc-
tions, 318 but the origin of the structure is not yet
fully understood. Various explanations have been
suggested such as multiparticle tunneling, !” non-
linear self-coupling of the Josephson radiation, '®
breaking of p pairs and the simultaneous tunneling
of n electrons (p <n), !° and pair breaking in the
barrier. 2°

In order to obtain further experimental insight
into the phenomenon we have made a careful series
of measurements of the microwave-power (rf-power)
dependence of the subharmonic gap structure (SGS)
for point-contact junctions as well as for thin-film
tunnel junctions. The experiments show that the
amplitude of the SGS at V =2A/me varies with rf
power as J3 (ma); here Jy(x) is the ordinary Bessel
function of order zero, and a =eV,, /hv, where V,,
is the induced microwave voltage drop across the
junction, & is Planck’s constant, and v is the ap-
plied frequency. In addition, satellite structures
are observed at voltages (2A +nhv)/me, where
n=1,2,3,.... These satellites vary with rf power
as J2 (ma), where J,(x) is the ordinary Bessel
function of order n. All the junctions tested be -

-20

9

haved consistently with these results. %!

In the companion paper by Hasselberg, Levinsen,
and Samuelsen®® some suggested explanations of the
SGS are analyzed, and it is shown that both multi-
particle tunneling and nonlinear self-coupling yield
an rf-power dependence in agreement with the ex-
perimental results. The present paper is organized
along the following lines: In Sec. II the experimen-
tal details are presented. In Sec. III A the most
complete experimental results on power dependence
are presented both for point-contact junctions (sub-
section 1) and for thin-film tunnel junctions (sub-
section 2). In Sec. III B a data-reduction procedure
is described, and in Sec. III C the reduced data are
compared to theory. The rf results are discussed
in Sec. IIID. In Sec. IV other experimental re-
sults are briefly presented and discussed, and
Sec. V consists of a summary and the conclusion.

II. EXPERIMENTAL DETAILS
A. Experimental setup

The samples were niobium-niobium (Nb-Nb)
point contacts and tin-tin-oxide -tin (Sn-O-Sn)thin-
film tunnel junctions. The thin-film tunnel junc-
tions were small area cross-type junctions. Full
details of their preparation will be given else-
where.?® Here we note only that the Sn films were
deposited on glass slides by evaporation in vacuum
(~ 1078 torr) and that the barrier was produced by
letting the first deposited film oxidize for about
1z hin an atmosphere of pure dry oxygen at 50 °C.
The effective tunneling area was about 1X20 um
thus producing low-capacitance junctions with IV
characteristics typically as shown in Fig. 1. The
point contacts were made between a 0.5-mm-diam
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FIG. 1. Current-voltage characteristic for Sn-0-Sn
thin-film tunnel junction at 7=1,6 K. Reproduced photo-
graphically from oscilloscope display. The load-line
switching is due to the junction being current biased. The
rather small hysteresis is due to the low capacitance of
this small-area junction (1 X20 pm), Normal-state re-
sistance 9.2 Q.

pointed Nb wire and a 2.5%3.0X0.2-mm NbD flat.
The wire was sharpened electrolytically? in a
5:4:1 solution of HNO;, HF, and CH;COOH pro-
ducing points with a radius of curvature as small
as 1 um as observed by inspection in a micro-
scope. However, usually points with a radius of
curvature of order 10 um were used. The flat
was polished with No. 400 emery cloth and etched
slightly in the solution mentioned above. By ex-
clusively using samples with small cross-sectional
areas, the complications associated with spatial
variation of the induced microwave fields are
avoided, 228

The microwave system consisted of a 4-mm
klystron (OKI70V10), a ferrite isolator, a direc-
tional coupler mounted with a crystal detector for
monitoring the power output, a buffer attenuator,
and a calibrated precision attenuator. The mea-
surements were done in a shielded room, and in
order to further minimize noise the klystron and
the klystron power supply were mounted outside
this room.

The double-glass-Dewar system was surrounded
by a two-layered Mu-metal can to screen out the
earth’s magnetic field, and a pair of Helmholtz
coils was placed in the liquid-nitrogen Dewar pro-

viding magnetic fields up to about 50 Oe, if desired.

For the thin-film tunnel-junction measurements,
an experimental setup was used in which the tun-

nel junction was mounted just below an open-ended *
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waveguide and directly immersed into the helium
bath. The vertical distance betweep the junction
and the waveguide and the angle between the junc-
tion plane and the waveguide axis could both be
adjusted from outside the cryostat to optimize
the coupling to the microwave fields.

