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In this work, we show that targeted and controlled modiﬁcations of the Josephson-junction properties
of a bridge-type Nb nanoSQUID can be achieved by an electroannealing process allowing us to tune
and tailor the response of a single device. The electroannealing consists in substantial Joule heating produced by large current densities followed by a rapid temperature quench. We report on a highly nontrivial
evolution of the material properties when performing subsequent electroannealing steps. As the current
density is increased, an initial stage characterized by a modest improvement of the superconducting critical
temperature and normal-state conductivity of the bridges, is observed. This is followed by a rapid deterioration of the junction properties, i.e., decrease of critical temperature and conductivity. Strikingly, further
electroannealing leads to a noteworthy recovery before irreversible damage is produced. Within the electroannealing regime where this remarkable resurrection of the superconducting properties are observed,
the nanoSQUID can be operated in nonhysteretic mode in the whole temperature range and without compromising the critical temperature of the device. The proposed postprocessing is particularly appealing in
view of its simplicity and robustness.
DOI: 10.1103/PhysRevApplied.15.034016

I. INTRODUCTION
A dc superconducting quantum interference device
(SQUID) is composed of a superconducting loop interrupted by two Josephson junctions. The critical current
of the device exhibits an oscillatory response as a function of magnetic ﬁeld with a periodicity determined by the
quantization of the magnetic ﬂux threading the loop. The
macroscopic size of a SQUID (usually combined with a
suitable input circuit) enables one to realize sensitive magnetic ﬁeld sensors [1], which are used in a large variety
of applications [2]. With the advent of nanotechnology
their range of application has been broadened [3], while
their energy resolution approaches the ultimate quantum
limit [4,5]. In recent years, the interest in measuring the
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magnetic response of nanoscale systems has launched a
number of initiatives to miniaturize these devices [3,6].
In this endeavor, conventional Josephson tunnel junctions
with insulating barriers are less attractive since their low
critical current density prevents them from achieving the
optimum performance. With the goal to mitigate this drawback, growing attention has been devoted to Dayem-bridge
junctions made of a high critical current density material
such as Nb.
Although Nb Dayem-bridge junctions can be nanostructured down to few tens of nm, the short coherence length
of the material typically leads to a current-phase relation
markedly diﬀerent from the one measured in ideal Josephson junctions [7,8]. This eﬀect, in turn, manifests itself in
triangular-shaped critical current oscillations as a function
of the applied magnetic ﬁeld [9], which is detrimental to
the SQUID performance, as it suppresses the critical current versus magnetic ﬂux modulation depth [10,11]. Furthermore, poor heat evacuation and high critical currents
might lead to the development of self-heating hot spots
when the device switches from the superconducting to the
normal state. The resultant hysteretic current-voltage V-I
characteristics prevent the SQUID from being operated in
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the dissipative regime (voltage mode) as phase coherence
is often lost once the hot spots are formed.
Nowadays, the attention has shifted towards postfabrication tweaking of nanoscale SQUIDs in order to optimize their operation performance according to the speciﬁc needs. External adjustment of the as-fabricated Nb
SQUIDs, addressing the critical current of the weak
links, has been demonstrated to be a promising approach
to achieve optimum performance. A nonexhaustive list
of controllable junctions includes Nb–normal-metal–Nb
Josephson junction with two additional contacts into the
normal region of the junction [12], Nb-semiconductor-Nb
junctions modulated by current injection into the twodimensional electron gas [13], hot-phonon controlled junctions [14], and a multiport Nb weak-link design [15].
The above described approaches, although elegant and
competitive, demand complex multistep nanofabrication
procedures and they may become impractical for implementation in conﬁned systems such as SQUID-on-tip
devices [16].
In this work, we demonstrate that current-induced modiﬁcations of the structure of the weak links through an
electroannealing (EA) process provides a viable approach
to tune the critical current of Nb nanoSQUIDs and to suppress their hysteretic response without compromising the
operational temperature range of the devices. This paper is
organized as follows: in Sec. II we brieﬂy summarize the
experimental methods. In Sec. III we present and characterize the electric and magnetic response of the pristine Nb
nanoSQUIDs. In particular, we demonstrate that the critical current oscillations as a function of magnetic ﬁeld are
well captured by a model assuming a linear current-phase
relation (CPR). This is a useful reference to compare with
the electroannealed devices. Section IV is devoted to the
investigation of the physical modiﬁcations of the bridges
caused by the electroannealing process and its inﬂuence on
the nanoSQUID’s response. Although EA has the tendency
to worsen the material properties, by further electroannealing we witness an astonishing recovery allowing us to
access a regime in which the SQUID can be operated in a
nonhysteretic mode. The conclusion and perspectives for
further developments are discussed in Sec. V.
II. METHODS
A. Controlled EA
The electroannealing process is achieved by software control with a feedback loop as described in
Ref. [17]. It basically consists in the application of
a voltage ramp to attain a constant conductance rate
of −2G0 /s, where G0 is the quantum of conductance,
while simultaneously monitoring the consequent resistance
change. The software-controlled feedback loop allows
reacting upon abrupt resistance jumps and ensures a progressive evolution of the sample’s resistance in time. The

