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ABSTRACT
The  application  of  a  gate  voltage  to  control  the  superconducting  current  flowing  through  a  nanoscale  superconducting
constriction, named as gate-controlled supercurrent (GCS), has raised great interest for fundamental and technological reasons.
To gain a deeper understanding of this effect and develop superconducting technologies based on it, the material and physical
parameters crucial  for  the GCS effect  must  be identified.  Top-down fabrication protocols  should also be optimized to increase
device  scalability,  although  studies  suggest  that  top-down  fabricated  devices  are  more  resilient  to  show  a  GCS.  Here,  we
investigate  gated  superconducting  nanobridges  made  with  a  top-down  fabrication  process  from  thin  films  of  the  non-
centrosymmetric superconductor niobium rhenium with varying ratios of the constituents (NbRe). Unlike other devices previously
reported and made with a top-down approach, our NbRe devices systematically exhibit a GCS effect when they were fabricated
from NbRe thin films with small grain size and etched in specific conditions. These observations pave the way for the realization
of top-down-made GCS devices with high scalability. Our results also imply that physical parameters like structural disorder and
surface physical properties of the nanobridges, which can be in turn modified by the fabrication process, are crucial for a GCS
observation, providing therefore also important insights into the physics underlying the GCS effect.
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1    Introduction
The recent discovery [1] that the superconducting critical current
(Ic) of a nanoconstriction made from a superconductor (S) can be
controlled via a gate voltage (VG) has raised great interest for both
fundamental  and  technological  reasons.  These  reasons  have
motivated  studies  on  a  variety  of  gated  superconducting  devices,
made  with  different  Ss,  geometries,  and  fabrication  processes
[1−24],  to  determine  under  which  conditions  an  applied VG can
switch  a  S  nanoconstriction  from  a  superconducting  state  (with
Ic ≠  0)  to  a  resistive  state  (with Ic =  0).  Although  a VG-driven
modulation  of  the Ic,  currently  referred  to  as  gate-controlled
supercurrent  (GCS)  [22−25],  has  been  observed  in  these  studies
[1−24], the mechanism underlying GCS as well as the microscopic
parameters  and  physical  properties  crucial  for  its  observation
remain not fully understood [25].

To  date,  several  mechanisms  have  been  proposed  to  explain
GCS, which have been recently classified into four categories [25].
These categories  include tunnelling of  electrons [26]  between the
gate and S nanoconstriction across vacuum (scenario 1)  [13−15],

heating induced by phonons triggered by the leakage current (Ileak)
flowing from the gate into the S nanoconstriction (scenario 2) [13,
16, 21], Ileak-induced phase fluctuations but without sizable heating
(scenario  3)  [16,  17,  20,  22  23],  and  microscopic  mechanisms
driven by the electric field associated to VG (scenario 4) [1−12, 18,
23, 24, 27−30].

Although  some  of  these  mechanisms  (e.g.,  scenarios  1  and  2)
may  be  at  play  in  specific  devices  (e.g.,  devices  made  on  Si
substrates)  [25],  no  conclusive  experiments  have  been  reported
that  fully  rule  out  the other two mechanisms (scenarios 3 and 4)
and/or exactly quantify their relative contributions to the GCS.

Understanding  the  mechanisms  behind  a  GCS  is  not  only  a
fundamental challenge, but may also prove crucial to enhance the
performance  of  GCS-based  devices.  Figures  of  merit  of  such
devices include the operational speed and the VG needed for a full
Ic suppression (VG,offset).

While  speed  may  be  limited  in  case  of  considerable  heat
dissipation (scenarios 1 and 2), GCS devices based on mechanism
3  or  4  may  compete,  in  terms  of  speed,  with  existing
superconducting logics [31, 32].
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Reducing VG,offset (typically of few tens of Volts) is also necessary
from  a  technological  point  of  view  to  interconnect  GCS-based
devices  in  series.  This  is  because,  once  a  device  is  driven  into  its
resistive state by an applied VG > VG,offset,  its  output voltage (Vout)
can  be  used  to  control  an  adjacent  GCS-based  device  if Vout ≥
VG,offset also for the latter device. A similar argument can be made
regarding  the  interfacing  of  GCS-based  logics  to  complementary
metal-oxide  semiconductor  (CMOS)  circuits  working  at  voltages
< 5 V [33, 25].