A different experimental rig, to be described
in detail elsewhere, 27 was used for the point-con-
tact measurements. Here the pointed Nb wire was
led through the broad wall of the 4 mm waveguide,
and was electrically insulated from it by a carbon-
impregnated high-frequency-absorber material
(Eccosorb) in order to quench the @ of the coaxial
cavity formed by the waveguide wall and the Nb
wire. The flat was mounted on a phosphor-bronze
“leaf spring” which formed the waveguide wall op-
posite the point. The vertical motion of a 15:1
differential screw was converted to a horizontal
displacement of the Nb flat via a 15: 1 excentric
lever mechanism pressing against the leaf spring.
The differential screw was situated immediately
above the point contact and was immerseéd directly
into liquid helium in order to avoid instabilities due
to thermal strains. This arrangement had fine ad-
justment capabilities and produced very stable con-
tacts. A given setting of the point contact was once
maintained for 7 h without any observable change
in the IV characteristic or in its derivative until
the contact was deliberately readjusted. However,
long -term stability of this order is not needed in
order to perform experiments of the type to be
reported here. In order to complete successfully
an experimental run the point-contact setting should
be maintained only for about 1 to 2 h and this re-
quirement was met quite readily. Three repre-
sentative IV characteristics corresponding to
different point-contact adjustments are shown in
Fig. 2.

B. Experimental procedure

As is evident from Figs. 1 and 2, the SGS is not
sufficiently pronounced in the IV characteristics
that quantitative results can be obtained directly
from them. However, by using standard ac-modu-
lation techniques for recording of derivatives, the
SGS was well resolved (see, e.g., Fig. 3). Cor-
responding to whether approximately constant-
voltage or constant-current bias was used, the
differential conductance dI/dV or the differential
resistance dV/dI was recorded. In every case the
ac-modulation amplitude was chosen small enough
that the observed line shape was independent of
the modulation. Although the differential conduc-
tance is more readily related to theory, the differ-
ential resistance was favorable with respect to
resolution of the satellite structures. The reason
for this, which relates to the problems connected
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FIG. 2. Current-voltage characteristics for Nb-Nb
point-contact junctions reproduced from XY-recorder
traces, The traces all start from zero current and the
current scales are as indicated by the bars. (a) Normal-
state resistance 33 k2, no observable zero-voltage cur-
rent; (b) normal-state resistance 1,9 kQ, zero-voltage
current 50 nA; (c) normal-state resistance 29 Q, zero-
voltage current 25 pA. Temperature T=4.2 K.

with the indexing of the structures, is discussed
briefly in Sec. IV.

During experimental runs the derivative, either
dl/dv or dV/dI, was recorded on an XY recorder
vs bias voltage as a function of incoming rf power.
The calibrated attenuator reading was the measure
of the power level, and the power was in turn as-
sumed proportional to the induced-rf-voltage
squared, VZ,. Thus, the obtained power dependence
could—by adjustment of the scaling factor between
rf power and VZ,—be compared directly with theory.
Since the theory yields an expression for the current
or the conductance as a function of bias and rf-volt-
age (see Sec. III B), structure in resistance traces
was transformed to structure in conductance before
‘comparison was made. Finally, it is stressed that
in order to assure that reliable data were obtained,
the setting of the point contact was checked several
times during each complete run by retracing of the
zero-rf-power derivative.

SOERENSEN, KOFOED, PEDERSEN, AND SHAPIRO
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III. MICROWAVE EXPERIMENTS
A. Experimental results

1. Point-contact junctions

Figure 3 shows, as a function of bias voltage,
typical examples of derivative XY -recorder traces
for Nb-Nb point contacts with no applied rf. Figure
3(a) shows differential conductance dI/dV for one
point contact with normal-state resistance 54 Q,
and Fig. 3(b) shows differential resistance dV/dI
for another point contact with normal-state re-
sistance 27 Q. In the conductance trace the gap
structure and the SGS show up as peaks which in
the case of the half-gap and the one-third-gap
structures are broad compared to the spacing of
the rf-induced satellites as indicated by the bars
in the figure. In the resistance trace the gap
structure appears as a sharp steplike rise in re-
sistance, whereas the subharmonics have developed

dI/dV (Arbitrary units)

dV/dl (Arbitrary units)

o
-
—

Voltage (mV)