whole control algorithm is manually stopped either once
a certain maximum current, so called the electroannealing
current IEA , is achieved, or, for high annealing currents,
if a given ﬁnal resistance is reached. To prevent the sample from electrostatic discharges, a special mounting and
connecting protocol as described in Ref. [18] is applied.
B. Cryogenic transport measurements
The electroannealing is carried out in a cryogenic environment with bath temperature Tb ∼ 10 K above the superconducting critical temperature of Nb. Both, the electrical
transport measurements and electromigration process are
carried out in a modiﬁed commercial Quantum DesignPPMS cryostat. The sample is mounted in a sealed chamber providing a temperature stability better than 1 mK in a
He gas atmosphere at 20 mbar.
C. in situ SEM transport measurements
A specially designed platform permits us to perform EA
runs and electrical measurements directly inside a scanning
electron microscope. Each EA steps is followed by image
acquisition. More details are given in Ref. [19].
III. PROPERTIES OF THE PRISTINE Nb
NANOSQUIDS
A. Fabrication and electrical characterization
The investigated samples consist of t = 50-nm-thick Nb
ﬁlms deposited by electron-beam evaporation onto a Si
substrate terminated with a 100-nm-thick SiO2 layer. The
evaporation is performed under UHV and the Nb ﬁlm
is subsequently capped with 5 nm of Si for protection.
Electron-beam lithography is carried out in a Nanobeam
nB5 platform with an electron-beam energy of 80 keV.
Afterwards, an Al hard mask is fabricated by e-beam
evaporation, followed by a lift-oﬀ procedure. The Nb,
unprotected by the Al mask, is removed by reactive ion
etching with SF6 gas during 10 s. Finally, the Al is removed
by wet etching using the base developer MF-26A. In this
study, ﬁve samples (labeled S1, S2, . . . , S5) are characterized, all of them with nominal junction length of 100 nm
and widths between 60 and 80 nm. A scanning electron
microscopy (SEM) image of a representative nanoSQUID
is shown in Fig. 1(a). The voltage contacts are symmetrically placed at about 1 μm away from the constrictions
[Fig. 1(a)].
Figure 1(b) shows the superconducting transition of one
prototypical device, with resistance R, using a dc bias current of 1 μA. The onset of the superconducting transition
deﬁned by the temperature T at which R(T)/R10 K = 0.9,
with R10 K the normal state resistance of the device at T =
10 K, is located at Tc = 8.87 K. A typical low-temperature
current-voltage characteristic V-I at zero magnetic ﬁeld
B = 0 mT and T = 1.8 K is shown in Fig. 1(c). As the
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current bias is gradually increased from zero, the voltage
across the device is initially zero and switches abruptly to
the resistive state at the critical current Ic . After a switching event, the device remains in the resistive state due to
Joule heating. As the current is subsequently decreased the
Joule heating is reduced and the device switches back to
the zero-voltage state at the so-called retrapping current
Ir ≤ Ic .
The normal-state resistance of the nanoSQUIDs exhibits
an approximately linear temperature dependence with
a thermal coeﬃcient α = 8.5 × 10−3 K−1 between T =
10 K and T = 300 K with a residual resistivity ratio
rR ≈ 3.2 ± 0.2, and a resistivity ρ(10 K) = 9.7 μcm.
Using the relation ρ = 3.72 × 10−6 μcm2 for Nb [20],
we can estimate a mean free path  = 3.9 ± 0.1 nm.
This allows us to calculate the superconducting coherence
length at zero temperature
using the dirty-limit expression
√
[21] ξ(0) = 0.855 ξ0  = 10.5 ± 0.5 nm, taking ξ0 = 39
nm. In the case of weak-coupling amorphous superconductors in the dirty limit [22], the magnetic√penetration depth
can be estimated as λ(0) = 1.05 × 10−3 ρ/Tc ∼ 114 nm.

