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The electromigration process has the potential capability to move atoms one by one when properly
controlled. It is therefore an appealing tool to tune the cross section of monoatomic compounds
with ultimate resolution or, in the case of polyatomic compounds, to change the stoichiometry
with the same atomic precision. We demonstrate that a combination of electromigration and anti-
electromigration can be used to reversibly displace atoms with a high degree of control. This
enables a fine adjustment of the superconducting properties of Al weak links, whereas in Nb the
diffusion of atoms leads to a more irreversible process. In a superconductor with a complex unit
cell (Lag—;CezCuQy4), the electromigration process acts selectively on the oxygen atoms with no
apparent modification of the structure. This allows us to adjust the doping of this compound and
switch from a superconducting behaviour to an insulating state in a nearly reversible fashion. We
discuss the conditions needed to replace feedback controlled electromigration by a simpler technique
of electropulsing. These findings have a direct practical application as a method to explore the
dependence of the characteristic parameters on the exact oxygen content and pave the way towards
a reversible control of local properties of nanowires.

Introduction

The displacement of atoms caused by high electric cur-
rent densities was already identified in the late 1960s as
a major failure problem of narrow Al interconnects in
integrated circuits and other electronic devices! ™. The
negative perception of this phenomena, known as elec-
tromigration (EM), has progressively changed during the
last decades, as the scientific community first understood
the physical mechanisms involved in the process and then
learnt to master it>7.

Examples illustrating the benefits of controlling the
EM process include the creation of few nanometer gaps
between two Au pads®!? with the aim to electrically
address single molecules'® '®, the electrical sculping of
nanowires to obtain atomic point contacts'®'®, metal
purification and separation of atoms in binary alloys due
to the mass selectivity of the process'®, current-induced
crystallization®®, and cleaning of graphene layers?!.

Arguably, one of the most appealing aspects of EM is
the reversibility of the mechanism. Indeed, it has been
shown that nanogaps, once created, can be closed by us-
ing voltage spikes'®?2 while refilling of previously gener-

ated voids has been demonstrated in metals such as Al
and Pd-Pt23-2% by simply reversing the polarity of the dc
current.

In this work, we introduce controlled EM as a pow-
erful tool to explore superconducting nanoconstrictions.
We show that this technique successfully works for Al,
Nb, and Lag_, Ce, CuO4 (LCCO), three dissimilar super-
conductors. The reversed migration, here coined as anti-
electromigration (anti-EM), allows us to heal the modifi-
cations previously produced by EM and partially recover
the original superconducting properties of the nanocon-
striction. In addition, we establish the possibility to
finely tune the resistance of such a nanowire by using suc-
cessive runs of EM/anti-EM. A similar effect is observed
in non-conventional (cuprate-based compounds) super-
conducting microbridges, whereas it works only partially
in Nb. In addition, we investigate an alternative con-
trolled EM procedure consisting of electro-pulsing. This
method is more accurate in terms of reaching the aimed
resistance, is faster than continuously monitoring EM,
and much simpler to implement without the need of
complex feedback loop controllers. The presented effects
could be used as an appealing and interesting alterna-
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FIG. 1: Sample layout and flowchart of the control
feedback loop. (a-b) Scanning electron microscopy images
of the investigated Al samples obtained for two different mag-
nifications. (c) Schematic diagram of the algorithm used to
achieve controlled electromigration. (d-e) Scanning electron
microscopy images of the investigated Nb samples obtained
for two different magnifications. (f-g) Optical microscopy im-
ages of the investigated LCCO samples at two different mag-
nifications. (h) Magneto-optical image of a LCCO sample ob-
tained at H =1 mT and T = 3.6 K, illustrating the smooth
penetration of magnetic flux.

tive for manipulating the superconducting properties of
nanowires. Particularly relevant is the possibility to re-
versibly change the stoichiometry of high temperature
superconductors without the need to fabricate different
samples.