FIG. 3. (a) Differential conductance of Nb-Nb point-
contact junction showing subharmonic gap structure. The
bars at the peaks show the satellite separation corre-
sponding to applied 4-mm radiation (66 GHz). The zero
conductance level has been suppressed. (b) Differential
resistance of the Nb-Nb point-contact junction of Fig.
2(c). The subharmonic gap structure is clearly resolved.
The bars at the peaks indicate the satellite separation
as in 3(a). The base line corresponds to zero differen-
tial resistance. Temperature T=4.2 K.
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into narrow resistance peaks, which—especially
for the half-gap peak—are sharp compared to the
satellite separation. In fact, it was observed as
a rule that the SGS always appeared sharper in
resistance compared to conductance recordings.
Figure 4 shows an almost complete sequence of
recordings of conductance vs bias voltage as a
function of rf power (a few traces have been omit-
ted for the sake of clarity). Each trace corresponds
to a different level of rf power as given by the cal-
ibrated-attenuator reading, and the uppermost
trace (at - 34 dB) is indistinguishable from the
zero-power trace shown as Fig. 3(a) for the same
point-contact setting. Consider the variation of
the conductance peak at the gap voltage (m=1) as
the power is increased: it is seen first to decrease,
apparently to zero at some power level, then to
increase, and once again to decrease. The half-
gap peak (m =2), however, decreases at a faster
rate and the one-third-gap peak (m =3) decreases
even faster with increasing power. Also observed
is the well-known microwave -assisted-tunneling
(MAT) effect®® on either side of the gap structure.
Here the rf-induced replicas of the gap peak cor-
responding to n=1,2, 3, and 4 are clearly resolved,
and their spacing, hv/e=270 uV, is in agreement
with theory. 1®2° The satellite structures to the
subharmonic gap structures are not clearly resolved
because their widths, as noted above, are compa-
rable to the satellite separation, hv/me. However,
as seen in Fig. 4, when the half-gap peak disap-
pears two peaks remain on either side of the van-

dl/dv

Voltage (mV)

FIG. 4. Sequence of differential-conductance traces
as a function of rf power and bias voltage for the Nb-Nb
point contact of Fig. 3(a). The zero-conductance level
has been suppressed and the low-voltage parts showing
rf-induced Josephson steps have been omitted for the
sake of clarity.
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Voltage (mV)

FIG. 5. Sequence of differential resistance traces as
a function of rf power and bias voltage for the Nb-Nb
point contact of Fig. 3(). As in Fig. 4 the low-voltage
parts of the traces have been omitted, The zero-resis-
tance level is not included in the figure but can be deter-
mined by comparison with Fig. 3(b).

ishing peak, and their separation is twice hv/2e
as the distance between the two n=1 peaks should
be.

Figure 5 shows the complete sequence of resis-
tance recordings as a function of bias voltage and
rf power for the point contact of Fig. 2(c) [and of
Fig. 3(b)]. Again the MAT effect is observed at
the gap voltage. Although only moderate rf powers
were attained in this case, the resistance rise does
start to decrease and replicas start to show up on
both sides. But more important, due to the sharp-
ness of the SGS, the satellites (z=1) at the half-
gap structure are resolved and also the one-third-
gap structure is seen to split into two peaks spaced
by 2 (hv/3e) as the power increases. Finally, note
that the rate of decrease of the SGS is higher the
larger the m value, as was the case also for the
sequence of Fig. 4.

2. Thin-film tunnel junctions

The IV characteristic of Fig.1 is shown also in
Fig. 6 on an expanded current scale. Here the
m =2 and 3 subharmonic gap structures show up
as very sharp cusps in the current confined to a
narrow voltage range. The sweep is current con-
trolled and hence the SGS is only traced out when
the current is swept towards zero from above due
to the load-line switching. Unfortunately this
switching back to the zero-voltage state—which in
Fig. 6 occurs at a bias voltage about 0.1 mV~—oc-
curred just below the m =2 structure when the
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FIG. 6. Current-voltage characteristic of Fig. 1

shown on expanded scales. The subharmonic gap struc-
tures m =2 and m =3 are very narrow current cusps of
nearly equal magnitude.

derivative was traced out on the XY recorder.
Hence, only the m =1 and 2 structures are shown
in Fig. 7, where a selection of the resistance traces
is presented as a function of bias voltage and rf
power. The gap structure appears as a resistance
dip and the half-gap structure as a resistance dip
followed by a very sharp spike reflecting the

high differential resistance on the high-voltage side
of the current cusp. As the rf power increases,
the n=1 structures appear as replicas of the orig-
inal n=0 structure, and most important to note is
that the structures are all well separated so that
overlap effects are negligibly small.

Figure 8 shows a selection of conductance re-
cordings for another Sn-O-Sn thin-film tunnel junc-
tion. Here the SGS appears as conductance peaks
and again all structures are well separated. In
this case also the m =3 peak is included on the low-
power traces, but its variation with rf power can
only be followed over a moderate power range be-
cause of switching to the zero-voltage state.