Another  major  challenge  for  applications  is  to  achieve  good
reproducibility  and  scalability  in  GCS-based  devices.  To  increase
reproducibility, understanding the mechanism and the parameters
behind  GCS  is  crucial.  For  high  scalability,  top-down  fabrication
protocols based on subtractive patterning compatible with CMOS
fabrication  [34]  as  well  as  with  fabrication  of  S-based  qubit
platforms [35] are preferable.

In  a  recent  study  [23],  it  has  been  shown  that  top-down-
fabricated devices from Ss like Nb or NbTiN do not systematically
exhibit  GCS, unlike those made following a bottom-up approach
(i.e., via additive patterning). This observation has been ascribed to
differences  in  the  microstructural  properties  of  the  S
nanoconstrictions,  which  have  a  rougher  interface  with  the
substrate  and  a  more  disordered  surface  in  devices  made  with  a
bottom-up approach [23].

To investigate whether specific microstructural parameters and
surface  properties  promote  the  GCS also  in  devices  made  with  a
top-down approach, in this work we study gated superconducting
devices made by subtractive patterning from thin films of niobium
rhenium with different compositions (NbRe), for which GCS has
not  been  yet  explored.  We  have  chosen  NbRe  as  our  S  material
because the results reported in Ref. [23] suggest that disorder is an
important  parameter  to  observe  a  GCS,  depending  on  the  way
they  are  fabricated,  NbRe  thin  films  can  be  strongly  disordered
[36].

We also note that NbRe has other physical properties like high
spin-orbit  coupling  (SOC),  which  may  be  relevant  for  the  GCS
effect  [25],  and  a  non-centrosymmetric  crystal  structure  with  an
unconventional superconducting order parameter, at least in bulk
single-crystal form [37, 38].

We find that  our NbRe devices  can exhibit  GCS,  even though
they  were  made  using  a  top-down  fabrication  protocol,  under
certain  conditions:  they  need  to  be  patterned  from  strongly
disordered films and a specific gas mixture (consisting of Ar and
Cl2)  has  to  be  used  for  the  etching  process.  The  GCS  effect  is
instead  systematically  absent  in  our  devices  etched  from
polycrystalline  NbRe  thin  films  (with  larger  grain  size)  or  those
etched  from  disordered  NbRe  thin  films  but  with  different  gas
mixtures, even in the presence of a significant Ileak (> 10 nA).

Last,  in our NbRe devices  showing GCS,  the distance between
the  gate  and  the  S  nanoconstriction  (dg)  is  up  to  300  nm,  and
therefore  larger  than  the dg typically  reported  (<  100  nm)  to
observe  a  GCS  effect  [1, 8, 9, 14, 15],  which  shows  that  NbRe-
based  GCS  devices  are  not  very  demanding  from  a  fabrication-
related point of view. 

2    Experimental
 

2.1    Thin film growth and characterization
Our  gated  NbRe  devices  were  fabricated  from thin  films  using  a
top-down fabrication process. For all devices reported in this study
(10  in  total  identified  with  labels  from  D1  to  D10),  films  of  two
different compositions and thicknesses were used, specifically 20-
nm-thick  Nb0.18Re0.82 (devices  from  D1  to  D7)  and  30-nm-thick
Nb0.10Re0.90 (devices from D8 to D10). All films were deposited on
Al2O3 substrates.

Structural  characterization  of  the  thin  films  based  on  X-ray
diffraction  (XRD)  and  reported  in Fig. S1  in  the  Electronic
Supplementary  Material  (ESM)  shows  that  the  Nb0.18Re0.82 thin
films  were  strongly  disordered  (either  polycrystalline  with  very
small  grain  size  of  1–2  nm  or  even  amorphous),  as  reported  in
Ref.  [39],  whilst  Nb0.10Re0.90 thin  films  were  polycrystalline  with
grain sizes (~ 28 nm deduced from the (330) peak and Scherrer’s
formula [40]) comparable to the film thickness (~ 30 nm).