B. Magnetic field dependence of the critical current
Figure 2 shows the dependence of the critical current
of the nanoSQUID on the applied magnetic ﬁeld Ic (B),
at four diﬀerent temperatures. The value of the critical
current is determined from the measured V-I characteristics as a function of the applied magnetic ﬁeld B, using

7K

0.70

FIG. 1. SEM image of the pristine Nb nanoSQUID S1 (a). The
scale bar corresponds to 200 nm. (b) The superconducting transition of the device. (c) The current-voltage characteristic at 1.8 K.
The arrows indicate the sweep direction of the bias current. In
(a), the yellow dotted line indicates the eﬀective area Aeﬀ of the
nanoSQUID.
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FIG. 2. Critical current of the pristine SQUID S1 as a function of the applied magnetic ﬁeld for four diﬀerent temperatures.
Black lines correspond to the theoretical prediction assuming a
linear current-phase relation according to the model described
in Ref. [26]. The numbering from nv = −3 to +4 in the panel
corresponding to T = 5 K, indicates the vorticity. The ﬁtting
parameters obtained from the simulations are listed in Table I.

a 1 μV criterion. For the range of explored temperatures, the Ic (B) curves show a clear quantum interference eﬀect with a periodicity B = 5.34 mT, from which
an eﬀective area Aeﬀ = 0.387 μm2 roughly twice as big
as the actual geometrical area of the inner hole Ah =
0.185 μm2 is obtained. Calculations with the simulation
tool 3D-MLSI [23], which solves the London equations for
two-dimensional current sheets, results in an eﬀective area
2
Asim
eﬀ = 0.363 μm for a SQUID with dimensions similar to
those of Fig. 1(a) and considering ideal ﬂux focusing [24].
By solving the Ginzburg-Landau (GL) equations, it is
shown that for nanobridges longer than approximately
3ξ(T), the CPR becomes double valued and progressively
more linear [10,14]. For the typical geometrical lengths of
the Dayem bridges explored in this work (d ∼ 100 nm), a
linear CPR represents a reasonable approximation in the
temperature range T < 0.9Tc [25]. Although the GL formalism is strictly valid only close to Tc , an almost linear
CPR has been predicted for thin and long wires even at
T = 0 (see Ref. [26] and references therein). The Ic (B)
curve is composed of approximately linear segments and is
multivalued within certain ﬁeld ranges for T = 1.8 K and
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3 K. This linear dependence of the critical current on the
magnetic ﬁeld and the multivaluedness have been observed
previously [10,14] and can be accounted for by the model
proposed in Ref. [26]. In this model, we assume that each
Dayem bridge can be described by a linear CPR:
Ij (ϕj ) = Icj

ϕj
,
ϕcj

(1)

where the index j = 1 or 2 indicates the Dayem-bridge
number, Ij is the corresponding supercurrent, Icj is the
critical current, and ϕj is the phase diﬀerence of the macroscopic wave function taken between the end points of the
j th Dayem bridge. Further, ϕcj is the critical phase difference at which the supercurrent reaches its maximum
possible value and corresponds to the value above which
the Dayem bridge switches to the dissipative state. We
additionally assume that the critical current of each Dayem
bridge is independent of the magnetic ﬁeld as expected for
the small bridge area and consistent with the experimental observation that the critical current of our nanoSQUIDs
oscillates with B around a ﬁeld-independent mean value.
As the order parameter must be single valued, the total
accumulated phase around the superconducting loop must
be an integer multiple of 2π :
ϕ1 − ϕ2 + 2π