B. Data analysis

The data presented so far clearly exhibit ordi-
nary MAT. The Tien-Gordon expression®® for MAT
in small junctions where spatial variation of the rf
fields can be neglected,

L(V)= 22 J2(Q)y(V +nhv/e), (1)
N==o
has been verified in great detail.?*2%30 [ (V) is
the current through the contact in the presence of
rf and I(V) is the current with no applied rf. Equa-
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tion (1) can readily be extended to include also the
dependence of the SGS on microwave radiation.

The following qualitative results have been obtained
from Figs. 4-8: (i) The SGS is increasingly sen-
sitive to rf power as the index number m increases
and (ii) the rf-induced satellite structures are
evidently spaced in voltage by kv/me. Accordingly,
a natural generalization of Eq. (1) is

L,(V)= 20 22 J¥(ma)l,(V +nhv/me). (2)
m=l n==co

I(V) is the current contribution responsible for the
m th SGS with no applied rf, and the remaining
quantities are as defined above. The term m=1
is recognized as the Tien-Gordon expression. We
postulate® that Eq. (2) is valid also for m > 2. Dif-
ferentiation of Eq. (2) with respect to V yields the
differential conductance o(V) which satisfies

0p(V) =20 23 J2(ma)o (V +nhv/me). (3)
m n
To proceed further this expression is cast into

a form more suitable for the data analysis. The
SGS is characterized by the localized and readily

measurable changes in conductance, Ao,,. The
conductance change may be defined as
A0y =0.4(Vin) = 02e(Van), (4)

Voltage (mV)

FIG. 7. Sequence of differential resistance traces as
a function of rf power and bias voltage for the Sn-O-Sn
tunnel junction of Figs. 1 and 6. The base plane cor-
responds to zero resistance. Note that V=0 mV is not
included in the figure.
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FIG. 8. Sequence of differential conductance traces
as a function of rf power and bias voltage for a Sn-0-Sn
tunnel junction at T7=1.6 K. The base plane is arbi-
trarily chosen, and, as in Fig. 7, V=0 mV is not in-
cluded.

if a characteristic well-defined feature of the nth
satellite belonging to the mth SGS is confined within
the (narrow) voltage interval (V,,, V,,). Alternative-
ly, Ao,, may be defined as

A0 = or!(Vln) -0g, (5)

if the characteristic structure element is a con-
ductance peak which rises above a background level,
oz. Here, V,,is the voltage at which the nth con-
ductance peak reaches its maximum. 03 is, in
principle, arbitrary but, as is demonstrated below,
the background level is, in most cases, well de-
fined.

The aim of this discussion is to show that the
rf dependence of the measurable quantity Ao,.,—de-
fined by either of Eqs. (4) or (5) combined with
Eq. (3)—is given by J2? (ma), as was first suggested
by Longacre and Shapiro.’® The method of analysis
is then tested on MAT in order to see if the known
results are reproduced and, finally, proving satis-
factory in this case, the method is applied to the
SGS and rf-induced satellites.

If the definition (4) is used, Ao, is found to be

AGy, = 20 23 JHma) o, (Vy,+nhv/me)

=0, (Von+nhv/me)). (6)

Here, all but one term in the m summation cancel
if 0, is a slowly varying function of V everywhere
except when V is close to 2A/me. Hence

AC =20 JAMA) 0oV, +nhv/me)
n

= 0 p(Van+nhv/me)]. (N

Normalizing to the amplitude A0, =0,(Vy4) = 0u(Vse)

DEPENDENCE OF SUBHARMONIC GAP...
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of the chosen structure element® when no rf is
applied, the final result is

AC,
==xt L2 J2(ma)
Acm n

« On(Vin+ nhv /me) - 0,(V,, + nhv/me)
Ao, ’

(8)

Provided that terms in Eq. (8) corresponding to
different #n’s do not overlap in voltage then the

SGS (n=0) varies as JZ(ma), and the nth satellites
vary as JZ(ma). These satellites fall in the volt-
age range defined by Vy, and V,, determined by

Vintnhv/me =V,
and
Voptnhv/me = Vy,.

It proved possible, however, to use the analysis
leading to Eq. (8) only in a few cases, for instance,
at the m =1 structures of Fig. 5. As is evident
from the m =1 structures of Fig. 4 and the m =2
structures of Fig. 5, neighboring structures over-
lap making it meaningless to define Ao,, as above.
The approach via definition (5) proved adequate in
such cases.