The difference in the grain size and structural  disorder for the
two  types  of  films  is  due  to  their  different  growth  conditions.  In
particular,  Nb0.10Re0.90 thin  films  were in-situ annealed  at  high
temperature  after  growth,  which  was  most  likely  the  reason  for
their  larger  grain  size  and  polycrystalline  structure,  whilst
Nb0.18Re0.82 thin films were grown at room temperature, as further
discussed below.

The  NbRe  thin  films  with  composition  Nb0.18Re0.82 were
deposited  by  direct  current  (DC)  magnetron  sputtering  onto  a
plane  Al2O3 (sapphire)  substrates  inside  an  ultra-high  vacuum
(UHV)  chamber,  with  a  base  pressure  of  2  ×  10−8 Torr.  A
stoichiometric  target  (99.95%  purity)  mounted  on  a  2''  circular
gun  was  used  for  the  growth  process,  which  was  ignited  with  a
power of 250 W in an Ar pressure of 3 mTorr. This resulted in a
sputtering  rate  of  0.33  nm/s  [39]  measured  with  a  quartz  crystal
monitor  previously  calibrated  based  on  thickness  measurements
of test films made with a profilometer.

The  Nb  and  Re  concentrations  in  these  thin  films  were
confirmed using energy dispersive X-ray (EDX) analysis, as shown
in Fig. S2  in  the  ESM.  In  addition,  transmission  electron
microscopy  (TEM)  characterization  of  thin  films  grown  in  the
same  conditions  showed  that  such  films  were  completely
homogeneous, without any dispersed Nb or Re islands [36]. More
details  about  the  fabrication  of  these  thin  films  can  be  found  in
Ref. [36].

After  deposition,  the  Nb0.18Re0.82 films  were  capped  with  a
polymethyl methacrylate (PMMA) protection layer.

The  Nb0.10Re0.90 thin  films  were  also  prepared  by  DC
magnetron in a UHV chamber at a base pressure of 10−8 Torr, but
using  co-sputtering  from  two  elemental  targets  (1.5''  diameter
each,  Re  99.99%  purity  and  Nb  99.95%  purity)  and  their
composition  was  also  confirmed  by  EDX  (Fig. S3  in  the  ESM).
The Al2O3 substrate (thickness 650 μm, c-plane) used for the thin
film growth was cleaned thoroughly with isopropyl alcohol before
being  mounted  on  the  sample  holder.  Before  growth,  an
additional in-situ cleaning  of  the  substrate  was  also  carried  out,
which involved first  heating the  substrate  up to  700 °C and then
cleaning its surface using a Kauffman source with Ar+ at a pressure
of  0.75  mTorr  for  5  min at  600 °C.  The Nb and Re targets  were
both  ignited  at  30  mTorr  with  the  shutter  closed  using  an  initial
power  of  30  W  for  each  of  them.  Right  before  the  material
deposition,  the  power  of  the  magnetron  guns  was  ramped  up  to
150  W  for  Nb  and up  to  500  W  for  Re,  whilst  the  Ar  chamber
pressure  was  reduced to 5  mTorr.  During the  deposition,  the  Re
shutter was opened 10 s later than the Nb shutter to achieve better
adhesion to  the  substrate.  Nb and Re were  then co-sputtered for
150 s,  after  which the Re shutter  was  closed first  followed by the
Nb shutter after 10 s. After the deposition, the temperature of the
substrate holder was raised to 900 °C for in-situ annealing, which
was  carried  out  for  30  min  before  cooling  the  samples  down  to
room  temperature  with  a  ramp  rate  of  30  °C/min  (this  rate  was
also used for all the other heating steps). 

2.2    Device fabrication with top-down protocols
The Nb0.18Re0.82 and Nb0.10Re0.90 films were patterned into devices
using e-beam lithography (EBL) to define the device geometry and
dry-etched using a negative resist and Al hard mask, respectively.
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For  the  devices  made  from  Nb0.18Re0.82 thin  films,  after
removing the protective PMMA layer in acetone, a 200-nm-thick
layer  of  negative  resist  was  spun  onto  the  NbRe  thin  film  for
pattern  transfer  by  EBL  with  a  dose  between  60  and  70  μC/cm2.
After the exposure, the samples were developed, which left a resist
mask for dry plasma etching.

