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We fabricate vertical Nb/TiO, /Nb Josephson junctions where the TiO, layer is mostly metallic but
has a high-resistance interface with the top Nb electrode. Thus, the junctions are in essence of the
superconductor—insulator—normal-metal-superconductor type. The TiO, layer extends beyond the junc-
tion area and allows one to send an in-plane current through the normal-metal layer of the junction. We
investigate and analyze dc properties (critical current, current-voltage characteristics) as well as the behav-
ior of the junctions in external microwave fields. We find a strong dependence of all properties on the
voltage V; applied across the TiO, lead. The dependence on V; can be mapped to the dependence of the
junction parameters on the bath temperature 7, when V; is converted to an effective electronic temperature
via T, = [T? + (aV;)?]"/?, with a = 3.14 K/mV. This relation was used before in the context of a metallic
nanowire contacted by superconducting electrodes. While the geometry of our TiO, layer is far from that
of a nanowire, the scaling works perfectly well for all experimental data. Our data also indicate that the
electronic temperature is homogeneous throughout the junction area, a result that is unexpected for the
large junction sizes we use. The device allows easy and relatively fast in sifu manipulation of the junction

parameters.
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I. INTRODUCTION

Titanium (Ti) and its oxides (TiO,) have attracted sig-
nificant interest due to their diverse physical properties.
For example, pure Ti can be used to contact monolayer
transition-metal-dichalcogenide semiconductors [1]. TiO,
is metallic for x &~ 1 and can even be a superconductor
[2—4]. For x =~ 2, TiO, is semiconducting [5], and higher
oxidation stages such as TisO7 exhibit metal-insulator or
semiconductor-insulator transitions [6,7].

This richness in physical properties caught our interest
to use TiO, as an interfacial layer for Josephson junctions
and study their properties. The structures we investigate
are vertical Nb/TiO, /NDb Josephson junctions. To produce
the TiO, barrier, we deposit Ti on top of the bottom Nb
electrode and subsequently oxidize it. As we will see, the
oxidation stage of TiO, is mostly near x = 1—that is, the
barrier layer is metallic—but there is also a high-resistance
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interface with the upper Nb electrode. TiO, with x ~ 2
may have formed here. In our layout we extend the TiO,
layer outside the actual junction area to a long stripe and
contact it, allowing us to send in-plane currents through the
TiO, film. Over the years, tuning the electronic properties
of Josephson junctions containing a normal-metal () bar-
rier by hot electrons flowing along the N layer [8—38] has
become an interesting alternative to gating [39-51].

While most of the studies mentioned above used
mesoscopic planar structures, the geometry we inves-
tigate is similar to the one studied in Refs. [25,
26,28,29], where a normal-Al layer was sandwiched
between two insulating AlO, layers and contacted by
Nb, forming a vertical superconductor—insulator—normal-
metal-insulator—superconductor (S-/-N-[-S) structure, with
tunnelinglike current-voltage characteristics (IVCs) and
the possibility to send a current along the N layer.
The other structure with which we want to com-
pare our geometry is the planar superconductor—normal-
metalsuperconductor (S-N-S) junction investigated in
Refs. [11,15,16], where a Au nanowire was contacted
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by Nb. For this geometry, the authors showed that, as a
result of hot-electron diffusion into the junction, the IVCs
as well as the junction critical current /. strongly var-
ied when the nanowire was biased. The variations of the
IVC and of /. could be mapped to variations in the bath
temperature 7 by assuming an effective electronic temper-
ature T, = [T? + (aV;)*]'/?, where V; is the voltage along
the nanowire and a = 6 K/mV. Such a relation was sug-
gested for mesoscopic nanowires [9,10] and was also used
in Ref. [14] in the context of two-dimensional electron-
gas—niobium structures, with a = 3.2 K/mV. Unfortu-
nately, no corresponding information seems to be available
for the S-/-N-I-§ junction mentioned above.

Our junctions are in essence of the supercon-
ductor—insulator—normal-metal—superconductor (S-7/-N-S)
type, where for simplicity we call the high-resistance inter-
face with Nb an “insulator,” and thus are in between the
S-1-N-I-S and S-N-S junction types mentioned above.
Although our N layer is several micrometers wide and
far from being a nanowire, we find that all properties we
see can be very well described by the same expression
for 7,, although with a somewhat different value for a,
which is 3.14 K/mV in our case. The scaling holds not
only for the previously studied dc properties such as /.
and the IVC but also for the behavior of our junction in
microwave fields, which we study in addition. The simple
scaling provides easy understanding of our “macroscopic”
vertical Nb/TiO,/Nb Josephson junction and may lead
to the possibility of experiments manipulating the electric
parameters of this type of junction in situ.

