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On the origin of the controversial electrostatic field effect in superconductors
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In semiconductor electronics, the field-effect
refers to the control of electrical conductiv-
ity in nanoscale devices," which underpins the
field-effect transistor, one of the cornerstones of
present-day semiconductor technology.’ The ef-
fect is enabled by the penetration of the elec-
tric field far into a weakly doped semiconductor,
whose charge density is not sufficient to screen
the field. On the contrary, the charge density
in metals and superconductors is so large that
the field decays exponentially from the surface
and can penetrate only a short distance into the
material. Hence, the field-effect should not ex-
ist in such materials.> Nonetheless, recent pub-
lications have reported observation of the field-
effect in superconductors and proximised normal
metal nanodevices.* " The effect was discovered in
gated nanoscale superconducting constrictions as
a suppression of the critical current under the ap-
plication of intense electric field and interpreted
in terms of an electric-field induced perturba-
tion propagating inside the superconducting film.
Here we show that ours, and previously reported
observations, governed by the overheating of the
constriction, without recourse to novel physics.
The origin of the overheating is a leakage current
between the gate and the constriction, which per-
fectly follows the Fowler-Nordheim model of elec-
tron field emission from a metal electrode.?

Controlling the properties of superconducting films us-
ing gates was first proposed in the 1960s when it was
found that electrostatic charging can affect the supercon-
ducting transition temperature of thin tin and indium
films.” Several years later, a mesoscopic superconduc-
tornormal metalsuperconductor Josephson junction was
realised by controlling the supercurrent flow via a normal
current traversing the normal metal between the super-
conducting electrodes.'® This control was attributed to
the modified quasiparticle distribution which was driven
far from equilibrium by a voltage applied across the nor-
mal metal.'!

Another technique for controlling the Josephson super-
current is to introduce a semiconductor in which carrier
concentration can be tuned by electrostatic effects. As
a result, a Josephson Field-Effect Transistor (JoFET)
was realised by building small hybrid superconductor—
semiconductor structures where a region of sub-micron-
long high-mobility two-dimensional electron gas (2DEG)
was in good galvanic contact with two superconduct-
ing electrodes.'> Through the development of nanofab-
rication techniques, it became possible to build such
structures using various semiconductors and supercon-

ductors. A supercurrent through the whole structure
was observed and controlled electrostatically by a nearby
gate, due to the proximised superconductivity in the
semiconductor.'® 15 While at low voltages these devices
act as Josephson junctions with a gate-controlled criti-
cal current, at high voltages they behave as conventional
FETs.

In the later experiments, the 2DEG was replaced
by indium arsenide semiconductor nanowires, with
aluminium-based superconducting electrodes.'® Below
1K, due to the proximity effect, the nanowires form
superconducting weak links operating as mesoscopic
Josephson junctions with electrically tunable coupling. A
gate voltage controls the electron density in the nanowire,
and regulates the supercurrent. Finally, the availabil-
ity of semiconductor graphene flakes resulted in hybrid
graphene/superconductor devices where the gate voltage
controls supercurrent via either quasiparticles in the con-
duction band or by quasiholes in the valence band.'”

While the field-effect in hybrid semiconductor-
superconductor structures was predicted'? and confirmed
experimentally,’315 it is not expected to exist in all-
superconducting devices where the high carrier den-
sity screens the applied electric field. Therefore the
observation of the electrostatic field-effect in metallic
nanostructures* " warrant further studies and interpre-
tation.

Here we investigated gated superconducting constric-
tions (see inset in Fig. 1(a)), identical to the structures
described in references,* " in order to understand the ori-
gin of the observed field-effect. The structure in the in-
set of Fig. 1(a) is a Dayem bridge accompanied by two
control gates located 100 nm apart on both sides of the
constriction. The devices were formed in a 30 nm thick
superconducting vanadium film (T, = 4.18 K) on the sur-
face of oxidised undoped silicon. Since the constriction
has characteristic dimension comparable with the vana-
dium superconducting coherence length &, ~ 40 nm,'® it
is a Josephson junction with inductance L; = h/(2el.),
where I, is the superconducting critical current through
the constriction.