Results and discussion

The investigation has been conducted on three differ-
ent superconducting compounds, Al (7.=1.39 K), Nb
(T.=8.7 K) and Lay_,Ce,Cu0O4 (LCCO, T.=26.1 K),
covering a wide range of superconducting parameters (see
Experimental Section). All samples consist of a trans-
port bridge with a central constricted section, as it is
shown in Figure 1 for Al [a,b], Nb [d,e] and LCCO [f-h].
The sudden reduction of the width at the centre of the
bridge is intended to increase the probability to migrate
atoms in its vicinity. This is a natural consequence from
the fact that electromigration is driven by temperature
T and current density J as described by Black’s formula
for the mean lifetime of the nanowire? 7 given by,

—T, (1)

where U is the activation energy needed to displace an
atom, while w and t correspond to the width and thick-
ness of the wire, respectively.

Figure 1c represents a simplified diagram of the main
algorithm used to control EM. For all measurements pre-
sented in this work, the electromigration has been carried
out in a cryogenic environment with bath temperature
Ty just above the critical temperature of the concerned
superconductor. More details about sample fabrication
and EM software are given in the experimental section.

Electromigration of Al nanoconstrictions

The polycrystalline structure and the associated grain
boundaries have been recognized as essential ingredients
for explaining electromigration. This has been clearly
demonstrated by the fact that eletromigrating Al single
crystals is considerably more difficult than EM polycrys-
talline Al>. While electromigration of relatively large
(several micrometers) Al bridges has been reported in
Ref. 4,23,24, little is known about electromigration in
nanoscale Al wires and constrictions. Figure 2a shows a
typical evolution of the sample resistance, R, as a func-
tion of the applied current, I, during a controlled electro-
migration process of Al. The nearly parabolic increase of
R with increasing I arises from the local increase of tem-
perature due to Joule heating. Indeed, on the one hand,
the sample resistance is given by R(T') = R(Tg)(14+a(T—
Tp)) with « the thermal coefficient. On the other hand,
the temperature at the constriction results from the bal-
ance of input power, R(T)I?, and heat removal h(T—Tg),
which gives R(I) ~ R(Tg)(1 + aR(Tg)I?/h + O(I%)),
where h characterizes the heat removal mechanism which
combines heat transfer to the substrate, the thermal con-
duction towards the leads, K, and the convection with
the surrounding medium (liquid He in the present case).
For Al, this part of the R(T) curve is fully reversible and
does not lead to mass transport. Electromigration takes
place in the region where the current through the con-
striction diminishes while the resistance increases. This
regime with negative dR/dI is irreversible and leads to
permanent damage of the nanoconstriction as evidenced
by the scanning electron microscopy (SEM) image shown
in the inset of Figure 2e. A careful look at this SEM im-
age reveals two important features. First, the void does
not take place exactly at the isthmus of the constriction.
This is a consequence of the fact that EM occurs mainly
along grain boundaries and it is not solely ruled by the
point of highest current density. Second, the section of
the constriction on the right hand side of the void does
not exhibit the same granularity as the virgin sample.
This observation lead us to believe that a change of crys-
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FIG. 2: Anti-electromigration in Al nanowires. (a-d)
Electromigration curves showing the evolution of resistance
as a function of current. Panels (e-h) show the R(T') curves
obtained after each EM ((e) and (g)) and anti-EM ((f) and
(h)). Insets in (e) and (f) are scanning electron micrograph
evidencing the creation and healing of a void at the constric-
tion of the nanowire. The dashed line in panel (e) shows
the response of the virgin sample. The inset in panel (g)
shows the linear relation between In J and 7!, for the (T, J)
points corresponding to the maximum current density and lo-
cal temperature. Inset in (h) represents the chronology of the
resistance obtained during 12 successive runs of EM /anti-EM
on the same nanowire at 7B = 1.5 K.

talline structure happened during the EM process. This

is in agreement with previous investigations°.