II. SAMPLE FABRICATION

Figure 1(a) shows a scanning-electron-microscope
(SEM) image of the Nb/TiO,/Nb Josephson junctions.
A SEM image on a larger scale is shown in the inset
in Fig. 1(d). To create the device we first sputter a 120-
nm-thick Nb film on a sapphire substrate. The bottom Nb
electrode is patterned by a lift-off technique and by laser-
writing photolithography. We then etch down the surface
of the bottom Nb layer by about 5 nm by in situ Ar-ion
milling to obtain a good contact to the 10-nm-thick Ti
layer, which we sputter and pattern in the next step on
top of the Nb layer. The length of the central rectangular
part of the Ti stripe is 76 um and its width is 28 pm. The
outer parts have a width of 52 um. We next oxidize the Ti
layer in pure oxygen for 3 h at a pressure of 500 Pa. After
oxidization, the 120-nm-thick top Nb film is deposited
and patterned by laser-writing lithography and lift-off into
the three top electrodes overlapping the TiO, layer and
the bottom Nb electrode. The three junctions are labeled
“JJ1” to “JJ3” and have lateral dimensions of 5 x 5 um?,
10 x 10 um?, and 15 x 15 um?, respectively. Below we
discuss data regarding JJ2. Figure 1(b) shows a schematic
cross section through one of the junctions together with the
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FIG. 1. Sample layout and characterization: (a) SEM image

of the structure investigated. (b) Cross section through one of
the junctions together with the wiring scheme. (c) Resistance R
across JJ2 versus temperature. The inset shows the resistive tran-
sition of JJ2 on an enlarged scale. (d) Resistance R; along the
TiO, stripe versus temperature. The inset shows a SEM image of
the structure on a larger scale than in (a).

wiring scheme. The current flowing across the junction is /
and the voltage across the junction is V. The current flow-
ing along the TiO, layer is /; and the voltage along the TiO,
stripe is V;. The TiO, layer is contacted from the top and
from the bottom by Nb at a distance of about 28 ym from
the central part, as can be seen from the inset in Fig. 1(d).
A current source is used to bias this layer and the voltage
V; is recorded.

Figure 1(c) displays the temperature dependence of the
resistance R = V/I measured across JJ2. The current [ is
set to 50 nwA. The Nb film becomes superconducting at
8.3 K, while there is still a finite resistance due to the
junction down to about 6.6 K. Zero resistance is reached
when the junction critical current exceeds /. As we show
below, the actual temperature where the critical current
of JJ2 becomes nonzero is about 7.8 K. The resistance
R; = V;/1; is shown in Fig. 1(d). The current /; is set to
20 nA. R; is about 300 2 at 13 K and increases some-
what to about 330 2 at 3.2 K. The geometry we use is not
ideal to derive the resistivity from the data. Major parts
of the central part of the TiO, are shunted by the bottom
Nb electrode and make only a minor contribution to R; at
least when ND is in the normal state. The same holds for
the Nb electrodes contacting the TiO, stripe. Considering
only the nonshunted areas between the ends of the Nb con-
tacts and the bottom Nb electrode, one finds a resistivity
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of roughly 120—150 €2 cm, which is clearly on the metal-
lic side. The temperature dependence of R; we observe and
the magnitude of the specific resistance are typical for TiO
[2]. The superconducting transition of Nb is also visible
as a 1% jump in the R;-versus-T curve. This is the contri-
bution of the areas contacted by Nb. For I; = 20 uA, V;
exceeds 6 mV below T, and the electronic temperature 7,
used to describe the properties of JJ2 exceeds 20 K (we find
a = 3.14 K/mV). We thus assume that electrons flowing
along the TiO, layer can freely penetrate at least the lower
Nb electrode at all bath temperatures. Furthermore, as we
see below, from the transport characteristics of JJ2 we find
an out-of-plane resistance of about 0.56 €2, which is more
than a factor of 5000 larger than what we would expect
from the resistivity of the TiO, layer measured in the plane.
This indicates that we have a high-resistivity interface with
the upper Nb electrode, caused either by higher oxidation
stages of TiO,, presumably with x & 2, or by some inter-
face degradation during the lift-off patterning of the upper
Nb electrode.