B
= 2π nv ,
B

(2)

where nv is the vorticity (i.e., the winding number of the
macroscopic wave function) of the SQUID loop.
The total critical current of the nanoSQUID, Ic (B), is
determined from Eqs. (1) and (2) as the smallest total
applied current I = I1 + I2 at which the phase diﬀerence
across either bridge reaches its critical value ϕj ≥ ϕcj . In
addition to the approach presented in Ref. [26], we introduce two additional constraints allowing us to reduce the
number of ﬁtting parameters to only two (Ic1 and ϕc1 )
instead of four (Icj and ϕcj , j = 1, 2). Firstly, note that
the maximum critical current of the nanoSQUID, given by
Ic = Ic1 + Ic2 , takes place when both bridges reach their
corresponding critical currents and critical phases. As we
can determine Ic from the experimental data, this constraint
allows us to eliminate one of the two critical currents
as a ﬁtting parameter. Secondly, the magnetic ﬁeld value
corresponding to the maximum of the nv = 0 branch is
given by
Bnv0 =

B
(ϕc2 − ϕc1 ),
2π

(3)

(see Fig. 2). Equation (3) allows us to eliminate one of the
two critical phases diﬀerences as a ﬁtting parameter. Note
that Eq. (3) indicates that a shift of the Ic (B) curves along
the B axis results from an asymmetry in ϕcj for the two
junctions. The results of the ﬁtting procedure are depicted

by solid black lines in Fig. 2 and the corresponding ﬁtting
parameters are shown in Table I. The multivalued character
of the Ic (B) curve at low temperatures is properly captured
by the model and results from the fact that diﬀerent values
of nv gives rise to diﬀerent critical current branches [26].
This model further assumes that the response is dominated by the kinetic inductance. A ﬁrst-order calculation
of the geometric self-inductance of the loop gives approximately 0.7 pH [27]. For comparison, we can estimate the
contribution ofthe kinetic inductance to be determined by
LK = μ0 λ(0)2 C dr/A(r) ∼ 1.9 pH, where C is the curvilinear path with the coordinate r along one arm of the
SQUID and A(r) is the position-dependent cross section
of the conductor. Independently, LKj = ϕcj 0 /Icj 2π , with
2
0 ≈ 2.0678 mTμm is the magnetic ﬂux quantum, and
therefore it can be deduced from the ﬁtting parameters. The
obtained values listed in Table I conﬁrm that the kinetic
energy indeed dominates the response of the nanoSQUID.
Table I shows that the asymmetry in critical current
of the Dayem bridges αI = |Ic1 − Ic2 |/(Ic1 + Ic2 ) is independent of temperature and remains around αI ∼ 0.05
expected from geometrical inspection. The critical phase
diﬀerences of both nanobridges exceed the value of π/2
expected for tunnel junctions and decrease with increasing temperature. This observation is in agreement with the
simulations carried out within the GL formalism by Hasselbach et al. [10]. Furthermore, according to Ref. [26], the
eﬀective length deﬀ ∼ 4ξ ϕc /π > d for all temperatures.
This result suggests an extended phase distribution spreading over a distance larger than the bridge’s length [25].
IV. ELECTROANNEALED DEVICES
Let us now focus on the modiﬁcation of the material
properties at the constrictions by the controlled process
of electroannealing. Within this process, a bias voltage
across the device is slowly swept up while simultaneously
monitoring the decrease of conductivity until reaching
a pre-established value. Sudden decreases of conductivity leading to a thermal runaway and eventually sample
destruction are avoided by a reactive feedback loop [17].
Unlike electromigration [19], EA is mainly driven (but
not only) by the Joule heating produced by high current
densities only achievable in high melting-point materials such as Nb. We have recently reported the successful
implementation of this approach [28] for producing targeted modiﬁcations of the superconducting properties in
bow-tie Nb nanoconstrictions. In this work, this procedure is extended to two parallel constrictions following the
protocol described in Ref. [17].
A. Targeted damage at the weak links
Performing the EA process at room temperature inside
the chamber of a scanning electron microscope allows
us to monitor in situ the structural changes occurring in
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TABLE I. Fitting parameters for the Ic (B) oscillations of the pristine state. The free ﬁtting parameters are the critical current Ic1 and
phase ϕc1 of Dayem bridge 1. The values for Dayem bridge 2 are obtained from Eqs. (2) and (3). αI = |Ic1 − Ic2 |/(Ic1 + Ic2 ) indicates
the asymmetry in critical currents and LKj = ϕcj 0 /(Icj 2π ).
T(K)
1.8
3
5
7