Notice that EM starts at I ~ 5 mA, corresponding
to a maximum current density of 400 MA/cm? at the
narrowest point along the bridge. This value is obtained
with a constant rate of decreasing conductance dG/dt.
Based on Equation (1), we can conclude that the lower
the T, the higher the J needed for achieving the point
where dR/dI changes sign. This is confirmed by the lin-
ear relation between In(J) and 1/T as shown in the inset
of Figure 2g. Here the (7, J) points correspond to the
maximum current density and the local temperature at
this current value. The slope of this graph provides an ac-
tivation energy U ~ 0.3 eV which is significantly smaller
than the 1.4 eV for the lattice self-diffusion of A126:27 but
not far from the 0.48 eV reported by Black* in polycrys-
talline samples. This is not surprising considering that
both, grain boundary and surface diffusion, are the pre-
dominant transport mechanisms with a reduction factor
depending on the size of the grains?®. When construct-
ing the plot shown in the inset of Figure 2g, care must
be applied to calculate the temperature T at the con-
striction, which can largely exceed the bath temperature
Tg. Numerical simulations of the heat transfer equation
for our particular geometry and cryogenic environment'®
showed that the electromigration starts when the local
temperature at the constriction is about 7" ~ 200 K for

Tp = 1.5 K. Similar values can be obtained using the ana-
lytic expression for the temperature of the current-heated
nanowire given in Ref. 29. A rougher albeit simpler esti-
mate of the temperature along the parabolic segment of
the R(I) curve can be obtained from the expression,

-1 R(T) B R(TB)

T =T
B+« R(TB) ,

(2)

This formula is valid as long as a linear temperature
dependence of the resistance and no change of the struc-
ture of the system is observed. Application of Equa-
tion (2) to the particular case of the electromigration
curve shown in Figure 2a, for which a = 0.80 x 1073
K~! (RRR = 1.85), suggests that EM already starts at
100 K. Equation (2) implicitly assumes that the tem-
perature rise is rather uniform between the voltage con-
tacts. This is justified by the fact that the width of the
spatial temperature distribution, so called thermal heal-
ing length®®, § = \/Kt/h ~ 1um for granular AI3!, is
larger than the separation between the constriction and
the voltage contacts. Still, the temperature values ob-
tained from Equation (2) represent an underestimation
by about 30% of the temperature of the hottest spot
along the nanowire3?:33.

After the first EM shown in Figure 2a, the normal state
resistance has increased by a factor of 3. Only based on
transport measurements it is highly non trivial to draw
any reliable conclusion concerning the effective cross sec-
tion reduction of the nanoconstriction. Indeed, depend-
ing on the chosen parameters driving the electromigra-
tion, voids can develop either at the center of the bridge
or along its perimeter®*. To that end, it is essential to
carry out direct imaging of the induced damage as shown
in the inset of Figure 2e. The R(T') curve obtained in zero
field condition and with an applied current I = 100 nA,
much smaller than the one needed to initiate the EM, re-
veals a superconducting transition substantially broader
than the one corresponding to the virgin sample shown
with a dotted line in Figure 2e. This has been interpreted
in terms of thermally activated phase slips phenomena!®
where R(T) = Ry exp(—AF/kgT), with AF « w the ac-
tivation energy associated to the creation of a phase slip
excitation. As w decreases, so does AF' and consequently
the rate of phase slips and the associated dissipation in-
crease. It is also worth noting that the narrowing of the
constriction does not seem to produce a change in the
critical temperature as could be expected from previous
reports3®. This effect results from the fact that the volt-
age contacts are 500 nm apart from the constriction and
therefore capture also the superconducting transition of
the leads which remains unchanged after EM. Further
electromigrating the sample accentuates the narrowing
of the constriction and consequently increases the rate of
phase slips and broadens the superconducting transition
even more.

The most interesting result is summarized in the sec-
ond column of Figure 2. Panel (b) of Figure 2 shows that



by inverting the direction of the electromigrating current,
it is possible to anti-electromigrate, i.e. to reduce the re-
sistance as current increases. A similar effect has been
reported for Au and Pd-Pt nanowires?®. As shown in the
inset of Figure 2f corresponding to the SEM image after
anti-EM, the void has been refilled with material, natu-
rally explaining the observed decrease in resistance. It is
important to remark that all SEM images have been ac-
quired ezx-situ, which requires removing the sample from
the cryostat at expenses of risking an electrostatically in-
duced damage. Figure 2f confirms that a sharp supercon-
ducting transition, very close to the initial virgin sample
(dotted line in Figure 2e), is recovered after anti-EM. An
extra sequence of EM (panels (¢) and (g)) followed by
anti-EM (panel (d) and (h)) unambiguously shows the
reversibility of this process in Al samples.