We next characterize JJ2 for V; = 0. Figures 2(a) and
2(b) show by purple and olive symbols the IVCs at a
bath temperature of 2.8 K for current ranges near the
junction critical current and on much-larger current and
voltage scales, respectively. As seen from Fig. 2(a) the
IVC is hysteretic, with critical current /. = 0.285 mA (crit-
ical current density 285 A/cm?) and return current /, =
0.167 mA. Later, we compare the behavior of JJ2 with sim-
ulations performed with the resistively-and-capacitively-
shunted-junction (RCSJ) model [52,53]. In this model the
shape and hysteresis of the IVC are controlled by the
Stewart-McCumber parameter 8. = 27 1.R>C/®,, with C
the junction capacitance and @, the flux quantum. We
also include thermal noise, described by the noise param-
eter ' = 2mkgT/1. Dy, with kg the Boltzmann constant. In
the model the IVC approaches a linear junction resistance
R for large currents and voltages. This cannot be repro-
duced here, because the IVC continues to be nonlinear
for currents up to about 3 mA. We can still reproduce the
hysteresis by using a linearized resistance Ry, = V,./I. =
1.1 2, with V. = 0.32 mV. As shown by the thin red line
in Fig. 2(a), the hysteresis is described well for 8. ~ 6,
yielding a capacitance of about 5.7 pF and a ratio €/d; of
the dielectric constant € to the “capacitor thickness” d; of
6.4 nm~'. The dielectric constant of TiO, can exceed 50,
and thus a subnanometer-thick TiO, layer is sufficient to
obtain this value [54]. In principle, the hysteresis in the
IVC could also be of thermal origin [55,56]. However, the
power density in our junction is very low, and in addition,
as we see below, we can describe our microwave data very
well with the RCSJ model. This would not be the case for
a thermal origin of the hysteresis.

Figure 2(b) shows that the IVC continues to be nonlin-
ear up to a voltage of about 1.9 mV, where the resistance
reaches the aforementioned 0.56 2. We thus think that our
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FIG. 2. Transport properties of JJ2 at V; = 0. (a) IVC mea-
sured at 7 = 2.8 K with a current sweep from negative to positive
(purple dots) and vice versa (olive dots). The thin red line is
the IVC calculated from the RCSJ model using B. = 6 and
I' =5x 107, (b) IVC at T = 2.8 K for voltages between —2
and 2mV. The dotted line is a guide for the eye. The inset
shows the differential conductance of JJ2. (¢) Critical current
versus magnetic field. The solid red line corresponds to the
Fraunhofer pattern. (d) Temperature dependence of the critical
current /. and the return current /,. The open symbols represent
the return current, as calculated from the RCSJ model assuming
a temperature-independent capacitance and using the measured
values of the linearized resistance R);, and the critical current /.
for each temperature. Error bars for the calculated return currents
are indicated.

junction is basically of the S-/-N-S type, and the nonlin-
ear shape of the quasiparticle branch in the IVC below 1.9
mV reflects the fact that we are in the subgap regime. This
picture is also supported by the differential-conductance-
versus-V curve shown in the inset in Fig. 2(b). For a
superconductor-insulator-superconductor (S-/-S) junction
one would expect conductance peaks to occur at 2Any/e,
where 2Ayn, & 2.7 meV is twice the Nb energy gap. The
conductance peak marked by the arrow in the inset is at
2.5 mV, which is close to that. The main peak occurs at
1.6 mV and there are additional peaks at 1.26 mV (about
Axp/e) and at 0.83 mV (about 2Ayy,/3e); the large peak
at zero voltage is due to the Josephson current. Such a
peak structure in the subgap regime can occur as a result
of Andreev reflection and the formation of Andreev bound
states, leading to a complicated density of states in the
N region [57,58]. Furthermore, the maximum Joule-heat
power in Fig. 2(b) is about 6 uW. The fact that we see a
well-developed gap structure and the subgap peaks tells us
that the maximum temperature rise by Joule heating must
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be much less than 5 K. This in turn implies that the pos-
sible temperature rise on the current and voltage scales of
Fig. 2(a) is much less than 0.1 K.