Figure 1(a) shows the schematic of our experiment and
electron micrograph of the sample. To investigate the ef-
fect of the gate voltage on the superconductors, we have
embedded each Dayem bridge into the current antinode
of the quarter-wavelength coplanar microwave resonator,
formed in the same vanadium film. A series of four
meander-shaped resonators are incorporated into a man-
ifold frequency multiplexing network (FMN),*® which al-
lows independent probing of each resonator at its res-
onance frequency using a single feedline. The coupling
strength of each resonator to the feedline is weak, such



b
) 0.15
)
0.05
°) 0.0 - 2.2
) T
= | | =
=, - -
— <
g | L
_08 T T T T T 16
—50 0 50

FIG. 1. (Colour online) Experimental details and basic sample characterisation. (a) Schematic of the measurement
setup with an electron micrograph of the investigated superconducting structure consisting of a coplanar transmission line with
four capacitively coupled quarter wavelength microwave resonators. Each resonator is terminated to the ground plane by the
constriction (Dayem bridge) shown in the inset. (b) A collection of the resonance curves at different gate voltages, Vg, for an
investigated resonator. Note that the resonance frequency rapidly decreases at large gate voltages, |Va| > 30V. (c¢) The shift
of the resonance frequency (left axis) and the internal quality factor of the resonator (right axis) as a function of applied gate

voltage.

that the quality factor is determined only by the res-
onators’ internal losses.

The experiments were performed in a cryogen-free dilu-
tion refrigerator with a base temperature of 10 mK. The
incoming microwave tone was filtered and attenuated at
each temperature stage of the cryostat. After passing
through the FMN, the transmitted signal was amplified
by a series of cryogenic amplifiers and detected using
an IQ demodulator, which allowed independent measure-
ments of the in-phase, I, and quadrature, Q. The voltage
on the control gates was applied through DC lines fil-
tered at 10mK. We used a biasing scheme to measure
the leakage current, Iy, and differential conductance of
the gap between the gate and the constriction, dIy,/dVg.

All four resonators embedded into the FMN behaved
alike, so here we present experimental results for one de-
vice with a resonance frequency fo = 3.3086 GHz mea-
sured at zero gate voltage. The resonance frequency,
w = (LC)~/2, of the resonator is determined by its ca-
pacitance, C, and inductance, L. The internal Q-factor
is given by @Q; = wL/R, where R represents dissipation
in the coplanar waveguide forming the resonator.?’ The
total inductance is the sum of the resonator’s geomet-
ric inductance, L4, and the Josephson inductance of the
Dayem bridge. In our resonators the geometric induc-
tance is much larger than the Josephson inductance, i.e.,
Ly> Lj.

Figure 1(b) shows a collection of the resonance curves
measured at various gate voltages, |Vg| < 50V, i.e., the

same voltage range as has been used in the reported
experiments.*” The resonance frequency exhibits little
change up to |Vi| &~ 25V, however, at higher Vi it sig-
nificantly decreases. The effect can be explained by the
critical current suppression in the Dayem bridge, which
leads to an increment of Lj and reduction of the reso-
nance frequency, since:
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The shift of the resonance frequency is bipolar and sym-
metric around zero gate voltage, see Fig. 1(c, left axis).
Our observations confirm the suppression of supercurrent
in the Dayem bridge by the gate voltage™” but disagree
with the existence of the electrostatic field-effect for the
reasons presented below.