The  reactive  ion  etching  (RIE)  was  carried  out  using  three
different  systems  (RIE  I,  RIE  II,  and  RIE  III),  which  were  varied
across devices as indicated in the main text and specified in Table
S1 in the ESM. RIE I and II used inductively coupled plasma (ICP)
sources  but  with  different  powers  and  gas  mixtures;  RIE  III  was
equipped with a standard radio frequency (RF) source. For devices
etched in RIE I (from D1 to D3), a mixture of 26 sccm of Ar and
26  sccm  of  Cl2 with  a  total  pressure  of  10  mTorr  was  used.  The
power in this system was set as a combination of ICP power (750
W) and RIE power (20 W), resulting in a total etching time of 30 s
to obtain the desired nanoscale devices. The same process was also
followed to etch device D10 made from Nb0.10Re0.90 thin films with
an increased etching time of ~ 180 s, possibly because the film was
harder to etch due to the larger size of its grains.

Samples from D4 to D7 were etched in the RIE II.  Device D4
was etched with 26 sccm Ar with a pressure of 10 mTorr at an RIE
power of 50 W and an ICP power of 100 W for 5 min and 30 s.
For  device  D5,  the  powers  were  changed  to  an  RIE  power  of
200  W  and  an  ICP  power  of  50  W  (in  order  to  achieve  a  more
anisotropic etching), resulting in a total etching time of 2 min 30 s.
For the devices D6 and D7, a mixture of 26 sccm Ar and 26 sccm
SF6 at  a  pressure  of  10  mTorr  was  used  in  combination  with  an
RIE power of 200 W and an ICP power of 50 W, resulting in an
etching time of 30 s.

Whilst etching all devices from D1 to D7, the sample plate was
cooled  down  to  10  °C  and  kept  at  this  temperature  during  the
etching process to avoid a collapse of the resist mask.

To pattern devices D8 and D9, a positive EBL polymer layer of
PMMA was first spun onto the thin films. After carving the device
geometry into the resist layer by EBL, a 60-nm-thick Al layer was
deposited with an e-beam evaporator. The evaporated Al was used
as  a  hard  mask  for  the  etching  process,  since  Al  had  a  good
resistance against fluorine. The NbRe thin films were hence etched
in  RIE  III  using  a  CF4/Ar/O2 gas  mixture  of  40/6/4  sccm,
respectively,  at  a  power  of  150  W,  after  which  the  Al  hard  mask
was removed with an alkaline solution before device testing. 

3    Results and discussion
 

3.1    Superconducting properties of NbRe devices
As discussed in Section 2, across our devices, we changed the gas
mixture used for the etching process (Table S1 in the ESM), which
we find to be the most crucial parameter for the GCS observation,

together with the degree of crystallinity of the starting NbRe thin
film.

Since we followed a top-down fabrication process involving an
etching step for the fabrication of  all  devices,  in the following we
refer to them as etched devices.

All  our  etched  NbRe  devices  were  fabricated  with  a  Dayem
bridge geometry consisting of two large electrodes separated by a
narrow constriction (bridge) [41], as shown in Fig. 1(a). The width
of the bridge ranges between 50 and 350 nm, whilst the length is
between 175 and 220 nm. In our devices, dg varies between 50 and
300 nm, with the gate electrode always placed only on one side of
the S nanoconstriction (Fig. 1(b)).

Figure  1 shows  the  resistance  versus  temperature, R(T),  for
device D1, which has a superconducting critical temperature (Tc)
of  ~  6.1  K  and  a  normal-state  resistance  (RN)  of  ~  1.1  kΩ.  We
define Tc as the temperature (T) at which R reaches 50% of RN at
10  K  (Fig. 1(c)).  For  comparison,  the  20-nm-thick  film  used  for
the  fabrication  of  this  device  has Tc of  ~  6.7  K before  patterning
[39].  This  suggests  that  our  fabrication  process  in  combination
with  the  short  superconducting  coherence  length ξ of  NbRe
(~  5  nm;  Refs.  [39, 42])  preserves  good  superconducting
properties in our Dayem bridges. 