Figure 2(c) shows the magnetic field dependence of the
critical current, measured at 3.2 K. The field is oriented in
the plane parallel to the TiO, electrode [i.e., vertically in
Fig. 1(a)]. Data are shown by the black symbols, and the
red line corresponds to the Fraunhofer pattern for a per-
fectly homogeneous junction, /.(B) = 1.(0) |sinx/x|, with
x=1d/Pyand ® = BWt.g; W= 10 um is the width of
the junction and f.g &~ 24 tanh(dnp/2)1.) + d is the effec-
tive thickness of the junction [59], where d is the thickness
of the TiO, layer and Ay is the London penetration depth.
The experimental data are very close to the Fraunhofer
pattern, showing good homogeneity of the Josephson crit-
ical current density. We further find 7. = 100 nm, which
is close to what we would have expected for A, &~ 80 nm
(tegr ~ 110 nm). Finally, Fig. 2(d) displays the temperature
dependence of /. and [,. I, is roughly linear for tem-
peratures between 6 and 7.8 K and exhibits a negative
curvature at temperatures down to 2.8 K, a behavior that
is somewhere between the linear /.(7) dependence of S-7-
S junctions near 7, and the parabolic /.(T) dependence of
S-N-S junctions. Figure 2(d) also shows by the open sym-
bols the return currents, as calculated from the RCSJ model
assuming a temperature-independent capacitance and with
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FIG. 3. Effect of nonzero values of V; on transport properties

of JJ2. (a) IVCs for four values of V; at a bath temperature of 2.8

K. (b) IVCs for four values of T at V; = 0. (c) I. and I, versus T,

where Tg = T + (aV};)?, with a = 3.14 K/mV. The solid sym-

bols are for variable 7 at V; = 0 and the open symbols are for

variable V; at T = 2.8 K. (d) 1. versus B for three values of V; at
T=28K.

the measured values of the linearized resistance Ry;, and the
critical current /. for each temperature to calculate 8, for
each temperature. The agreement with the measured val-
ues of /, is fair, although there are large error bars arising
from uncertainties in determining /. and Ry;y.

We mention here that the IVCs of JJ1 and JJ3—these
junctions were only precharacterized so far—are similar to
the IVC of JJ1 but not identical. At 2.8 K, JJ1 (JJ3) has
a critical current density of 640 A/cm? (490 A/cm?). The
return current of JJ1 (JJ3) amounts to 88% (72%) of 1.,
and V. is 0.18 mV (0.25 mV). Thus, there is some varia-
tion over the chip which, however, seems to have a minor
impact on the homogeneity of a given junction.

We next discuss the effect of nonzero V; on the trans-
port characteristics of JJ2. Like in Refs. [11,15], we
describe the effect of electrons injected in the plane into
the N layer by an effective electronic temperature 7, =
[T% 4 (aV;)*1°3. We show below that this scaling works
extremely well for our data. We find the parameter a to
be 3.14 K/mV, which is very close to the theoretical value
a=1 /ZLé/ =32 K/mV, where L is the Lorenz number
[10,11]. However, for our complicated wiring scheme, the
agreement is presumably accidental.

We first display in Fig. 3(a) IVCs of JJ2 for currents
near the critical current for four values of V;: 0, 1, 1.7, and
2.2 mV. Data are obtained at a bath temperature of 2.8 K.
The IVCs strongly depend on V. Using the above value
for a, we obtain effective temperatures of 2.8, 4.21, 6.03,
and 7.46 K. Figure 3(b) displays IVCs obtained at similar
bath temperatures at V; = 0. The similarity to Fig. 3(a) is
evident. We further convert V;-dependent /. and /. data
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FIG. 4. Effect of nonzero values of V; on transport properties
of JJ2 at large voltage and current scales. (a) Differential con-
ductance versus voltage for JJ2 at T = 2.8 K for eight different
values of V;. The main peaks are labeled “P;” to “P4.” (b) Peak
positions of P to P4 versus 7, for data obtained at 7 = 2.8 K and
variable V; (open symbols) and for V; = 0 and variable T (solid
symbols). The lines in (b) give the BCS temperature dependence
of the energy gap.
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FIG. 5. Microwave properties: IVCs of JJ2 in a 40-GHz
microwave field at 7= 3 K and V; = 0. Data, given by thick
black lines, are for four different values of microwave power,
with P2 =0.05 mW'/? (a), P'/?2 = 0.08 mW'/? (b), P'/? =
0.1 mW'/2 (¢) and P'/? = 0.05 mW'/2 (d). Thin red lines are
simulation results based on the RSCJ model, with 8. = 4.5 f, =
Ve/®o =125 GHz, and i = I,./I. = 0.65 (a), i = I,c/I. = 1.0
), i=1I/I. =13 (c),and i = I,./I. = 1.8 (d).