Figure 1(c, right axis) demonstrates that the applica-
tion of gate voltages within |Vi| =~ 25V produces an ex-
pected small rise of the @-factor caused by an increment
of the Josephson inductance

1 /L, 1Ly
i = = 1+ =-=—]. 2
©CirRVT ( 3 Lg) @)
However, @); drops rapidly at higher voltages, which can
only be caused by the increase of the internal losses of the

resonator, ¢.e., dissipation, R. Note, that the bipolar and
symmetric gate dependency of the Q-factor is unexpected
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FIG. 2. (Colour online) Noise properties of the superconducting coplanar resonator. (a) Principle of the frequency
noise measurements. Examples of resonance curves at 20V (top panel) and 50V (bottom panel) gate voltage applied to the
Dayem bridge. At each gate voltage, the steepest point of the magnitude of the resonance is used as the working point (w.p.)
for time trace measurements. Examples of voltage and frequency fluctuations with duration of 1s are shown in orange and
green colours, respectively. (b) Power spectral density (PSD) of fluctuations at various gate voltages. Dashed lines are the fits
of PSD functions by o« f~*. Inset shows the dependence of the fitted exponent k on the gate voltage at 10 mK.

by itself for the for negatively charged superconducting
carriers, i.e., Cooper pairs. Furthermore, the resonance
curves become visibly noisier at high gate voltages, which
also cannot be attributed to the stationary change of a
reactive parameter, such as the Josephson inductance.
Hence, all observations point towards higher dissipation
in the resonator at large applied gate voltages and cast
doubt on the detection of a straightforward field-effect in
superconducting constrictions.

We investigated the noise properties of the resonator in
the same range of the applied gate voltages to understand
the nature of the dissipation. The principle of the noise
measurements is presented in Fig. 2(a). The top and bot-
tom panels show examples of the resonance curves for the
magnitude of the transmitted microwave signal, for two
gate voltages of 20V and 50V, correspondingly. After
selecting the frequency of the working point (w.p.), viz.,
at the steepest point of the resonance curve, we drove
the resonator at this frequency and detected the trans-
mitted signal as a function of time. Figure 2(a) depicts
an example of the measured time traces of the magni-
tude of the transmitted signal V' (¢) in orange with a clear
growth of fluctuations with larger V5. The signatures of
the telegraph-like noise visible at 50V time trace start
to appear at |Vg| ~ 35V. The appearance and growth
of the low-frequency telegraph noise with Vi contradict
the claim®7 of static suppression of superconductivity by
the electric field.

To compare our measurements with other possible
measurements of the supercurrent noise, we converted
the magnitude time traces to the traces of the frequency

fluctuations f(¢) (green traces in Fig. 2(a)), by divid-
ing the former by a gradient of the resonance curve at
the working point. Figure 2(b) shows examples of the
frequency noise spectra for four distinct gate voltages.
At low Vg, the noise spectrum is almost frequency in-
dependent, i.e., white noise. However, as Vg increases
the noise changes both quantitatively and qualitatively,
and, importantly, it grows faster at low frequencies such
that the slope of the frequency dependence increases
with V. The noise of the resonance frequency is as-
sociated with the noise of the Josephson inductance of
the Dayem bridge, which is proportional to the critical
current noise.?"?? Under the assumption that the ap-
plication of Vi does not change the temperature of the
nanoconstriction,*” the increment of the supercurrent
noise power with Vg contradicts to the theoretical pre-
diction that the integrated supercurrent noise should de-
crease as I2.2! Such an observation leads us to the conclu-
sion that the gated nanobridge is overheated with respect
to the environment, i.e., the observed suppression of the
supercurrent can be explained by local overheating.