Further evidence of the controllability of the normal
state resistance by alternating EM and anti-EM is shown
in the inset of Figure 2h. Here, each resistance value
achieved by EM differs from the targeted value by less
than 0.25 2, demonstrating the fine tuning capability of
the process. Considering that this process is realized in
the very same sample, being reversible and with high
level of control, it can be considered as an appealing ap-
proach to study the evolution of the physical properties of
nanoconstrictions of different conducting materials. The
question now arises as to whether Al is a particularly
malleable material permitting this manipulation and if
the observed behaviour can be generalized to other com-
pounds. In the next sections we will discuss the cases of
Nb and LCCO and show that there are some particular-
ities in the electromigration process which are unique to
each material.

Electromigration of Nb nanoconstrictions

The electromigration of Nb has not received much at-
tention so far. The early works of Serruys®6:37 deal with
mm size samples and focus on the displacement of iron,
cobalt and chromium immersed in Nb as measured by a
radioactive tracer method. The electromigration force is
given by F = Z*eE, where e is the electron charge, E
is the electric field, and Z* is the effective valence of the
carriers combining the effect of electron wind and direct
electric force on the ions?®. As recognized by Gupta et
al.?®, the electron-wind force, responsible for electromi-
gration, depends on an integral over the Fermi surface
which is rather complicated and essentially hole-like in
Nb, i.e. Z* > 0. This is in contrast to Al for which
zZ* < 0.

In Figure 3a we show the evolution of the resistance
of a Nb constriction during the EM process. The gen-
eral aspect of the curve resembles the response of Al
nanoconstrictions, but a more careful analysis permits
us to identify two important differences. First, the ini-
tial increase of resistance is, unlike for Al, irreversible and
leading to changes in the superconducting properties of
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FIG. 3: Electromigration in Nb nanoconstrictions. (a)
Evolution of resistance as a function of current during an elec-
tromigration process. (b) Resistance vs temperature obtained
at low drives (1 pA) obtained after a series of EM/anti-EM
processes. Numbers indicate the chronological order. Aster-
isks denote anti-electromigration runs.

the constriction. Second, the current at which dR/dI
changes polarity (threshold of severe electromigration)
is not sharply defined but rather a smooth transition is
observed. We estimate at about 140 MA /cm? the thresh-
old current density needed to start severe electromigra-
tion at a bath temperature of 10 K. From the normal
state resistance we obtain a resistivity p ~ 9 pQcm for
the Nb films at 10 K and a RRR=3.65 corresponding to
a=9.08 x 1073 K~L. From these parameters and using
Equation (2) we can deduce, assuming minor changes in
the structure, that the temperature at the maximum ap-
plied current is T' ~ 760 K. It should also be mentioned
that the transport measurements in Nb have been per-
formed in a chamber with a He pressure of 2 mbar with
most of the heat removal through the substrate.

Figure 3b shows R(T) curves obtained at low drives
(1 pA) after different electromigration histories. As for
Al, the onset of the superconducting transition does not
change after electromigration, indicating that this crite-



rion denotes the transition in the electrodes rather than
at the constriction. The first electromigration (EM1),
obtained after applying 8.4 mA, gives rise to an increase
of the normal state resistance as well as a much broader
transition than the virgin sample. This effect is very sim-
ilar to the Al constrictions and can thus be attributed to
the enhanced effects of thermal fluctuations. Interest-
ingly, even though this EM has been carried out at a
current smaller than the one corresponding to the transi-
tion to the dR/dI < 0 regime, a clear change in the mate-
rial properties is still observed. SEM images acquired at
this stage of the process show no hint of structural dam-
age. Starting from this point, two consecutive attempts
of anti-EM (EM2 and EM3) lead to a rather weak recu-
peration of the superconducting state, but producing no
noticeable change in the normal state resistance. Chang-
ing the polarity of electromigration back into the initial
condition and always dwelling within the regime where
dR/dI > 0, we are able to further increase the normal
state resistance and widen the superconducting transi-
tion as shown in EM4. The curve EM5 results from a
severe electromigration in the dR/dI < 0 regime.