3.2    Observation  of  the  GCS  effect  in  etched  NbRe
devices
For  all  our  devices,  we  measured  the  evolution  of Ic,  extracted
from current  versus  voltage I(V)  characteristics  under  an applied
VG (Fig. 2(a)).  Our  results  discussed  below  suggest  that  only
devices dry-etched from disordered Nb0.18Re0.82 thin films using an
Ar/Cl2 gas  mixture  (from D1 to D3) show a  GCS,  whilst  devices
dry-etched  with  different  gas  mixtures  (from  D4  to  D9)  or  also
with  an  Ar/Cl2 mixture  but  starting  from  polycrystalline
Nb0.10Re0.90 thin films (D10) show no GCS, even in the presence of
a larger Ileak and smaller dg compared to devices with a GCS. We
also observed a significant variation in the behaviour of the devices
showing  a  GCS,  suggesting  that  different  mechanisms  may  be  at
play across these devices (see below).

The  evolution  of  the Ic(VG)  curves  in  an  applied  out-of-plane
magnetic  field Bext (Fig. S4(b)  in  the  ESM) also  confirms that  the
GCS  effect  persists  until Bext suppresses  superconductivity,
consistent with previous studies [1, 5, 16].

The  observation  of  GCS  in  device  D1  and  other  devices  (D2
and  D3;  see  below)  is  remarkable  for  two  reasons.  First, dg for
these devices is three times larger than the typical dg (< 100 nm) in
which a GCS was reported so far [25]. This also suggests that a dg
reduction may lead to an additional reduction in VG,offset. Second, it
has  been  reported  that  etched  devices  made  of  Ss  different  from
NbRe  (e.g.,  Nb  or  NbTiN)  do  not  show  a  GCS  [23].  The  GCS
effect is also absent in devices fabricated following our route (i.e.,

 

Figure 1    NbRe Dayem bridge devices. (a) Schematic of the geometry of a NbRe Dayem bridge device with configuration of the current (I− and I+) and voltage (V− and
V+) pads and of the VG, with false-colour scanning electron micrograph of a device (device D1) fabricated based on this layout in (b). (c) Resistance versus temperature
R(T) curve of the NbRe device D1 in (b) measured near its superconducting transition in both cooling (blue curve) and warming (red curve).
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with the same Ar/Cl2 gas  mixture)  but  using other  Ss  other  than
strongly-disordered NbRe thin films [23].

Figure  2(b) shows  the Ic(VG)  characteristics  measured  at
different Ts  from 1.9  to  5.8  K below Tc (~  6.1  K)  for  device  D1,
which reveals a GCS with VG,offset of ~ 55 V. As suggested in Ref.
[25],  we  define VG,offset as  the  point  where  the  linear  part  of  the
Ic(VG) curve (i.e., the curve section where Ic decays) intercepts the
horizontal axis at Ic = 0. We also define VG,onset as the VG value of
the Ic(VG)  characteristic  corresponding  to  a  10%  drop  in  the Ic
measured at VG = 0 [25]. Compared with other devices reported in
the  literature  and mostly  made of  elemental  Ss  (e.g.,  Nb,  Al,  and
Ti), for which VG,offset varies between 10 and 40 V [7, 9, 10], VG,offset
measured for D1 is relatively large (~ 55 V).

ρ

Other  possible  reasons  why  etched  devices  from  disordered
NbRe show a GCS,  unlike the devices  reported in Ref.  [23],  may
be  related  to  different  physical  properties  of  the  Ss  used.  First,
unlike Nb or NbTiN, NbRe is a non-centrosymmetric S. The non-
centrosymmetric structure is also linked to strong SOC and to an
unconventional  superconducting  order  parameter  [37, 38].
Although  we  cannot  quantify  the  role  of  these  two  physical
properties  on  GCS—comprehensive  theoretical  investigations
would be needed—our Nb0.18Re0.82 films are more disordered [35,
39] than the NbTiN and Nb thin films used in Ref. [23]. The high
disorder  is  not  only  evident  from  the  grain  size  (1–2  nm)  being
much smaller than the film thickness [35], but also from their low-
T electronic  transport  properties.  Indeed,  the  films  used  for  the
devices with GCS (from D1 to D3) have a residual resistivity ratio
(RRR) below 1 (Fig. S2 in the ESM) [35−37], and their Tc increases
as  their  resistivity ρ gets  larger  (up  to  of  ~  100  μΩ·cm  for  a
thickness  of  20  nm  [35]),  which  are  typical  signatures  of  strong
disorder in S thin films [43, 44].