In order to quantify the noise spectra at different gate
voltages, we fitted them with a functional form Af=%,
where k represents the slope of the spectra. The result-
ing dependence of the obtained exponent k as a function
of Vg is shown in the inset of Fig. 2. At low gate volt-
ages |Ve| < 25V the value of k is close to zero, but
it rapidly increases and approaches k = 1 at higher volt-
ages. If the gated nanobridge remains in thermal equilib-
rium, then, according to the fluctuation-dissipation the-
orem (FDT),?® the observed growth of noise with the



a)
l -
ST 50V
E /\
0 T T T
2 T -
ﬁ )()\.
3
I 07
€2
=
—9
_4 T T T T
—4 -2 0 2 0
(Vi—u)/o PDF

b)
30
e
. 20 T “xxx
=T ™
10
<110 - X, %
xxx %
04 x% X NN X X
N T T T T
. 0.0 o i 4000000000000 00y Moo
00, L)
: 1 o
— | ¥ %
d —0 5 T ¢
10-' T ) X
¢ )
!
_10 T T T

—20 0 20 40
Va [V]

—40

FIG. 3. (Colour online) Histogram analysis of the voltage noise and reconstructed noise of the resonance frequency
at 10 mK. (a) An example of two-dimensional probability density function (PDF) of a normal deviate of the voltage noise
obtained from the homodyne detection of the transmitted signal at frequency corresponding to w.p. in Fig. 2(a) for Vo =50V.
Side insets show the corresponding one-dimensional PDFs for in-phase and quadrature components of the voltage noise, in
contrast to the cognate PDFs obtained at Vg = 20V. (b) The ratio of the change of the resonance frequency to the variance
of the frequency fluctuations. The dependencies of the normalised frequency shift and standardised 3"-moment (skewness) of

the frequency fluctuations PDF from V.

largely applied gate voltages can be explained either by
a rise of the nanobridge temperature, or an increase in
dissipation. Even if the system is driven out of thermo-
dynamic equilibrium by the gate voltage, a generalised
version of the FDT holds?* and the conclusion about the
higher temperature or greater dissipation still applies.
Our noise measurements again confirm that the reported
electrostatic field-effect in superconductors®* ” is caused
by local overheating.

Whether the system is in the equilibrium state or not
can be qualitatively demonstrated via histograms of the
measured noise I and @ components. Figure 3(a) shows
a normalised two-dimensional histogram at Vg = 50V
and its projections on the I and Q axes. The clear asym-
metry of the histograms at high voltage is in strong con-
trast with the symmetric histograms at a low voltage
Vo = 20V. The two projections of the histogram at
Vo = 20V are perfect Gaussian functions, which indi-
cates that the system is in thermodynamic equilibrium.?
The distorted histograms at high gate voltage show that
the equilibrium is broken. To determine the point at
which the system is no longer in thermodynamic equi-
librium, we quantify the non-Gaussianity using the 34
moment (skewness, p3) of the distribution normalised to
the standard deviation, oy, viz., 3/ aj”c. A non-zero value
of the skewness shows that distribution is not Gaussian,
and system is out of thermal equilibrium. In addition
to skewness, we present an analogue of the signal-to-

noise ratio, viz., normalised frequency shift Af/os. The
gate dependencies of both quantities presented Fig. 3(b).
Both panels show that at low gate voltages |Vg| < 25V
the system stays in thermodynamic equilibrium. Out-
side that range the normalised frequency shift increases
and skewness becomes negative. This is also supports our
conclusions about local overheating of the nanobridge un-
der the applied high gate voltage, which drives the system
out of thermal equilibrium.

