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We have obtained convincing experimental evidence of the time correlation of single-electron tunnel-
ing (SET) events, i.e., of SET oscillations with average frequency f, fundamentally related as f, I/e to
the dc current I. The experiments have been carried out with one-dimensional N-junction arrays of
Al/oxide/Al tunnel junctions of area S=0.006 pm2 at T= 50 mK. The correlation showed up as reso-
nance peaks of the dynamic resistance dV/dl as a function of I, arising at I I„-nef (n +' I and
+ 2) for irradiation of the N 15 and 19 samples by microwaves of frequency f-0.7-5 6Hz.

PACS numbers: 73.40.Gk, 73.40.Rw, 74.50.+r

As the area of a tunnel junction is decreased, together
with its capacitance and tunnel conductance, single-
electron charging effects become increasingly important.
For sufficiently small C and 6 (C«e /kttT, G«Rg '

4e /h) the charging can lead to a considerable corre-
lation of tunneling events either in space, or in time, or in
both. '

The former type of correlation has been observed reli-
ably in recent experiments with double tunnel junc-
tions (i.e., M/I/M/I/M structures) of submicron area.
Experimental evidence of the latter (time) correlation,
obtained in experiments with disordered and irreproduci-
ble granular structures, was, on the contrary, much
more questionable. A reliable observation of this effect
represents an important task. In fact, a complete time
correlation of the single-electron tunneling (SET) events
in a structure means a periodic (rather than stochastic)
transfer of electrons, with a frequency f, fundamentally
related as f, I/e to the dc current I transferred through
this structure. This phenomenon is (qualitatively) dual
to the ac Josephson effect, and can become quite impor-
tant for both fundamental physics studies and several ap-
plications in what has been nicknamed "single-elec-
tronics. "

According to the theory, ' the time correlation should
be observable in single tunnel junctions (i.e., M/I/M
structures) biased by a fixed current. Several at-
tempts' ' to observe this effect (and/or the similar
correlation of the Cooper-pair tunneling events ' ) have,
however, failed or at best given indirect evidence. ' This
is presumably due to a parasitic effect of the stray capac-
itance Co&)C between the junction leads. ' It ruins
the constant current bias and, as a consequence, the
tunneling-event correlation.

A possible way' ' to circumvent this problem is to
use one-dimensional arrays of N)&1 junctions connected
in series, i.e., MlIlM. . .MlIlM structures. In this
case, the stray capacitance Co is effectively detached
from each junction by its N —1 neighbors, and both

space and time correlation of tunneling is possible. 's

Our first experiments' ' with such arrays confirmed the
reliability of the theoretical predictions, but did not re-
veal the time correlation, presumably because of a rela-
tively high temperature in those experiments. The pur-
pose of this paper is to report the first reliable observa-
tion of the time correlation. It has become possible by
using millikelvin refrigeration.

The methods of the array fabrication were similar to
those described by us elsewhere. ' ' Five independent
arrays with N from 15 to 21 junctions each were fabri-
cated on Si substrates. The junction area was 70&90
nm and the period 100 nm. The individual junction
resistance was -200 kQ. A comparison of the array
resistances indicated that the spread of the junction pa-
rameters did not exceed 10%-20%.

dc I-V curves and dynamic resistance Rz dV/dI
could be measured with a well screened and filtered sym-
metric circuit and lock-in techniques, at temperatures
from 4 to 0.05 K using a dilution refrigerator. Mi-
crowaves could be fed to the arrays via a coaxial cable, a
cooled 10-dB attenuator and a three-turn coil. The cou-
pling was very poor, ——60 dB at best. This was sat-
isfactory only at certain resonance frequencies; at other
frequencies the microwave power needed to affect the
junction I-V curve heated up the sample holder notice-
ably. The poor coupling also eliminated any external or
room-temperature rf noise coming down the coaxial
cable.

Figures 1(a) and 2(a) show data obtained for a nine-
teen-junction array (almost similar results have been ob-
tained for a fifteen-junction array on the same sub-
strate). As the temperature T is lowered, the dc I-V
curve becomes nonlinear, with a drastic suppression of
the conductance below some threshold value V& behind
which solitons are formed. ' The nonlinearity is present
even if T is larger than the superconducting transition
temperature T, =1.2 K of the aluminum electrodes.
e/2C is comparable to 2h/e and the superconducting gap
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FIG. 1. dc I-V curves of a nineteen-junction array of sub-
micron tunnel junctions for two values of temperature: (a) ex-
periment; (b) calculations according to the theory (Ref. 15)
(see text for parameter values). A blowup of the current scale
for the 50-mK curve shows that the current is practically zero
at low bias.

structure is smeared; in fact in this case it is visible only
in the derivative. At millikelvin temperatures, the
threshold is very well defined and the current below V& is
extremely low (I(50 fA) [see Fig. 1(a)]. The resis-
tance at zero bias is at least 100 GA, i.e., at least 4 or-
ders of magnitude larger than at high bias. Note that V,
is definitely less than NV~, where V~ 25(T)/e=0. 35
mV is the superconducting gap voltage.