The background level is a sum of contributions,
0.8, from the current carrying channels which
are responsible for the SGS, i.e.,

05 =21 21 JMA)0 g, (9)
m n
where we have used the relation®®
20 Ji(ma)=1. (10)
n

Inserting Eqs. (3) and (9) into Eq. (5) and normal-
izing to A0, =0,(Vyy) ~ 0,5 yields

A0y =E J"Z(ma)cm(vln*'nhy/me) ~Omp . (11)

Ao AC,,

m

Again Eq. (11) shows that, if only the nth term
contributes at V,,=(2A tnhv)/me, then the peak
amplitude at V,, varies as JZ(ma).

C. Analyzed data

The point-contact data of Fig. 4 were analyzed
according to Eq. (11). Considering, first, the
MAT around the gap voltage, the background level
used was the conductance plateau on the high-volt-
age side of the gap peak. Furthermore, only peak
amplitudes on this side of the gap peak were mea-
sured. Then, as is evident from Fig. 3(a), over-
lap effects are minimized.3* The measured nor-
malized peak amplitudes for =0, 1,2, 3, and 4
are shown in Fig. 9(a), 9(b), 9(c), 9(d), and 9(e),
respectively, and compared to the corresponding
squared Bessel functions J,,z(a). The power scale
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FIG. 9. Microwave-assisted tunneling results derived
from the sequence of Fig. 4 (open circles) plotted as
functions of the parameter o%= (eVy/h v)?, and compared
with the squared Bessel functions shown as solid lines.
The peak amplitudes are measured at voltages: (a) 2A/e,
®) 2A/e+hv/e, (c) 2A/e+2hv/e, (d) 2A/e+3hv/e, and
(e) 2A/e+4hv/e.

is fixed for all the data by adjusting the scaling
factor between the incoming rf power and the pa-
rameter a?=(eV,/hv) so as to obtain the best fit
of the experimental points in Fig. 9(b) to JZ(a)
shown as the solid line. The agreement between
theory and experiment is good establishing that
the method of analysis is satisfactory.

The peak amplitudes of the m=2 and m =3
structures were also measured using as reference
level the conductivity minimum at V'=1.6 mV just
above the m=2. The normalized results are shown
in Fig. 10 together with the m =1 results of Fig.
9(a). Comparing the broken lines drawn through
the experimental points with the squared zero-
order Bessel functions shown, of argument 2a and
3a, respectively, the minima positions on the
power axis are seen to coincide. A much better
agreement could be obtained by adjusting the refer-
ence level. This was not done, however, because
in order to separate out properly the contributions
from the n=0 peaks from the satellites which are
strongly overlapping, detailed calculations taking
into account the shape of the peaks would be neces-
sary. %

As already mentioned and as shown in Fig. 5
the resolution of satellites was improved by re-
cording resistance rather than conductance. Fig-
ure 11 shows the analyzed results from two point-
contact junctions for which the resistance was re-
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corded. The open symbols and the X’s derive from
the data of Fig. 5 (junction 1) and the closed sym-
bols and the +’s from another junction (junction 2).
Before plotting the results, the measured ampli-
tudes in resistance were converted to conductance.
For the m =1 structures in both cases and for the
m =2 structures of junction 2 the analysis was
based on Eq. (8), and all the remaining structures
were measured according to Eq. (11). For junc-
tion 1 the m =2 and m =3 structures were measured
with the resistance plateau between the peaks as

a reference [see also Fig. 3(b)], whereas for the
m =4 peak the reference level was adjusted to pro-
duce fair agreement to theory showing nothing else
but that consistent results could be obtained by a
reasonable choice of reference.

Figure 11(a) shows the normalized amplitudes
of the n=0, m=1,2,3, and 4 structures compared
with the corresponding squared Bessel functions
J&(ma), and Fig. 11(b) shows the first satellites,
i.e., n=1, for the m =1 and m =2 structures. The
power scale is fixed by fitting to the points at the
arrows in Fig. 11(a) for point-contact junctions 1
and 2, respectively. Although the experimental
points show deviations from the solid lines due to
overlap effects which are not completely avoided,
the results lead to the conclusion that the variation
with rf power is consistent with the use of argu-
ments a, 2q, 3a, ... in the Bessel functions.

The thin-film tunnel junction data of Fig. 7 and
8 have been analyzed and the measured normalized
amplitudes are plotted in Fig. 12 as a function of
rf power (@?) for both the resistance and the con-
ductance results (open and closed symbols, 're-
spectively). The resistance recordings were con-
verted to conductance before amplitudes were mea-
sured and the analysis was then in both cases car-
ried out as follows:

Conductance peaks were measured taking the
background conductance level as a reference.