obtained at 2.8 K to 7, and compare them with /.-versus-
T and I,-versus-T curves obtained at V; = 0. The result is
shown in Fig. 3(c). The agreement between the two data
sets is excellent. Finally, we record /. versus B for V; = 1
and 1.5 mV and compare these data in normalized form
with 7. versus B obtained at V; = 0; see Fig. 3(d). All three
curves basically are on top of each other, although that the
zero-field critical current changes from 285 uA (V; = 0)
via 133 pA (Vi =1 mV) to 76 nA (V; = 1.5 mV). The
perfect scaling of all three curves also implies that the elec-
tronic temperature in the Nb electrodes forming JJ2 does
not vary in the direction perpendicular to the applied field.

The scaling also works in the high-bias regime. Figure
4(a) shows the differential conductance of JJ2 versus
V recorded at 7= 2.8 K for various values of V;. For
Vi = 0—this curve repeats the data shown in the inset in
Fig. 2(b)—the main conductance peaks are labeled “P;” to
“P4.” As discussed above, P; is roughly located at 2 Anp.
P; is located near Ayyp, whereas P is close to 2Ayy /3, thus
forming a series indicative of multiple Andreev-reflection
processes. The four peaks shift to lower values of V' with
increasing V;. In Fig. 4(b) we plot the voltage positions of
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FIG. 6. Microwave properties: IVCs of JJ2 in a 40-GHz
microwave field at 7=3 K and V;=1 mV for P/? =
0.05 mW'/2 (a) and P'/?> = 0.1 mW'/? (b). Thin red lines are
simulation results based on the RCSJ model, with parameters
indicated in the graphs. In (c)(f) the critical current (c) and the
current-step height of the first (d), second, and third (f) Shapiro
steps as a function of P'/? are indicated by symbols. The black
lines are results from RCSJ simulations, and the red lines show
Bessel functions Jj to J3 for comparison.

peaks P, to P4 as a function of T,, where data are recorded
either at 7= 2.8 K and variable V; (open symbols) or at
Vi =0 and variable T (solid symbols). Also these data
scale excellently. In addition, we plot by solid lines the
BCS temperature dependence of the Nb energy gap. The
four peaks nicely follow these curves. Also this observa-
tion implies that 7, in both Nb electrodes has no gradients
within the junction area. Otherwise we should see a broad-
ening of the conductance peaks. This result comes as a
surprise since, for the large junction sizes we use, one
would at best expect that there are some nonequilibrium
effects at the edges where the current is injected, healing
out toward the center of the junction.

We now turn to the question of whether the injection
effect can be used to control the microwave properties of
our junction. While we are not equipped to vary V; and
thus 7, on fast timescales, we can study IVCs in exter-
nal microwave fields. Figure 5 shows by thick black lines
data obtained at 40 GHz, T =3 K, and V; = 0 for four
values of microwave power P, referred to the the out-
put of the microwave generator. Numbers are given as
the microwave amplitude P'/2. In all cases we observe
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only unstable Shapiro steps; that is, the junction is in a
chaotic regime [60]. To analyze this more clearly, we per-
form simulations on the basis of the RCSJ model where the
microwaves are modeled as alternating currents I, o< P'/?
across the junction. We also include thermal noise in the
simulations. The model parameters 8. and f. = V./®, are
inferred from the IVC in the absence of microwaves, and
thus there is no free parameter in the simulation. Also the
simulated curves show the effect of chaos. When V; is
turned on, it is possible to tune the junction into a stable
regime, as shown in Figs. 6(a) and 6(b) for two exper-
imental IVCs (thick black lines) in comparison with the
results of RCSJ simulations (thin red lines). The data are
for 40 GHz, T = 3 K, and V; = 1 mV. The parameters for
the RCSJ simulations are indicated in the graphs and are
extracted from a comparison with the experimental IVCs
in the absence of microwaves. The stability of the Shapiro
steps allows us to plot the critical current as well as the
current-step height of the Shapiro steps as a function of
microwave amplitude P'/?. This is shown in Fig. 6(c) for
1. and in Figs. 6(d)}—6(f) for the first, second, and third
Shapiro steps. Experimental data are shown by symbols
and the results of the RCSJ simulations are shown by thick
black lines. For comparison, we also include the Bessel
functions Jj to J3, describing the dependence of the crit-
ical current and the heights of the first, second, and third
Shapiro steps, respectively, as a function of microwave
amplitude in a voltage-biased situation that can also be
obtained in the RCSJ simulations in some limiting cases;
for example, when the microwave frequency approaches
or exceeds f. (in our case f /f. = 0.773). As can be seen,
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FIG. 7. Microwave properties: color plot of the junction dif-
ferential resistance versus microwave amplitude and bias current
[ for a 40-GHz microwave field at 7 = 3 K. (a),(c) Experimen-
tal data for V; = 0 (a) and V; = 1 mV (c). (b),(d) The results of
corresponding RCSJ simulations.

