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Josephson junctions, with the barrier composed of a correlated (oetasulatoy tuned to lie close

to the metal—insulator transition, show promise to provide the fastest operating speeds for digital
electronics based on rapid single-flux quantum logic. We provide theoretical calculations that
indicate that these devices have a small enough temperature derivakp(@ pfvithin the junction
operating range to allow them to be employed as elements in complex digital circui20®
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Semiconductor-based digital electronics are rapidlysuperconducto(SIS) tunnel junction$ when the barrier lies
reaching the upper limit of the circuit's operating speed.just on the insulating side of the metal-insulator transition
Silicon-based chips are not expected to be clocked muchnd is moderately thick Experiments have been carried out
faster than 10 GHz, and circuits fabricated with faster semion junctions composed of NbTiN for the superconductor and
conductorgsuch as InAsare unlikely to be able to improve of Ta-deficient TaN for the barrie? (which can have its me-
much more than one order of magnitude above the uppéallicity tuned by changing the number of Ta vacantles
limit of silicon. Josephson-junction/based circuitryjow-  The results show a largeR,, when the barrier lies close to
ever, has a maximal operating speed that is significantlyhe metal-insulator transition, which occursxat 0.6. Note
higher than that of semiconductor-based chifigo-flop  that other types of Josephson junctions can have high
switche€ have been demonstrated at over 700 GHehe  Products, like silicon barrier junctiort$ where the semicon-
fundamental circuit element in superconductor-based elecducting barrier is not a correlated metal; we focus here on
tronics is the Josephson junction. Since the integral of a voltSCMS junctions.
age pulse through a junction is equal to a flux quantum, the The two remaining questions that need to be addressed
switching time is inversely proportional to the amplitude of &ré the temperature dependence of these devices and the ad-
the pulse[in rapid, single-flux quantum logtc(RSFQ], justment pf[.-%. .Smce,B can be tuned by adding an gxtern_al
which is determined by the product of the critical current atShunt resistotif necessary, we do not address that issue in
zero voltagd . and the slop&,, of thel —V characteristic at this contribution. Infsyead, we focus on the temper_atgre de-
high voltage. Maximizing .R,, produces the fastest switch- pendence of the critical current and the characteristic volt-
ing speeds in junctions. age

In addition to a fast switching speed, RSFQ logic re-

quires thel —V characteristics to be nonhysteretiwith a ;wo-d|men§|ogal plan:?_, which d;:scrlkzje §|thh§r the §uperdcon-
McCumber parametdi~1). In conventional tunnel junc- uctor or the barrier. A finite-sized sandwich is terminated to

tions, one adjusts the McCumber parameter by adding zj_vedlef:hand o the (;'gh; by Sem""g'”'f superc(;)_nd?c;?fg
external shunt resistor to the circuit. Finally, junctions nee eads (the superconducting gap and phase gradient differ

to have modest variation of(T) over the thermal operating from the bulk values only within the finite self-consistently

range of the circuit, since variations in the switching speedénc’deleq region which is about eight times the bull_< super-
o T o conducting coherence lengthThe superconductor is de-
of the individual circuit element&ue to thermal variations

can cause the circuit to fail due to timing errors scribed by an attractive Hubbard molfein the Hartree—
9 ) Fock approximation(equivalent to a BCS modéf, except

Recently, a class of Josephson junctions, the so-calleﬁ]at the energy cutoff is determined by the bandwjidiine
superconductor-correlated - metal-superconductSCm3 i i described by a Falicov—Kimball mod€eK)* that

Jun_cuo_ns, has been pr_opos_ed_gas a means to optlmlze tr&%ntains two kinds of particles: conduction electrons and lo-
switching speed of the junctioh® A correlated metalinsu-

laton barrier is a barrier that I | 1o the Mott—Hubbard calized ions. The Coulomb correlations arise from the inter-
aor) armer s a barrier that lies close fo the Mott=Rubbard-g i, petween the electrons and ions when they occupy the
like metal—insulator transition, which may optimize th&,

) . . same lattice site.
product. These junctions have been analyzed theoretically at We solve the many-body, problem using an inhomohp-

low temperature, where it has been discovered that one cflneqys generalization of dynamical mean field th&dfy.
improve the switching speed by more than a factor fivier o original algorithm of Potthoff and Noltingis general-

the best externally shunted superconductor—insulatoreq to include superconductivity via a Nambu—Gorkov
formalism?’ Our calculations are fully self-consistent for the
dElectronic mail: freericks@physics.georgetown.edu superconducting gap, the pair-field amplitude, and its phase.

Our calculations are for wide junctions. We stack infinite
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thickness has three different levels of correlation ranging from metallic
Interaction Strength U Urc=2 to intermediatdJ =4 to insulatingU = 16 for the single-plane

FK junction, and metallit) ;= 2, to dirty metalU =5, to correlated insulator
Ugc=7 for theN=5 junction. In addition, we include the AB analytic result
(solid line). Note how the thin insulator reproduces the AB result, and that
the more metallic proximity-effect junctions have much steeflerdT.