'That is, the n=1 peak was measured above the

1.0 = =u T )
\: R T
‘*1\ x_ 0 -~
L Sy \ 4
§ - N X, —
g€ 05 m= 3 e N ° —~ -
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FIG. 10. Power dependence of the subharmonic gap
structures of Fig. 4. m=1, circles, m=2, X’s, m=3,
triangles. The solid lines are J%(ma) for m=1,2, and
3, respectively.
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FIG. 11, Power dependence of the subharmonic gap
structure of the rf-induced satellites derived from two
Nb-Nb point-contact junctions, open symbols and x’s from
the data of Fig. 5 (junction 1), closed symbols and +’s
from another junction (junction 2). (a) Normalized ampli~
tudes of the n»=0 structures for m =1 (circles), m=2 (X’s
and +’s), m =3 (triangles), and m =4 (squares). (b) Nor-
malized amplitudes of the rf-induced satellites (»=1) for
m=1andm =2, The symbols are as above. The solid lines
show J% (ma) with » and m as indicated. The power scale
is fixed for all the curves by fitting to the points at the
arrows marked 1 and 2 for junctions 1 and 2, respec-
tively.

conductance level on the zero-rf-power trace at
that particular voltage where the peak showed up,
whereas the 7 =0 peak was measured from the
conductance level —at the peak voltage —on the trace
recorded at that particular power level where the
peak amplitude reached its first zero. This is a
well -defined level for the tunnel-junction measure-
ments because here, the n=0 and the n=1 peaks
do not overlap. Very detailed agreement has been
obtained between the experimental results and the
squared zeroth and first-order Bessel functions
with arguments o and 2a shown in Fig. 12. Thus,
this section can be concluded by stating that very
strong experimental evidence has been presented
that the nth structure belonging to the mth-sub-
harmonic series varies with rf power as JZ(ma)
withm=1,2,3,... and2=0,1,2,....

The data presented in this section are our most
detailed experimental results on the rf-power de-
pendence. A number of other thin-film tunnel
junctions (including a Pb-O-Pb junction) and point-
contact junctions were tested, however, less com-
plete data were taken for a variety of reasons.

It should be added, however, that all the junctions
tested behaved in full agreement with the conclu-
sion stated above.
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3753

D. Discussion 'of the microwave results

The materials (Nb and Sn) and the microwave
frequency (66 GHz) have been chosen with the pur-
pose of having good resolution of the SGS and the
rf-induced satellites. The resolution depends
(i) on the spacing between the different m struc-
tures, but also (ii) on their widths compared to
the spacing, hv/me, of the satellites. Niobium,
having a large energy gap (2A.~3 mV), is for a
fixed frequency favorable with respect to (i) but
inferior compared to tin with respect to (ii).
Therefore, by making measurements on Nb-Nb
point contacts as well as on Sn-O-Sn tunnel junc-
tions, the rf dependence has been obtained (a) for
high-m structures with no overlap between satel-
lites belonging to different 7 series (Nb), and (b)
very accurately for the =0, 1 structures for low-
m values (Sn). The rf dependence thus established
is the same for point-contact junctions as for thin-
film tunnel junctions. Only contact between mates
of identical materials have been studied in the pres-
ent work in order not to complicate the data anal-
ysis and the interpretation of the rf results with
the problems of identifying the different structures.

The results presented in this section have been
obtained on the most clean junctions among those
tested. Occasionally additional structure, in the

‘form of very sharp spikes in dV/dI, was observed
in our point-contact junctions overlapping with the
high-m SGS’s.® The position of these structures

L
0.1 1.0 10

[eV/hy)®

0.0

FIG. 12. Power dependence of the subharmonic gap
structure and of the rf-induced satellites derived from
two Sn-0-Sn tunnel junctions, open symbols from the
data presented in part in Fig. 7, and closed symbols
from the data presented in part in Fig. 8. (a) Normal-
ized amplitudes of the n =0 structures for m =1 (circles),
m=2 (triangles), and m =3 (squares). (b) Normalized
amplitudes of the rf-induced satellites (n=1) for m=1
and m =2, The symbols are as above. The solid lines
show J2 (ma) with » and m as indicated.
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on the voltage axis and their amplitude were de-
pendent on the contact pressure. Furthermore,

as rf was applied side peaks showed up at distances
nhv/2e from the center peak, independent of its
position. These observations lead to the conclusion
that their origin was a quarterwave resonator
formed by a bent point.®” Complete rf measure-
ments were, however, only carried through if the
SGS appeared free of such “parasitic” structures.
We are, therefore, confident that unambiguous
data have been obtained showing that the SGS and
the satellites vary with rf power as described by
the squared Bessel functions J2 (ma).