In general, we confirm that forward electromigration in
Nb seems to operate correctly whereas anti-EM produces
very weak recovery of the superconducting properties. In
other words, there is little influence of the current polar-
ity into the final resistive state. This is in striking con-
trast to what is observed in Al. In order to understand
this behavior it is necessary to recall that Nb is not in a
pure state but it contains interstitial solute atoms of oxy-
gen. De Sorbo®? has shown that for each 1% at. of O in
Nb, the superconducting transition 7, decreases by 0.93
K and the normal state resistivity increases by 5.2 uf)
cm. The fact that the critical temperature of our sam-
ples lies about 0.4 K below the expected value for pure
Nb can be interpreted as an indication of O diffused into
the structure. In Ref. 40 it was shown that O diffusion in
Nb becomes important above 400 K whereas at 300 K the
diffusion of O in defect-free Nb is only of 0.1 nm in three
days. Considering that our rough estimate of the sample
temperature at the point of starting the electromigration
lies largely above 400 K and that the chamber of the cryo-
stat is not in ultra high vacuum conditions, it is plausible
that O diffusion takes place during the EM. In addition,
the strain along grain boundaries and defects is known
to yield an enhanced O concentration and diffusion*!42.
Based on this information and the presented experimen-
tal results, we envisage a scenario where EM in Nb occurs
in two steps. At low currents, O atoms are subjected to
migration thus leading to clear changes in the supercon-
ducting properties and the normal state resistance. In
this regime, no noticeable changes of the structure are
expected. At large bias currents (dR/dI < 0), Nb atoms
can be displaced and a more conventional electromigra-
tion takes place.

Considering that a strong directional bond between Nb
and O gives rise to large binding energies above 5 eV43:44
it would be interesting to verify our hypothesis in an

alternative system where O atoms were more susceptible
to be displaced by an electron current. To that end, in
the next section we focus our attention on a copper oxide
superconducting compound.

Electromigration of LCCO microconstrictions

A pioneer investigation of electromigration of oxygen
in the prototypical high critical temperature supercon-
ductor YBasCu3zO7_5 at 200 °C has been reported in
Ref. 45. Later on, Moeckly and co-workers*® 8 have ad-
dressed the electromigration in micron size bridges of this
material at room temperature. These authors reported
an improvement of the normal and superconductive prop-
erties of the microbridge, raising J., and lowering the
normal state resistivity by up to 30% for currents be-
low a threshold bias of about 5 MA/cm?. Above this
threshold the transport properties were shown to rapidly
degrade. The detrimental effects were attributed to the
electromigration of basal-plane oxygen and the resultant
formation of inhomogeneous oxygen deficient and disor-
dered distributions giving rise to filamentary supercon-
ducting regions of nanometer scale within a nonsuper-
conducting background. Interestingly, the authors also
reported that moderately damaged structures may be ef-
fectively restored by subsequent application of a large dc
current with the opposite polarity. In other words, simi-
larly to the case described for Nb, the effect of EM is not
to produce a morphological change but to create oxygen
deficient regions.

