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Abstract

We report current-voltage measurements on arrays of high-Tc intrinsic Josephson junctions showing a
temperature dependence of the first critical current which is different from that of subsequent critical currents
for an array with sub-micron dimensions. This can be explained by the change in the impedance seen by other
array-junctions once one junction switches out of the supercurrent state, resulting in a switching-off of
thermally activated phase-diffusion. © 2001 Elsevier Science. All rights reserved
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The c-axis transport properties of anisotropic cuprate superconductors strongly suggest that they
form an array of Josephson junctions; these arrays are referred to as “intrinsic Josephson junction”
(1JJ) arrays [1]. In an array of N identical lJJs, each junction can be in the supercurrent state or the
voltage state. Therefore there exist N+1 possible states for the array of junctions. These we label the
“0” state (where all N junctions are in the supercurrent state), the “1” state (where one junction is in
the voltage state and N — 1 junctions are in the supercurrent state) etc. The bias current at which the
array switches from the state “i” we label I .

For comparatively large (i.e., cross-sectional area >1 umz) 1JJ arrays, the temperature-dependence of
.o follows the classical Ambegaokar-Baratoff form, being approximately independent of
temperature for T < T./2 [1,2]. For sub-micron 1JJ arrays, however, |, follows an anomalous
temperature-dependence, increasing approximately linearly with decreasing temperature even at
low temperatures T < T./2, as a result of thermally activated phase diffusion [2-4]. In this paper, we
compare the temperature dependences of the critical currents of the “0”, “1” and “2” states of a
sub-micron 1JJ array and show that, although I.o(T) is approximately linear at low T, I.4(T) and I_»(T)
are temperature-independent at low T.

Our 1)) arrays are fabricated from c-axis—oriented Tl,Ba,CaCu,0g thin films using focussed ion-beam
milling. Current-biased measurements were performed in a liquid-helium dewar. Full experimental
details may be found elsewhere [5].

Figure 1 shows the temperature dependences of the critical currents of the “0”, “1” and “2” states
for a stack of cross-sectional dimensions 0.6 pum x 1 pm and height 200 nm. As the temperature is
reduced, .o continues to increase approximately linearly, consistent with previous measurements by
us and others on sub-micron junctions [2,4]. This temperature dependence is characteristic of
thermally activated phase-diffusion (TAPD) in lJJs. TAPD occurs in hysteretic junctions when the
resistance of the 11J is sufficiently large that the dissipation seen by the 1)J at the escape frequency is
dominated by the shunting impedance, Z, of the leads attached to the 1JJ. This impedance is typically
frequency-dependent and of order ~ 100 Q [6].
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I.; and ., show a different temperature dependence which is constant at low temperature and
more reminiscent of the Ambegaokar-Baratoff behaviour of larger 1JJs. The question therefore
arises: why do we observe these two different temperature dependences in a single 1)) array
containing junctions of the same area and therefore (at least) similar resistance?

This behaviour can be accounted for using the equivalent circuit model shown in Fig. 2. In the “0”
state (Fig. 2(a)) the junctions are shunted by Z leading to phase diffusion. In the “1” state, however,
(Fig. 2(b)), there is an additional resistance in the 1)) array —i.e., the resistance of the single junction
which is in the voltage state. Measurements of the static current-voltage characteristics show that
the junction resistance in state “1” is ~ 2 kQ2, which is an order of magnitude larger than Z. The
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increase in the impedance seen by the array when it is in the “1” state leads to a corresponding
reduction in dissipation at the escape frequency. Hence TAPD is only observed in the “0” state and
not in higher states.
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Fig. 2. Equivalent circuit for (a) state “0” and (b) state “1”. For clarity, only 4 lJJs are depicted.

This interpretation is supported by measurements of the current-voltage characteristics of an 1JJ
stack on another sample, as shown in Fig. 3. Here we artificially enhance the apparent phase
diffusion voltage by adding an extraneous low frequency periodic pulsed noise source. This causes
the voltage in the “0” state to oscillate between two values, one of which corresponds to the phase-
diffusion voltage at the bath temperature while the other corresponds to the phas-diffusion voltage
at an effective temperature which is higher as a result of the noise source. The difference between
these two voltages is clearly visible in the “0” state (i.e. at currents less than I, increasing
exponentially with increasing current). The voltage difference is however negligible in the “1” state,
as expected if TAPD does not occur here.

16 Fig. 3. Time-resolved current-voltage
characteristic at 15.9K for a stack with
cross-sectional area 0.8 um x 2 um,
showing state “0” and state “1”.
Several sweeps at 22 Hz are shown;
successive data points are spaced by
~7 us. Near-horizontal portions
correspond to jumps between states,
which are more rapid than the time

4 response of the measurement system.
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We conclude that the temperature dependence of the first and subsequent critical currents is
different in sub-micron 1JJ arrays because thermally activated phase diffusion is switched off once
one junction is in the voltage state. This is due to a corresponding change in the dissipative
environment seen by the array. This result suggests that comparisons of macroscopic quantum
tunnelling [7,8] out of the two states should reveal illuminating differences.
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