Previous publications have discussed whether
the appearance of two essentially distinct shapes
of the SGS should be interpreted as evidence for
two or more processes being responsible for the
SGS¥»8 11414 o1 if the self-coupling mechanisms of
Werthamer, '® in spite of this apparent distinction,
explain all the structure.!' We have observed both
shapes in question, i.e., peaks and steps in the
current, and will return to that in Sec. IV.

' Here, we wantonly to stress the fact that indepen-
dent of the actual line shape of the SGS at a partic -
ulay voltage 2A/me, this shape was veplicated by
the vf-induced satellites spaced by hv/me, and
their power dependence was invariably found to be
as JE(ma).

In the following paper, Hasselberg et a con-
sider multiparticle tunneling and self-coupling
mechanisms as the origin of the SGS. In all cases
considered the rf-power dependence of the struc-
tures —both SGS and satellites—are found to agree
with the experimental results presented here.

1.2

IV. DISCUSSION OF OTHER RESULTS

The microwave dependence of the SGS established
by this work does not distinguish multiparticle
tunneling from nonlinear self-coupling.

Others® 114 haye, following the suggestion

of Werthamer, !® attempted to establish such a
distinction between the theories by using contacts
between dissimilar superconductors. With the
exception of Giaever and Zeller,!! who interpreted
their results as support for self-coupling mech-
anisms, these authors conclude that no satisfactory
theory has been published or that no choice could
be made between the existing theories on the basis
of the experiments.

In this section we review and discuss aspects of
our experimental results other than the rf depen-
dence. Since a distinction between the theories
may be based on properties such as line shapes
and relative amplitudes of the SGS,? these features
will be studied more closely.

Particularly for the point-contact junctions,
where the IV characteristic is easily adjusted, the
SGS may take a variety of forms. Figure 2 shows
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some typical examples. As also noted by
others®®111% 14 tyq characteristic and distinctly
different shapes are observed, namely, current
cusps (peaks) and current steps. It was first
suggested by Marcus® that current cusps and cur-
rent steps might be evidence for self-coupling
mechanisms and multiparticle tunneling being
dominant, respectively. This need not be the case
according to the following observations from Fig.
2:

(a) As the contact pressure was increased the
contact resistance decreased and the zero-voltage
current'increased. At the same time the shape
of the SGS changed gradually from steps to cusps
starting with the high-m structure. In Fig. 2(a)
all the structures are current steps. In Fig. 2(b)
the m =1 structure is a current step, whereas the
higher-m structures have become more cusplike.
Finally, in Fig. 2(c), the change to current cusps
is complete.

(b) By a closer inspection of Fig. 2(a) we find,
first, that the m =2 structure is very large com-
pared to previously reported “two-particle tunnel-
ing processes,”’'=3:8 the step amplitude being about
one-third of the single-particle tunneling step (m
=1); second, that the m =3 structure is missing
on the current scale used; and third, that the m=4
structure can be seen as a very tiny current step
on the same current scale.

The analysis of Hasselberg et al.? predicts, in
the case of self-coupling mechanisms, that for the
odd series (m =odd integer) the line shape can be
a step, a peak, or any superposition of such shapes,
depending on the coupling strength. Furthermore,
they show that weak self-coupling favors steps,
that the coupling strength increases with increas-
ing zero-voltage current and also with decreasing
bias voltage, and finally, that self-coupling pre-
dicts amplitudes of the SGS which decreases much
more slowly with increasing m than does multi-
particle tunneling. Observations (a) are qualita-
tively consistent with these analyses. The theo-
retical analysis of the even-m series (m-even inte-
ger) is not equally detailed. Within the self-cou-
pling formulation this series should be due to pair-
breaking in the superconductors caused by the in-
ternal electromagnetic fields generated by the ac
Josephson current. As discussed by Hasselberg
et al., ?? the even-m series due to pair breaking
can—with respect to line shapes and relative am-
plitudes —very well be similar to the odd-m series
although their origins are conceptually different.
We do not know at present whether the apparently
smooth decrease of the SGS amplitudes with in-
creasing m, i.e., combining the odd and even
series into one, is inherent in the self-coupling
formulation.