Applied microwaves smear the current suppression
range gradually, and eventually make the dc I-V curve
linear. At power levels which make the zero-bias dy-
namic resistance of order of (although still higher than)
the asymptotic resistance R& 1/G, the dc I Vcurves-
exhibit periodic structure which can be seen as periodic
peaks in the Rd vs I plots [Fig. 2(a)]. Most remarkable,
the dc current positions of the peaks are not dependent
(within the = 15% accuracy of their definition) on the
power, but are linear functions of the microwave fre-
quency f (Fig. 3),

I„nef, for n ~1, ~2, . . . ,

at least within our experimental range (0.7-5 GHz). On
the contrary, dc-voltage positions of the peaks do depend
on the microwave power. An increase of the tempera-
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FIG. 2. The dynamic resistance Rd dV/dl as a function of
dc current I for the same array as in Fig. 1 at 50 mK for three
values of the microwave power (f 0.75 GHz): (a) experi-
ment; (b) calculations. a A/(e/C) is the normalized ampli-
tude of the microwave voltage applied to the array. The ampli-
tude difference between the two pumped curves in (b) corre-
sponds to 1 da in power. Rd is normalized to the array resis-
tance (NRlv ). Arrows show nominal positions of the resistance
peaks according to Eq. (1).

ture broadens the peaks (and eventually smears them
out). Below 0.1 K the peak structure does not change
very much.

All our experimental data find a natural explanation
within the framework of the "orthodox" theory of the
correlated single-electron tunneling. ' ' Figure 1(b)
shows dc I-V curves of a uniform array (with identical
junctions) as calculated from the theory' for two exper-
imental values of T, the calculated value Co = 1.2
x10 ' of the stray capacitance of the electrodes, and
fitted values R~ 0.21 MQ per junction, C=2.4x10
F, GL/G 0.15, and 26(0) 0.38 meV. Here Gi. is the
junction conductance below the superconducting gap in a
single voltage-driven junction, i.e., a junction without
charging effects. The resistance is obtained directly
from the asymptotic slope of the experimental I-V curve,
the capacitance is consistent with the junction area,
while the energy gap and subgap conductances are con-
sistent with the literature data for similar junctions. One
can see that the agreement of the overall shapes of the
I-V curves can be characterized as perfect. The calcu-
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FIG. 3. dc current positions of the n ~1 and n ~2

resistance peaks for two arrays N 19 and N 1S. The lines
are least-squares fits to the data. They have slopes of 1.52
x10 '9 A/Hz, —1.63x10 '9 A/Hz, 3.20x10 '9 A/Hz, and
—3.33x10 ' A/Hz, i.e., a good agreement with the values e
and 2e given by the theory of time-correlated tunneling.

lated value 2.4 mV of the threshold voltage V& is also
close to the experimental value 2.0 mV; however, the ex-
act shape of the low-current part just above V, of the ex-
perimental I-V curve differs from that obtained in the
calculations which used a crude assumption of constant
GL at ( V ( ( V& (all other results are not sensitive to this
feature).

Note that according to theory the current suppression
below V, (the so-called Coulomb blockade of tunneling)
is entirely due to charging effects and not related to the
superconductivity of the electrodes. The superconduc-
tivity, however, does affect the general shape of the dc
I-V curve at T & T„making the current relatively low
for all voltages below V&+%V&= 8 mV.

Figure 2(b) shows Rd vs I curves calculated with the
same parameters as above for three values of the rni-
crowave amplitude. Theoretically, each resonance peak
(1) is due to phase locking of the SET oscillations by the
nth harmonic of the external microwave signal. In the
ideal case (T~ 0, Co/C~ 0, GRg~ 0, N~ ee) the
peaks would be in6nitely high and would correspond to
horizontal voltage steps in the I-V curve, similar to the
Shapiro current steps in the Josephson effect. In reality,
the peaks are broadened by quantum, thermal, and shot
noise; in our case of relatively smail %, the last contribu-
tion dominates. The similarity of the measured and cal-
culated curves is obvious, but in the experiment the
peaks have some additional broadening due to the ac sig-
nal used to record the derivative (= 5 pA rms) and pos-
sible noise reaching the junction.

In spite of the very reasonable agreement of the data
with the theory of correlated single-electron tunneling,

we should examine whether alternative explanations of
the observed peaks are possible. First of all, qualitatively
similar peaks (with even n) could arise due to the phase
locking of Cooper-pair tunneling (the so-called Bloch os-
cillations ' ). In the absence of a quantitative theory of
Bloch oscillations in junction arrays, one may argue that
the peak with n 1 could be due to phase locking of the
second harmonic of these oscillations. Nevertheless, it
seems hardly possible to explain in this way why the
peak with n 1 is the largest one (at higher frequencies
of our range this peak alone was visible). Moreover, the
Josephson coupling energy of our junctions can be es-
timated as 3x10 " J at most, so that its ratio to the
elementary charging energy E, e /2C = 50 x 10 2 J is
less than (GRg) '/ =0.15. According to the theory of a
single current-biased junction (it should be qualitatively
applicable to the long arrays as well' ) the Bloch oscilla-
tions should be completely suppressed by the Zener tun-
neling in this case.

Somewhat naively one could ask whether the observed
peaks could be either classical Shapiro steps (separated
by the dc voltage intervals hV hf/2e) smoothed by
noise or single-electron photon-assisted tunneling steps
(with hV hf/e). These interpretations, however,
should be excluded by the huge discrepancy between the
theoretical and experimental values of b, V (a few pV and
several mV, respectively), as well as the mentioned fact
of the microwave-power dependence of the voltage inter-
vals.

In conclusion, we believe that our data and their
analysis leave no doubt that the periodic peaks of the
differential resistance as a function of dc current are due
to the phase locking of the SET oscillations (with a
noise-broadened spectral line) by the microwave signal.
Thus the time correlation of the single-electron tunneling
events has been observed conclusively.
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