the overall agreement is very good, and we show this in
more detail in Fig. 7. In the graphs, the color scale is given
by the differential resistance of the junction, plotted as a
function of microwave amplitude and current /. Figures
7(a) and 7(c) show experimental data and Figs. 7(b) and
7(d) show the corresponding simulation results. The black
parts in essence give the current regions where the differ-
ential resistance is zero (i e., where the junction is either in
the zero-voltage state or in a region where a Shapiro step
has formed). Figure 7(a) shows the case of f = 40 GHz
and V; =0 (cf. Fig. 5) and Fig. 7(b) shows the corre-
sponding simulation. Although the junction dynamics is
chaotic, there is excellent agreement between experiment
and simulation. Figure 7(c) show the case of f = 40 GHz
and V; = 1 mV (cf. Fig. 6) and Fig. 7(d) shows the corre-
sponding simulation. Also here the agreement is very good,
showing in total that JJ2 is well behaved and controllable
also in microwave fields.

For completeness, Fig. 8 demonstrates this for a different
microwave frequency, 25 GHz. The graphs are organized
like Fig. 7, and we use the same values of the McCum-
ber parameter and the characteristic frequency as for the
40-GHz data. At V; =0 [see Fig. 8(a)] the junction is
again close to a chaotic regime, while for J; =1 mV it
is basically stable. Like for the 40-GHz data the agreement
between experiment and simulation is excellent.

We finally comment on the presumed speed of changing
T,. For the nanostructure described in Ref. [11], the rele-
vant timescale is the electron diffusion time tp = L?/D ~
20 ps, where L ~ 0.7 um is the length of the nanowire
and D is the electronic diffusion constant of Au. In our
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9
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FIG. 8. Microwave properties: color plot of the junction dif-
ferential resistance versus microwave amplitude and bias current
[ for a 25-GHz microwave field at 7 = 3 K. (a),(c) Experimen-
tal data for /; = 0 (a) and V; = 1 mV (c). (b),(d) The results of
corresponding RCSJ simulations.
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case, we should replace L by the 68-um width of the
lower electrode. We do not know the diffusion time of
TiO but we do not think it will be shorter than that of
Au. Consequently, we expect tp to be on the scale of
some hundred nanoseconds. Narrowing the lower Nb elec-
trode might reduce this number by a factor of 50 or so,
but still we would expect the maximum operation fre-
quencies of our device to be restricted to the subgigahertz
range. Thus, the device can be modulated quickly, but not
ultraquickly.

III. CONCLUSIONS

In summary, we fabricate a multiterminal vertical
Nb/TiO, /Nb Josephson junction allowing us to send an
in-plane current along the TiO, layer. Our structure in
essence forms a S-/-N-S Josephson junction with the pos-
sibility to alter all junction parameters via the in-plane
flow of hot electrons. We use the electronic temperature
T, = [T? + (aV;)*]'/?, where T is the bath temperature, V;
is the voltage along the TiO, layer, and ¢ = 3.14 K/mV,
to relate the changes in electric properties induced by the
hot-electron flow to the changes induced by our varying
the bath temperature. The relation was previously used in
the context of planar S-N-S junctions where Nb electrodes
contacted a Au nanowire [11,15,16]. While the geom-
etry of our TiO, layer is far from that of a nanowire,
the scaling works perfectly for all the measurements we
make, including the appearance of Shapiro steps in exter-
nal microwave fields. This may allow, for example, fast
and controlled modulation of the junction parameters. This
may be stabler and is definitely faster than changing the
bath temperature. Our data show that a spatially homoge-
neous electronic temperature can be obtained even on a
100-pum scale, and thus a large variety of junction sizes
from the nanoscale to the macroscopic level can be inves-
tigated. For example, a study of nonequilibrium physics
in general will be interesting. On the more applied side,
one could think of parametric amplification or of transis-
torlike configurations, although it presently seems that the
maximum operation frequencies are in the subgigahertz
range.
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