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Abstract:

The effect of rf frequency on the induced I-V steps for Joseph-
son junction is discussed. The resistively shunted junction is applied
for the case of an applied rf rectified sinsoidal current in which
the amplitude is modulated by a saw toothed function. It is shown
that the step rise sharpens on increasing the rf frequency. We
aiso show that the first fundamental step is nearly absent for
low rf frequencies, while on increasing the rf frequency, the step
evolves and assume its well known configuration.

Introductions

Thete has been corsiderable interest to investigate the ghenomena assaciated
with Jossphson junctions due to thelr polential use in superconducling  quantum
interference davices (SQUID'S), high speed ligic and memory devices, mixer madulators,
and ac-amplifiers. One such atea of interest, is the induced steps in the |-V charac-
teristics of a Jasephson junction driven by either an wsc- or do-curent sources or
both. The eifoct of critical curcent amplitude modulation{1), radio and micro wave
power, and thetmal noise (thermal current)(2-%) an the indu=ed steps has been
widgely Investigaled through the use of sevetsl mathematicsl models. In figuee (1),
the effect of varying the ¢f frequency on the 1=V characteristics |5 shown(&), This
figure shows several interesting features thal occurs on increasing the f frequency.
Such features are, the evolution of the first step, higher steps are better evalved
than the flist step, but still their =tep rise shatpens, end linally the over all curve
rise incresses (i.e. approsching the ohmic line faster). 1L is to the best of our
knowledge that such phenomena has not been investigated and presented elsewhare,

Hence, It is the purpose of this paper to investigate the effect of rf freguency
an the features discussed above, fram the theoretical poiot of view, In our waork
we applied the resistively shunted junclion model(7) (RS1), for a Josephsen junction
bizsed by an 1f rectified sinsoidal current phase relation, in which its amplitude
is modulated by a saw toothed function. The madel 5 worked for thiee of frequencies



T.F. Refai and L.N. Shehata 42

(10,50,100 MHz) at zero temperature and for en tf frequency (10 MHz) st a norma-
lized temperature (U = D3%) It turns out the celeulated |-V curves agree very
well (on o gualitative agreement basis) with the 1=V cutves of ligure (1), In sec. 2
the model s discussed for the zeto and non zere temperature, together with the
simulation technique used. In sac, J, the theoretical resuds are presented, discussed
and compered to the experimental resulls. Finally in sec. 4 we present some clasing
canclusians,

Theary:

The response of & loseghson junclion lo an ac current soutce lac slneve, & |5 the
seplied externs! frequency), while biased by a do current source is given Dy:

—_ _
C dav/dt +&'V + lc sind= ldl.‘ . Inc sint « lN . {1-2)
2ev = hdad/ ar, (1-b)

Whete C is the Josephson |unction capacitance, V is the vallage scross the junclion,

junction conductance, Io junction critical current, ¢b Is the phase difference across
the junction, and Iy ia the thermal current generated in the resister R = 1/p- 8t 8
glven temperature. In eq. {1<b], + is Plasck's comstent divided by 270, end e Is
the electron charge. It is warth noted that eq. (1-a), {for Iy = Q), is applicable to
ather physical systems such as the driven damped perciulum, a charged dersily
wuve in the presence of & lime verying fleld pinned to an underlaying lattice,
and a charged particle moving i g viscous medium deiven by a periodic potential,
In cur work we will only consider the case for C = Q and I3, = O The f current
soutce will be replaced by:

o ‘uinw ll - (2)
o T

TO
where (T) is the modulation period of the sawtoathed function (3= t), and 1 is the
curtent amplitude at t = T. Next, by setting v = t, equaticn (1-b) can ke expressed
as

LA o (3)
Fram {1-a) and (3), we then have:

d4 '2¢~Rlc io

;;;n-_r-[—TusinuqiN-sinﬂ] &)

where i, and 'N are the 1{ and thormal currents normalized with respect to the
cutical current Io. For the thermal current, the sverage distribution is given by:
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Where kg is Beltzmaon corstent, and u s the narmalized time step  invalved

in the numerical integration al eguatian (4),

Equetion [4) was solved numerically by applying the Runge Kults method,
Shnce pul &@im was o uvnderdtand the qualitative nature of the salution, and not
io gel higher preclsions, which woeld necessitale much longer complutatian, iy wWas
taken up be 10% and T = 1077 sec for all three frequencies [10, 50, 100 MHz},
and w = J100. The normalized valtage Is given by