The  films  with  composition  Nb0.10Re0.9 used  for  devices  D8  to
D10  are  polycrystalline  and  show  no  GCS.  This  observation
demonstrates  that  small  grain  size  (smaller  than  the  film
thickness) is crucial to observe a GCS in our etched NbRe devices. 

3.3    Variations in GCS across NbRe devices
Across the NbRe devices showing GCS (D1 to D3), we observe a
different T-dependence of VG,offset and of Ileak, from which we infer
that  the  GCS  is  dominated  by  different  physical  mechanisms  in
these devices.  We note that all  three devices have been fabricated
within the same batch, meaning from Nb0.18Re0.82 thin films grown
together and then processed (for EBL, etching, etc.) also together.
Therefore,  variations  in  the  material  or  fabrication  process  for
these devices should be negligible.

In Fig. S4  of  the  ESM,  we  report  the Ileak versus VG, Ileak(VG),
characteristics for device D1 measured at the same Ts of the Ic(VG)
curves  in Fig. 2(b).  At VG,onset of  ~  24  V, Ileak is  ~  100  pA  and  is
almost  independent  of T.  On  the  other  hand, Ileak measured  at
VG,offset for  the  same  device  shows  a  strong T-variation,  although
Ileak does not increase monotonically with increasing T. VG,offset also
shows a similar T-dependence (see Fig. 2(b)).

For the other two devices with GCS (D2 and D3), VG,offset is of
the same order of  magnitude (~ 65 V) as for device D1. For D2,
however, VG,offset gets  reduced monotonically,  and simultaneously
Ileak (at VG,offset) gets smaller as T is increased (Fig. S6 in the ESM).
In device D2 therefore, GCS is mostly induced by Ileak because, as
T is  increased  and  superconductivity  gets  weaker,  a  lower Ileak is
measured whilst the device is driven into the normal state by VG.

The Ic(VG) curves for device D3 in Fig. 3(a) show that VG,onset of
~ 40.8 V and VG,offset of ~ 64 V are almost unaffected by T , which
are  opposite  to  what  measured  for  device  D2.  The Ileak values
measured at VG,onset and VG,offset are also T-independent and equal
to 0.2 and 3 nA, respectively.

The different behaviours of the devices from D1 to D3 are also
shown  in Fig. 4,  where  we  plot VG,offset as  a  function  of T for  all
three devices. The strong decrease of VG,offset with T for device D2
again  suggests  that Ileak-induced  Joule  heating  (scenario  2  above)
may  be  the  main  mechanism  responsible  for  the  GCS  effect  in
device D2.

×

× I2r

To estimate the role of Joule heating in devices D1 and D3, we
compare the power dissipated by the gate PG = VG  Ileak, with the
power dissipated by Joule heating when the device switches to the
resistive  state,  which  we  estimate  as PN = RN   (Ir being  the
retrapping current).

For  device  D3,  for  example,  at T =  2.0  K, PG is  ~  8.2  nW  at
VG,onset,  where  it  is  already  comparable  to PN of  ~  16  nW  (RN =
1.264 kΩ and Ir = 3.54 μΑ at VG = 0). This may suggest that Joule
heating is the main contribution to the GCS also for device D3.

Nonetheless, the Ileak indicated for our devices (Fig. 3, and Figs.
S4  and  S6  in  the  ESM)  and  used  to  calculate PG does  not
correspond just to the Ileak flowing through the S nanoconstriction,
but it also includes contributions from the cryostat wiring. In our
setup, VG is applied to the impedances of the gate electrode and of
the  setup  cabling,  which  are  connected  in  series  between  the VG
generator  and  the  setup  electrical  ground.  As  a  result,  we
overestimated  the  actual PG dissipated  by  the  Dayem  bridge.  To
confirm this, we have also placed a reference resistor (Rref) in series
between  the  gate  electrode  and  ground,  to  determine  the  actual
Ileak flowing  across  the  bridge,  based  on  the  measurement  of  the

 

Figure 2    Gate-controlled supercurrent in NbRe device D1. (a) I(V) characteristics measured at T = 2.0 K for a NbRe Dayem bridge (device D1) at different applied
VG values (specified in the panel legend). The I(V) curves shown in the main panel are measured whilst sweeping I from negative to positive values (up-sweeping). The
inset shows the I(V) characteristic measured at the same T = 2.0 K and at VG = 0 whilst up-sweeping (red curve) and down-sweeping (black curve) the bias current I.
(b) Ic(VG) curves measured for the same device as in (a) at different Ts (specified in the panel legend).
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voltage across Rref. For this configuration, which we have tested on
twin devices to devices from D1 to D3, we find Ileak values lower by
one order of magnitude than those measured for the total Ileak.