Ic1 (mA)

ϕc1 (rad)

Ic2 (mA)

ϕc2 (rad)

αI

LK1 (pH)

LK2 (pH)

1.8 ± 0.5
1.4 ± 0.2
0.97 ± 0.08
0.39 ± 0.03

20 ± 5
15 ± 2
12 ± 1
8.5 ± 0.8

1.1 ± 0.5
1.2 ± 0.2
0.81 ± 0.08
0.31 ± 0.03

18 ± 5
13 ± 2
11 ± 1
7.4 ± 0.8

0.2 ± 0.3
0.1 ± 0.1
0.1 ± 0.1
0.1 ± 0.1

3.7 ± 1.4
3.5 ± 0.7
4.1 ± 0.5
7.2 ± 0.9

5.4 ± 2.9
3.6 ± 0.8
4.5 ± 0.6
7.9 ± 1.1

the device under thermal stress. The upper left panel of
Fig. 3 shows the values of the maximum resistance (Rmax )
obtained at a current IEA and the minimum resistance
(Rmin ) recorded after the current has been reduced to 1 μA.
For IEA ≤ 8 mA, the increase of Rmax with increasing IEA
results primarily from Joule heating, as conﬁrmed by the
fact that no change of Rmin is observed in this current range.
The threshold beyond which irreversible modiﬁcations in
the constrictions are induced corresponds to IEA = 8 mA.
For each EA step we acquire SEM images immediately
after the device is submitted to thermal stress. A selected
set of these images is shown in Figs. 3(a)–3(d). The panel
corresponding to the pristine sample, evidences a small

asymmetry in the width of both bridges. Panel (a) shows
that exceeding the 8-mA threshold current leads to clear
material alteration localized at both bridges. These modiﬁcations are identiﬁed as signiﬁcant brightness contrast
in the SEM signal in comparison with the pristine state.
The observed increased modiﬁcations on both bridges is
directly correlated with an increase of the overall resistance
of the device. Panel (b) shows the development of a
nanogap in the narrower bridge, which becomes more
apparent in panels (c) and (d). Additional data acquired
from sample S2 conﬁrm these observations (see Supplemental Material [29]). The fact that the gap is generated in
the narrower constriction conﬁrms previous ﬁndings [19]
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FIG. 3. SEM images obtained during the electroannealing process for sample S3. The upper left panel shows the values of the
maximum resistance (Rmax ) in red (squares) obtained at a current IEA and the minimum resistance (Rmin ) in blue (dots) obtained after
the current has been reduced to 1 μA. (a)–(d) selected SEM images after the device has been submitted to EA.
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FIG. 5. Critical current of the SQUID as a function of the
applied magnetic ﬁeld for three diﬀerent temperatures after EA14
(sample S1). The parameters of the simulations are listed in
Table II. The numbering from nv = −3 to +3 in the panel
corresponding to T = 5 K, indicates the vorticity.