FIG. 1. Figure-of-meritl ;R, [normalized byA(0)/e] for (a) a thin (N
=1) barrier andb) a moderate l=5) barrier afT~T./11 andT~T_/2 as
a function of the Coulomb interactiodgx . The open symbolgand solid
line) depict the low-temperaturel& T /11) results, and the solid symbols

(and dashed linedepict the higher-temperatur@ £ T./2) results. The dot- : _
ted line in both cases is thHE=0 Ambegaokar—BaratoffAB) prediction. tive value (Of IRy 7TA/2€) because the short coherence

Note how the single plane results are optimized in the metaliic region fo€Ngth of the superconductor produces an “inverse proximity
low T and in the insulating regime for high, but the AB result is reduced  effect” where the superconductivity is suppressed as the
O e oot s 1 e et oo 58 e o auperconductr-barrer iterface is approached, reducing the
Iocr:?n at T./2 aris?es mainly from the reduction &,(T) in. the corrgelatedp eﬁe_Ctl_Ve gap value for thd}CRn_pr_OdUCt?'ﬁ We see a mild
metal (which probably has an exponential dependence on temperature ~ Optimization ofl (R, for the ballistic metal allgx=0. (Note
that these results differ slightly from those published edrlier
due to an improved value for the normal-state resistadce.
We generate a current bias by introducing a phase gradiegfe increase the temperature Te=0.055~T/2, the curve
into the semi-infinite superconducting leads, and then Se”changes dramatically. We still see the constant curve for
consistently calculate the phase profile through the activgyrge correlations, but the characteristic voltage is dramati-
region of the Josephson junction. The phase gradient is Usyy|ly reduced for small . This indicates that one needs to
ally maximized at the central plane of the barrier, where the:arefully optimizel ;R, near the anticipated operating tem-
superconducting fluctuations are the weakest. The JosephsgBrature of the junction.
junction critical current is determined by the largest gradient  \ne next examine the case of a moderately thick barrier
that can be sustained and still maintain current conservationf five planes in Fig. (b). At low temperature T~T./11)
We also calculate the normal state resistance. This is accomngd in the metallic phase, we segR, lies below the AB

plished by employing a real-space Kubo formula for thejimit and decreases as the correlations increase, until the sys-
current—current correlation function in the normal state. Atem hits a metal—insulator transitigat Upc~5.5), where
separate determination bf andR, allows us to calculate the the slope of the characteristic voltage changes sign to posi-
figure-of-meritl ;R . tive. | ;R, continues to increase as correlations increase with

We choose the attractive Hubbard interaction tolhe¢  a maximal value more than six times higher than the AB
=—2t for the superconducting planes (s the nearest- prediction. As we increase the temperatureTts T./2, we
neighbor hopping integral on a simple cubic lattice, whichsee the characteristic voltage is sharply decreased but still
sets our energy scaleThe bulk superconductor has a shortremains optimized for an insulator close to the metal—
coherence length {{~4a~1.2 nm) and is BCS-likeT;  insulator transition J ;x~8t). The total reduction increases
=0.112, A=0.198, and 2A/kgT=3.5. The barrier is de- asUg, increases, with the majority of the reduction coming
scribed by the FK model at half filling, which evolves from a from the temperature dependence Rf(T). We feel the
dirty “Fermi liquid” metal (smallUg) to a correlated insu- question of how much thewitching speedavill be reduced
lator (large Uggk), with the transition occurring at)gg needs to be examined in a nonequilibrium formalighmat
~4.9% in the bulk. also includes junction capacitance effectghich we are cur-

We first examine the figure-of-merit for a narrow junc- rently carrying out, but SCmS junctions may need to be op-
tion of one plane in Fig. (). We tune the metallicity of the erated at lower temperatures than more conventional tech-
plane from metallic to insulating by adjusting the FK inter- nologies.
action. In the bulk, the metal—insulator transition occurs at  In order to examine the thermal stability of the different
Urc=4.%. We do not see insulating behavior for a single enhanced values ¢f{R,, we perform calculations at a num-
plane until the correlations are significantly stronger. We fo-ber of different temperatures for six different cases in Fig. 2.
cus first on the low-temperature curt@ T=0.01~T/11).  We compare these results to the AB prediction for the tem-
The region of the curve fotg>5 shows the expected perature dependence bf(T) (solid curve, which is|.R,
Ambegaokar—Baratoff predictiofAB)'® that the figure-of- =A(T)tanjA(T)/2T]. We renormalize our results by an ex-
merit is independent of the value of the insulating dap  trapolated value of.(0), in order to plot all curves on one

equivalently ofUgy). It lies somewhat below their quantita- graph. As expected, we reproduce the AB result for the thin
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insulator, but the other cases lie below. In general, we fingpberimental, and engineering issues remain before successful
thatl.(T) decreases faster at low temperat(teappears to implementation can be accomplished.

be lineay when the barrier is either more metallic or thicker. )
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