The observations (b) that the m =3 structure is
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missing in Fig. 2(a) and that the » =2 and 4 struc-
tures are seen certainly disagrees with muitiparti~
cle tunneling as being the sole responsible process.
Pure multiparticle tunneling should produce struc-
tures which decrease monotonically with increas-
ing m at a much faster rate than observed in any
of our junctions. In fact, the presence of the m =2
and 4 structures unaccompanied by the » =3 and 5
structures may be significant as an indication that
the mechanisms producing the even and odd series
are different.®® Hence, none of our experimental
results are in contradiction to the self-coupling
theory, whereas multiparticle tunneling alone can
definitely not explain the SGS.

Within the self-coupling formulation supplemen-
tary processes to the odd-m tunneling processes
have been suggested.?? If very close coupling ex-
ists between the two superconductors of the junc-
tion, then pair-breaking processes become possible
where one quasiparticle is created in each super-
conductor. Thus, pair breaking alone may produce
structure for all m, structure which does not de-
pend on the observation of the quasiparticle-tunnel-
ing threshold at 2A/e. Very close coupling implies
extremely thin tunneling barrier or else metallic
contact in the form of bridges connecting the super-
conductors. Such bridges were certainly present
in the point-contact junction of Fig. 2(c)®*® and the
SGS, including the m =1 structure, might be dom-
inated in this case by such pair-breaking processes.
Metallic bridges may not be required, however, in
order to see SGS. For example, the tunnel junc-
tion of Fig. 1 was—to the best of our knowledge—
free from such bridges. First, because the zero-
voltage current could be suppressed completely by
a small magnetic field (leaving the SGS unchanged),
and second, because the magnitude of the zero-
voltage current was equal to 0.9 times the current
step at 2A/e as predicted by theory. 4

The often quite complicated SGS line shapes can,
as discussed above, result from superposition of
peak and step structure elements. This implies
that a proper indexing of the structure can not be
made without a more detailed study of the self-

. coupling problem. Various authors have used dif-
ferent indexing criteria. For example, indexing
has been attempted using resistance dips (conduc-
tance maxima)" as used conventionally for the sin-
gle-particle tunneling step at the gap voltage follow-
ing the suggestion of Townsend and Sutton.*' Re-
sistance peaks have also been chosen to index the
structures, 82 and even inflection points on the
high-voltage side of conductance peaks (or equiv-
alently on the low-voltage side of resistance peaks)
have been suggested to be most reasonable if the
structures are current peaks.® 0% Wwe have
tested all these methods on our junctions and have
found as a general trend but with considerable scat-
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ter that independent of the indexing criteria used,
the energy gap 2A/e determined by mV,,, where
V. is the indexing voltage, decreasesasm increases.
This agrees with the findings of others, 8-10:12:21
The high-resistance regions on the high-voltage
side of the current cusps seen when constant-cur-
rent bias was used reflect the loadline of the bias
circuitry rather than the true line shape of the SGS.
This is clearly displayed in Fig. 6. The high-re-
sistance regions appear in the derivative dV/dI as
narrow peaks, and the resolution obtained for the
satellite structures of our Nb-Nb point contacts re-
sult from this artificial sharpening of the structure
when measured in resistance. It is evident also
that this effect further complicates the indexing
since the true line shapes can not be traced out.

V. SUMMARY AND CONCLUSION

The microwave dependence of the so-called sub-
harmonic gap structure has been studied experi-
mentally. Based on the qualitative behavior and
by analogy to the well-known microwave-assisted
tunneling effect of small junctions, an analytical
expression describing the microwave response has
been postulated. From this expression a data-re-
duction procedure has been derived which was tested
on microwave-assisted tunneling and then used on
the subharmonic gap structure. The results thus
obtained can be summarized as follows:

As microwaves are applied the amplitude of the
subharmonic gap structure at the voltage 2A/me
varies with microwave power as the squared zero-
order Bessel function J2(ma), of argument ma,
where a is related to the microwave voltage drop
V.eacrossthe junctionby a =e V,,/hv. Furthermore,
replicas of the mth subharmonic gap structure grow
uponboth sides—at voltages (2A +nkv)/me, wheren
=1,2,3, ... —with amplitudes varying as squared Bes-
sel functions, J2(ma), of orders» and of argument ma.

In parallel to the experimental work presented
here Hasselberg, Levinsen, and Samuelsen® made
a theoretical analysis of various explanations of the
subharmonic gap structure. The result of their
analysis is that both explanations considered, multi-
particle tunneling and self-coupling, yield the ex-
perimentally observed power dependence. Hence,
a distinction between the theories must rely on
other, less obvious properties such as line shapes
and relative amplitudes. Wehave reviewed our data
accordingly and have found strong evidence that multi-
particle tunneling must be discarded as the sole ex-
planation of the structure, whereas selfcoupling mech-
anisms seem able to account for all our observations.
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