TC

T C¢
(b)
(c)

EA number
FIG. 4. (a) Selected set of R(T) curves for sample S1 measured
with an applied current I = 1 μA after subsequent electroannealing processes. (b) Evolution of the critical temperature of
the weak link Tc and the critical temperature of the arms of the
SQUID Tc . (c) The normal-state resistance R10 K as a function of
the EA number. IEA is given for some EA steps with the same
color code as in (a). Regions I, II, and III are described in the
text.

and indicates that the atomic migration regime driven by
high current density has been achieved. Clearly, during the
EA process with the scope of tweaking the SQUID properties, the extreme situation of generating a gap in one of the
weak links, which would suppress the SQUID oscillations,
is to be avoided.
An estimation of the local temperature in the weak
links at the onset of electroannealing of T ∼ 400 − 460
K can be obtained from the R(T) response of the sample and COMSOL simulations (see Supplemental Material
[29]). Interestingly, this value does not seem to depend
on the bath temperature. In other words, it is irrelevant
whether the EA is performed under cryogenic conditions
or at room temperature. Although Nb has an oxide coating
consisting of amorphous and insulating Nb2 O5 , which protects the superconductor against further oxidation from the
atmosphere, above 400 K oxygen dissolves into Nb and

deteriorates the superconducting properties [30–32], this
can possibly explain the observed material alteration during the EA process. Additional atomic force microscope
(AFM) experiments are available for sample S5 in the Supplemental Material [29] and conﬁrm that the EA-induced
changes are mostly localized at the two junctions of the
SQUID.
B. Characterization of the superconducting properties
of the weak links after electroannealing
Figure 4 shows the typical evolution of the normalstate resistance and the superconducting transition temperature observed after subsequent EA processes carried
out at 10 K. For the sake of clarity, a selected set of
R(T) curves measured with an applied current I = 1 μA
are shown in (a). The ﬁrst observed eﬀect after few initial EA steps (EA01 → EA05, IEA ≤ 8 mA), consists in
a modest improvement of the superconducting transition
δTc ∼ 150 mK accompanied by a simultaneous decrease
of the normal-state resistance of the device [see region I in
Figs. 4(b) and 4(c)]. Although this eﬀect is relatively weak,
it is beyond the experimental error bar and consistently
observed in all devices. It is worth noting that the improvement takes place in the whole device as indicated by a
uniform shift of the entire R(T) along the T axis. A similar
eﬀect has been already reported in Ref. [28] and several
possible reasons have been put forward such as degassing
or thermally induced stress releasing.
Further increasing the IEA leads to the development
of a second step in the R(T) curve corresponding to the
local modiﬁcation of the critical temperature Tc of the
weak link [see region II in Figs. 4(b) and 4(c)]. The
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1.8
3
5

Ic1 (μA)

ϕc1 (rad)

Ic2 (μA)

ϕc2 (rad)

αI

LK1 (pH)

LK2 (pH)

41 ± 5
42 ± 5
25 ± 3

5±1
5±1
4±1

27 ± 5
24 ± 5
16 ± 3

6±1
5±1
4±1

0.2 ± 0.1
0.3 ± 0.1
0.2 ± 0.1

40 ± 9
39 ± 9
53 ± 15

73 ± 18
68 ± 20
82 ± 26

observed deterioration in region II could be attributed to
the high current density, which deforms the constriction
and induces local oxidation or alloying with the substrate.
Adopting a criterion of 0.1  to determine Tc , it is possible
to track its evolution. The most striking result is a sudden improvement of the critical temperature [see region III
in Figs. 4(b) and 4(c)] accompanied by a sharp decrease
of the normal-state resistance R10 K for EA12 and EA13
[Fig. 4(c)]. This behavior is carefully conﬁrmed for samples S1 and S4 (see Supplemental Material [29]). We
speculate that in this region, the Joule heating produced by
the high current densities induces grain coalescence, grain
growth, and improved crystallinity. This in turn reduces the
resistivity and enhances the mechanical properties (stress
relaxation). As a consequence of this annealing process,
the critical current of the device decreases since the density of defects acting as pinning centers, decreases. Similar
phenomena have been reported in Mo6 S3 I6 nanowires [33],
Si microwires [34], and Cu microwires [35], and has been
modeled numerically for the case of Pt nanowires [36].
What is particularly interesting in the present study is
that rather minor changes in the mechanical and structural
properties of Nb, have a sizable impact on its superconducting properties. Additional local material properties
investigation (such as transmission electron microscopy or
atom probe tomography [37]) are needed to conﬁrm this
interpretation. Eventually, further electroannealing steps
lead to a clear deterioration of the sample (see also sample
S4 in the Supplemental Material [29]).