{v)- {m: >‘ ::-;FI.T; <£> {6)

Where Lhe averaging Is teken over hall the 11 eyele, which is also thp case for
the curtenl. Finally its worlh noting that Tor the of current, keeping T constant
and changing e frequency, hai the swne elfect of keeping w comtant  sng
warvireg T

Discussiore

Figure (I] shows the numerical 1-¥ curves al ern temperatute and thyoe
rl frequencies, 10, 50 and 100 MHz. There are Lwa reqiers of inbersst in all cleves.
The first is that part of the curve Lhat lies below a normalized curpent equal
Lo bwo, which s Lthe main [nlerest of this PEpeT. The second region i= that for
normalized currents values shove Lwoe In tha Fiest Fegian it |8 clearly shown how
thix Tirst step evolees with increasing of frequency. In Tigure {31, lhe inaet shows
B geEnerals slep shape ndueed by an applied of current. On the path 0A several
Il eyeles elapse balope v reaches Ver On  increasing the current  the system  will
mave fram A to C, where the guretion belween transiliors decresses, Al praint
[ the phase Lransition occurs every cycle, Beyond point C, the teansition occurs
evely few cycles on bolh Lhe positlve and negetive (f #wing= AL point B the
transition rate [snow twice every eycle, and the system moves upwaid o point
D at which & smcond step eppears{SL !'Ir;arlﬂq thic in mind, we nowe pay our ehten-
ticns te figure (3), In which we placed the 10° AHz cutve, {eurve 1), slong side
thet of the 103 MHz rf frequency, (curve NI}, and bry to reach a physical Interpreta-
tian of how the first step is evoleed, On increasing the current from 1 bo B o= iy; the
vollage on curve [ is vy (point A) which is less thean vy [paint B dor cucve L
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Now since curve Il is st 8 higher frequency, then there are more of cycles
invalved than that for curve | during the same r1ange of cutrent. Mote tf cycles
means that the winding process is much geestee, hence a higher phase Lransition
rate is oxpected for curve Il which leads ta the fact that vo vy, Thus we see that
as the r! frequency is Increesed, the step rise (OB} sharpens. On the other hand
for curve 1, we see that on further Increasing the curcent, it will rise to point C,
beyond which 8 step is obierved at v~ 15, 1~ 15 which is a subharmonic  step
(n = 3/2). Now back to curve ll, on increasing the current beyond point B, a step
width is observed Fram B to C, the transition rate increases unlill &t paint C we
have & single phase trarsition every complete rf cycle. H our ff current was not
rectified, we would then have the step extended 10 |~2 where twa transitions
occurs every ff cycle. Bul since we have a rectified current the step width will
terminate st polnt D and & new riser starls agein leading to the second step. Thus
from the figure and our discussion our work suggest that st low rf frequency there
is o step (second subharmonic), and as the rf frequency is Increased the step s
shifted downwards untill it completly assumes the position of the first fundamental
step with 8 width egqual to hall the critical current,

In the second Teqgion, the modsl shows steps existing at Ve~ 2, 2.5 and~ 3, in
other words we have fundamenta! and subharmonic steps. Such behavior is dee o
the noture of the i cutrent considered in this work. The general festures of these
steps ere the same as discussed elsawhere, hence there is no need to sepest them
again. It # waoith noting that earlier, we mentioned that the effect of varying the
rf frequency and keeping the modulation frequency, is the same il the opposite
is done. Thus our work predicts that by changing the modusation frequency ard
kewping the junction at a constant ©f frequercy we would be able to obseive such
phenomeno . In order to meore test our model, and gel an exita-support for our
wotk we hove alio solved the equations for @ normalized temgerature t = .74 (ie
ijg>0) and an rf frequency 10 MHez, with no chenge in the medulation freguency.
The results are shawn in figure (4) where we notice the following. The second
subhatmonic step is campletely washed out, while that for the third it s less pro-
nowced than that for T = Q. The fundamentzl steps show a dight romnding on
their knees, Hence the effect of thermagl current is only wery strong on subharmooic
steps, this is in agreement with cef (3),

Conclusion:

There ate several imporlant conclusion &5 @ result of our work discussed sbove.
First we have shown the eifect of ! {requency on the evolution of the firsl step
Second, pur wack graves thal such effect can slso be observed by keeping the ol
freguancy constant, and varying the madulation fteguency, Last, the rectified curcent
considered in our work lesds to the eppearance of subharmonic steps. This last
result suygest & new masn of expenimentally detectiog subharmaonic ateps.
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