The nonequilibrium distribution of quasiparticles
should be less pronounced at higher temperatures due to
the stronger electron-phonon coupling®® and our exper-
iments at different temperatures confirm this. Figure 4
summarises the gate voltage dependence of all obtained
quantities at different temperatures. All the six panels
have a common feature, a plateau, in the range of about
+25V at 10 mK with no dependence on Vz. This plateau
becomes wider at higher temperatures. It is worth not-
ing that the dependence of Afy and @; on Vi shown
in Fig. 4(a) and (b), respectively, bare resemblance of
the dependence of the critical current reported in ear-
lier works (see, e.g., Fig.2(b) in Ref.* and Fig.2(b) in
Ref.%). A similar behaviour, in which the plateau region
widens with temperature is also observed for the expo-
nent k, the normalised frequency shift Af/o; and the
normalised skewness ps/ a?, shown in Fig. 4(c), (d) and
(e), respectively. Such a dependence on temperature sug-
gests that the observed effect is governed by heating of
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FIG. 4. (Colour online) Summary of the gate dependen-
cies for all measured quantities at different temper-
atures. Colours represent the cryostat temperature, which
is common across all panels. For clarity, curves have been
equidistantly shifted from each other, shown by the black ar-
rows, by the value shown in black on the right of the cor-
responding panel. (a) The shift of the resonance frequency;
(b) internal quality factor; (c) exponent k of the noise PSD
o f7F; (d) normalised frequency shift and (e) normalised
3" moment (skewness) of the frequency fluctuations. (f)
Measured differential conductance dIr,/dVg of the leakage be-
tween the gate and Dayem bridge overlapped with a modelled
curved obtained using Eq. (3).

the constriction as higher gate voltage is required in or-
der to see a change in the measured quantities at higher
temperatures. All the data presented here point to the
existence of an additional source of dissipation that re-
sults in higher noise and a distorted distribution function
at higher V. The origin of such behaviour is attributed
to leakage between gate and constriction. Figure 4(f)
presents the measured gate dependence of the leakage
differential conductance, which has an onset at about
+30V. The leakage of a similar magnitude was also re-
ported in previous publications.*”” This leakage depends
on the gate voltage similarly to the dependence of the
frequency shift, quality factor, noise, etc., i.e., there is
a small effect below about |[Vg| ~ 30V followed by a
stronger dependence above this value. This indicates
that there may be a correlation between the gate leakage
and all other observations.

It is well known that electrons, when they are given
enough energy, can escape from a metal surface in a pro-
cess known as electron emission.? One possible mecha-
nism is escape under an intense electric field, wviz., the
field emission, where the supplied energy by the field is
greater than the barrier height or workfunction, which
have typical values of a few eV. The gate voltages ap-
plied in our experiments and in* 7 reach the values of tens
of volts in the distances of about 100 nm and correspond
to an electric field of ~ 0.5MVm™!, which is compara-
ble with the breakdown electric field in vacuum gaps of
~ 1MVm~!.27 The superconducting state of electrodes
does not play any role as the characteristic superconduct-
ing energy gaps are of the order of 1 meV or below.

The emission current I, as a function of the ap-
plied voltage Vg can be approximated within the Fowler-
Nordheim model as®

I, = aV@exp (%) , (3)

where o and [ are fitting parameters that depend on
material properties and geometry. We use this expres-
sion to fit the experimentally found differential conduc-
tance, dIy,/dVg, of the gap between the gate and the
nanobridge. Figure 4(f) shows that the agreement be-
tween the experimental data and fit is excellent. We
have also used Eq. (3) to fit the the current-voltage char-
acteristics presented in.* Again, an excellent agreement
was found. This supports the idea that the electron field
emission may be responsible for the observed effects. In-
deed, each electron arriving at the nanoconstriction car-
ries energy of tens of eV, which is sufficient to destroy
tens of thousands of Cooper pairs and generate quasi-
particles, which is equivalent to thermal heating. From
the leakage current ~ 10pA at tens of volts, the aver-
age dissipated power at the nanoconstriction can be well
above 100 pW, which is sufficient to raise the effective
temperature to 1 K and above.

Our experiment shows that there is a strong correlation
between the gate voltage dependence of the leakage cur-
rent and all other measured quantities such as the shift of



the resonance frequency, the quality factor and the noise
properties of the system. Therefore, based upon the pre-
sented evidences, we conclude that the suppression of the
critical current in Dayem bridges reported in the earlier
works® 7 also caused by local Joule heating generated by
the leakage current at intense electric fields. While elec-
tron emission is claimed to be ruled out in the recent
work,?® the explanation is also supported by the recent
experimental works??3? and agrees with the existing the-
ories of superconductivity.
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