C. Critical current versus magnetic field oscillations
after electroannealing
Let us now analyse the SQUID critical current oscillations Ic (B) when rendering the SQUID in diﬀerent states
using the EA process. Figure 5 shows the Ic (B) curves
obtained after the last EA step (EA14) at three diﬀerent temperatures together with the ﬁts using the model
described in Sec. III B. The ﬁtting parameters are shown
in Table II. After EA14, the asymmetry in critical currents
increases with temperature and is comparable to the values obtained for the pristine nanoSQUID. In contrast to
that, the critical phase diﬀerences are considerably smaller
than those observed in the pristine SQUID, indicating a
signiﬁcant decrease of the eﬀective length of the weak
links [26]. Moreover, the critical phase diﬀerences for both

Dayem-bridge arms are almost identical, which is consistent with the observation that the Ic (B) curves are centered
around zero ﬁeld as expected from Eq. (3). Given the
decrease in deﬀ and that LK (T) = μ0 λ(T)2 deﬀ /A, the significant increase in kinetic inductance implies, as expected, a
reduced cross section of the constriction and a diminished
density of superconducting carriers. It is worth noting that
additional experiments are undertaken on sample S4 to
monitor the evolution of the coherence length over the EA
steps (see Supplemental Material [29]), which show minor
changes in ξ .
By comparing Fig. 2 with Fig. 5, we observe that the
global eﬀect of EA is to signiﬁcantly reduce the critical
current and its oscillation amplitude with respect to magnetic ﬁeld. Figure 6 shows the evolution of the maximum
value of the critical current Icmax along with the relative peak-to-peak modulation amplitude Ic /Icmax during
successive EA steps for T = 5 K. We observe that during
the ﬁrst four EA steps the critical current of the SQUID
exhibits a 2.5% rise concomitant with the slight resistance decrease and TC increase shown in Fig. 4. From
the sixth EA step the critical current displays a signiﬁcant
global reduction until reaching EA08 where both the critical current and its oscillations disappear. Thereafter, the
critical current is restored to a fraction of the initial value
for EA12 to EA14 while the relative peak-to-peak modulation amplitude remains zero until before the last EA
step. The fact that at EA13 the critical current has been

max (µA)
IC

T(K)

Fitting parameters for the Ic (B) oscillations of the nanoSQUID after EA14. The parameters deﬁnitions are the same as in

ΔIc/I Cmax

TABLE II.
Table I.
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8
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14

FIG. 6. Maximum value of the critical current Icmax (a) along
with the relative peak-to-peak amplitude oscillation Ic /Icmax
(b), after each EA step for T = 5 K (sample S1). EA numbers
with no data point correspond to situations with no measurements.
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substantially recovered without however exhibiting critical current oscillations, suggests that only one junction has
resurrected.
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0

D. Thermal regimes and retrapping
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FIG. 7. Critical current Ic and retrapping current Ir of sample
S4 as a function of temperature for the pristine sample (a), after
EA07 (b), EA09 (c), and EA13 (d). The temperature above which
the current-voltage characteristics become reversible, Th , is indicated in (a). The blue colored area in the inset of (a) shows that
the range where the SQUID can be operated in the dissipative
state is increased by EA process at expense of reducing Ic . The
insets in (b)–(d) show Ic (B) and Ir (B) for the corresponding EA
step at 3 K.