We have extended these early investigations to a sis-
ter compound, Las_,Ce,CuQy4. In our case, the EM is
carried out at low temperatures, allowing us to access
a regime of rather cold electromigration. As shown in
Figure 4a, the electromigration process resembles that of
Nb, with an initial parabolic shape of the R(I) character-
istic followed by a smooth transition to the region where
dR/dI < 0. Along the region where dR/dI > 0, the re-
sponse is reversible as in Al. In the region of negative
slope the response is irreversible although it generates
no visible damage to the structure. This is shown by
comparing the SEM images corresponding to the virgin
sample in Figure 5a to that of the same sample after
electromigration in the negative slope regime (see Figure
5b). If, however, very high current densities are applied,
a clear imprint of the damage caused in the structure
is observed, as indicated by the arrow in Figure 5c af-
ter applying 80 MA/cm?. We argue that at relatively
low current densities, only oxygen atoms are displaced
by the electron wind, whereas at sufficiently high cur-
rent densities heavier atoms are able to migrate within
the unit cell. In addition, in our polycrystalline LCCO
sample, highly strained grain-boundary regions may con-
tain excess O vacancies as reported for YBCO*?, and can
further influence the change of local oxygen doping via
electromigration.

Evidence of the irreversible response obtained after



FIG. 4: Electromigration-healing sequences in LCCO
microwires. (a) typical R(I) response during an electro-
migration process in LCCO at a bath temperature of 30
K. (b) Resistance versus temperature characteristics of a
LCCO microbridge after successive electromigrations. Num-
bers indicate the chronological order. Asterisks denote anti-
electromigration runs.

electromigration with weak currents is shown in Figure
4b where the R(T') characteristics obtained with a bias
current I = 1 pA are shown after successive electromi-
grations. The virgin sample, i.e. before electromigration,
exhibits a superconducting transition at about 26 K. Af-
ter the first electromigration process (EM1) the normal
state resistance has been increased by 110 ) and the su-
perconducting transition defined at 50% criterion, has
diminished by a factor of 1.7. This change can be par-
tially healed by reversing the current direction (EM2).
If the resistance of the constriction is brought above 350
Q the superconducting transition is no longer present in
the range of temperatures here investigated. Instead, an
increase of resistance with decreasing T', characteristic of
an insulating state, is observed. Interestingly, the super-
conducting state can still be recovered by anti-EM (see
curve EM4).

To our knowledge, this is the first evidence of

FIG. 5: Structural characterization of electromigra-
tion in LCCO microbridge. (a) Scanning electron micro-
graph of virgin high-T. microbridge. (b) Micrograph of the
same bridge as in (a), taken after electromigration (EM2). (c)
Very last state of the bridge taken after having applied high
voltage to increase resistance until measuring current values
characteristic of tunnelling.

current-driven superconductor-insulator transition (SIT)
in LCCO films. In order to dig into the possible sce-
narios describing the mechanism behind this phenom-
ena, let us first remind some important facts concerning
these materials. The electron-doped LCCO is in the so
called T’ structural phase, while the hole-doped counter-
part (La,Sr)2CuO4 (LSCO) has a T-type structure. In
the T-phase, one Cu atom and six oxygen atoms form
an octahedron, whereas in the T’-phase the two apical
oxygens are removed or moved to the rare-earth blocks
(see Figl in Ref. 50). The YBCO has a T* structure,
where only one apical oxygen is detached from the oc-
tahedron. Interestingly, a T’-to-T structure transition
with tuning pressure was observed in (Pr,Ce)3CuQy, ac-
companied with a superconductor-insulator transition®!
which might suggest that large current densities can play
the same role as pressure on oxygen migration. Another
plausible interpretation of the reversible SIT is that oxy-
gen is pushed away from the original position under high
current density, resulting in a gradual distortion of the
lattice along the bridge. This is consistent with the in-
crease of the residual resistivity with increasing oxygen
content as reported in Ref. 50. Similar electrically driven
redox reaction and the associated structural change has
been observed in Ce oxides®?. We should also mention
that the reversible change of the bridge resistance could
be associated to the resistive switching observed in tran-
sition metal oxides, for which the generation of oxygen
vacancies has been identified as one of the possible mech-
anisms. Clearly, futher investigations are needed to dis-
cern which among the above listed phenomena, is the
dominant one.

It is worth noting that the transition point where
dR/dI changes sign takes place at a critical current den-
sity of 13 MA/cm? when done at a bath temperature of
50 K. We estimate a resistivity p ~ 150 ufcm for the
LCCO films at 50 K and a RRR=5.3 corresponding to
a =173 x 1072 K~!. From these parameters and using
Equation (2) we can estimate that the maximum tem-
perature during the electromigration is T~ 70 K.