We are therefore confident that the actual PG dissipated within
the  NbRe  bridges  of  devices  from  D1  to  D3  is  lower  than  that
calculated  from  the  measured Ileak by  at  least  one  order  of
magnitude.  This  estimation  and  the T-independent  behaviour  of
VG,offset, consistent with other reports where Joule heating has been
ruled out [1, 13, 22], suggest that different mechanisms are at play
in devices D1 and D3 (compared to device D2). 

3.4    Key parameters for GCS in NbRe devices
Another  main  result  of  our  work  is  that,  in  addition  to  a  high
structural disorder, the etching process, specifically the gas mixture
used,  is  crucial  for the GCS observation.  As reported in Table S1
in  the  ESM,  in  addition  to  devices  etched  in  an  Ar/Cl2 mixture
(D1 to D3), we have also made devices from the same disordered
Nb0.18Re0.82 thin  films,  but  using  Ar  gas  only  (D4  and  D5)  or
Ar/SF6 mixtures  (D6  and  D7).  Nonetheless,  none  of  the  etched
devices  shows a  GCS up to VG of  ~  100  V (Fig. S7  in  the  ESM),
although  some  have  a  smaller dg (~  90  nm)  and  larger Ileak
compared to  devices  D1 or  D3.  This  also  suggests  that,  although
Ileak can play a role towards GCS, a large Ileak per se is not sufficient
to observe GCS in our etched NbRe devices.

Since  Ar/Cl2 [23]  has  also  been  used  to  etch  devices  made  of
other Ss (e.g., Nb) and these devices showed no GCS, we conclude
that  this  provides  additional  evidence  that  the  intrinsic  high
disorder  of  some  of  our  NbRe  films  in  combination  with  their
surface properties, possibly activated by the etching gas, are key for

the GCS observation.
Although the high structural disorder in our NbRe can assist a

GCS,  disorder  alone  is  not  sufficient  for  GCS  because  devices
etched with Ar or Ar/SF6 show no GCS, as discussed above.  The
strong  correlation  between  a  GCS  and  the  etchant  gas  suggests
that surface chemistry is also crucial.

It has been shown that the reaction of Cl2 with Re results in the
formation  of  ReCl5 and  other  Re  halides  [45, 46]  with  magnetic
properties [47, 48]. Since a GCS is only observed in NbRe devices
etched  with  Ar/Cl2,  these  Re-based  magnetic  species  forming  on
the surface may assist a GCS , consistent with a recent theoretical
proposal [30]. Future studies on etched devices made from Re thin
films may further validate this argument. 

4    Conclusions
In  summary,  we  have  shown  that  structural  disorder  combined
with  surface  properties,  and  how  these  are  modified  by  the
fabrication process,  can lead to a systematic GCS effect  in etched
NbRe devices.

We also note that we observe a GCS despite an unusually large
dg (~ 300 nm), for which a GCS is not observed in devices made of
other Ss [25]. This may suggest that other physical properties (e.g.,
large SOC, unconventional order parameter) can further assist the
GCS effect in NbRe devices with the right structural disorder and
surface properties.

Although an Ileak-induced mechanism can account for the GCS
effect  observed  in  our  NbRe  devices,  our  results  show  that  this
mechanism  still  has  to  find  a  S  nanoconstriction  with  a  suitable
combination of surface and microstructural properties, to trigger a
GCS.

Our study identifies a set of parameters that might be subject of
further  investigation,  also  of  theoretical  nature,  aiming  at
understanding  their  role  on  the  GCS  effect.  We  also  define  a
fabrication protocol that can be tested on other Ss similar to NbRe
and represents  a  first  step towards  achieving high reproducibility
and  scalability  in  GCS-based  devices  made  with  a  top-down
approach. 
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