3K

100
50

V (µV)

As shown in Fig. 1(c) the pristine Nb nanoSQUIDs
exhibit strongly hysteretic current-voltage characteristics.
This is an unwanted feature limiting their ﬂux resolution
and operation speed. Unlike SQUIDs based on tunnelbarrier Josephson junctions, where the hysteresis results
from the junction capacitance, in Dayem bridges the
hysteresis arises from Joule heating. Figure 7(a) shows
the temperature dependence of the critical current Ic (T)
obtained by sweeping up the applied current, together with
the retrapping current Ir (T) obtained by sweeping down
the applied current. There is a narrow temperature region
Th < T < Tc where the V-I characteristic is nonhysteretic
and the nanoSQUID can be operated in dissipative mode.
By performing successive EA processes, it is possible to
enhance the relative temperature range 1 − Th /Tc of nonhysteretic response, as shown by the blue colored area in
the inset of Fig. 7(a). This enlargement of the nonhysteretic
regime comes at the expense of reducing the critical current of the device. For the sake of illustration, Fig. 7(b)–(d)
shows the evolution of Ic (T) and Ir (T) at diﬀerent EA
steps (main panels) along with the SQUID oscillation at
the indicated temperatures. Remarkably, no compromise
3.5 (a)
3.0

1.8 K

100

0
100

5K

50
0
25
20
15
10
–20

7K

–15

–10

–5

0

5

10

15

20

B (mT)
FIG. 8. Voltage oscillations observed for sample S4 after
EA13. The bias currents are 132, 130, 104, and 30 μA for
T = 1.8, 3, 5, and 7 K, respectively.

is made on the critical temperature of the weak link Tc ,
which, in contrast, is largely increased by the EA process
compared to intermediate EA steps, as shown in Fig. 4(c).
This is a truly striking and unique property of the electroannealed nanoSQUIDs. Note that SQUID oscillations
are absent for the retrapping current in Fig. 7(b) indicating that the local temperature at the weak link is above Tc
due to the formation of a hot spot. However, clear SQUID
oscillations of the retrapping current after EA09 indicate
that the local temperature at the weak link does not exceed
Tc [11,38]. Recently, a time-dependent thermal model for
a weak link made of a superconducting constriction was
proposed by Gupta et al. [39]. The analysis of the Ir (T) for
our Nb nanoSQUIDS based on this model is discussed in
the Supplemental Material [29].
Practical SQUIDs are operated in the dissipative state
as a magnetic ﬁeld sensor, where the device produces an
oscillating output voltage as a function of the applied magnetic ﬂux. In the early stages of EA, the fully resistive state
generated by the high critical current and the hot-spot formation prevent the device presenting voltage oscillations.
As a result of the EA process, the decrease of the critical current allows the SQUID interference to persist in
the voltage state. Figure 8 shows the voltage oscillations
obtained after EA13. This result illustrates the potential
of the electroannealing protocol to improve the properties
of a SQUID and to switch from a hysteretic behavior to a
nonhysteretic nanoSQUID.
V. CONCLUSION
In summary, we demonstrate the fabrication and in situ
tuning of a nanoSQUID, by means of electroannealing. We
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show that the EA process can be useful in a threefold manner: (i) to improve the superconducting properties (higher
Tc , Ic , and lower normal resistance) in the Josephson junctions for weak annealing currents, (ii) to suppress these
superconducting properties of the weak links by intermediated applied currents, and (iii) to restore the superconducting properties with larger currents except for Ic , which
remain substantially lower than the value corresponding to
the pristine state. We measure oscillations in the critical
current as a function of magnetic ﬁeld and demonstrate that
the oscillation amplitude and asymmetry can be tuned over
a broad range by successive electroannealing processes.
The overall tendency of EA to decrease the critical current
makes it possible to modify the thermal behavior of a sample so as to reach a state with nonhysteretic current-voltage
characteristics, while substantially preserving the critical
temperature of the junctions Tc . This property makes the
EA technique particularly interesting and promising permitting easy adjustment and improvement of the properties
of Nb SQUID sensors. We conclude that the proposed
method is able to introduce modiﬁcation and control of
weak links at the nanoscale, with the possibility of adjusting its properties in situ, thus beyond the available state
of the art, where weak links are either preformed and not
tunable, or resulting from a rather involved nanofabrication procedure and further complex external control. The
electroannealing process should be applicable to refractory
materials, which can stand substantial heat, such as NbN
and NbTi.
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