Finally, it is interesting to consider the possibility that
the critical current density of a superconductor can ex-



ceed the density of current needed for EM. This may
be achieved in high critical temperature superconductors
like YBCO where J. ~ 3 MA/cm? at 77 K and J. ~ 30
MA /em? at 10 K. Since these values of current densities
lie above the current needed to migrate oxygen atoms,
in case the dissipative regime of the superconductor is
achieved, EM takes place and the properties of the ma-
terial change irreversibly. Notice as well that if the sto-
ichiometry of the compound is detuned by current, also
the carrier density should be affected. We are not aware
of studies addressing these issues.

Electropulsing

As we have pointed out above, severe electromigration
starts at the point where dR/dI diverges, i.e. where a
transition from dR/dI > 0 to dR/dI < 0 takes place.
It is important to emphasize that this transition results
from the reaction to the feedback signal and therefore its
degree of abruptness reflects the speed with which this
feedback control needs to operate. In other words, more
pronounced is the curvature of the R(I) at the transition,
faster the feedback loop needs to react. The electromi-
grations performed in Nb (Figure 3a) and LCCO (Figure
4a) exhibit a rather smooth transition suggesting that the
EM process corresponds to a progressive damage instead
of an explosive phenomenon. This finding encouraged us
to propose the simpler method of electropulsing as an
alternative to achieve controlled electromigration, with-
out the need of costly and complex feedback loops. This
approach consists in applying voltage pulses of magni-
tude similar to that needed to reach the critical current
density of the virgin structure during a short period of
time. The results obtained through this technique are
summarized in Figure 6.

The main panel of Figure 6 shows the evolution of the
final resistance of the constriction after a series of voltage
pulses of amplitude 15 V and duration 1 s. The initial
resistance of the sample (300 2) was first increased up to
1100 2 and subsequently reduced to its initial value by
applying pulses of negative polarity. A similar procedure
applied to Nb (see inset of Figure 6) shows an increase
of the initial resistance by a factor of 7. Pulses of nega-
tive polarity in Nb lead to very weak healing effects (not
shown), in agreement with the electromigration results
obtained by controlled feedback in this material.

We should mention that due to the rather abrupt tran-
sition observed in the electromigration curve of Al, elec-
tropulsing in this material requires a very short dwell
time and very well tuned voltage pulses. Attempts of
achieving electropulsing in Al with few seconds scale
pulses lead to immediate irreversible damage and the cre-
ation of nm scale gaps, similar to those reported in Ref.
16,22 for Au nanowires. Note that increasing the dura-
tion of the pulse allows to increase the local temperature
at the electromigrated spot, which leads to an exponen-
tial change in the probability to induce damage, as sug-
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FIG. 6: Electro-pulsing. Main panel: values of resistance
obtained after applying voltage pulses to a LCCO micro-
bridge. Amplitude and duration of a single pulse were re-
spectively 15 V and 1 s. Red points are taken after pulses of
same polarity, blue points are taken after pulses of reversed
polarity. Inset: same as in main panel but for Nb.

gested by Equation (1). On the other hand, increasing
the amplitude of the voltage pulse increases the current
density at the constriction which appears quadratically
in Equation (1). We have succeeded in obtaining partial
EM of Al constrictions by using pulses shorter than ms
scale and by varying the amplitude of the pulse.

Conclusion

In conclusion, we investigated the benefits of controlled
electromigration and its healing counterpart as a knob to
adjust the normal state resistance of pre-indented super-
conducting nanoconstrictions down to fractions of Ohms.
The forward electromigration works for the three investi-
gated superconducting materials, whereas healing effects
exhibit a material dependent performance. While EM
in Al always leads to structural changes at the nanocon-
striction, in Nb and Las_,Ce;CuQO, there is a regime
at low current densities where an irreversible response
is observed but without associated structural damage.
We attribute this effect to the selective electromigra-
tion of oxygen atoms. We also discuss the possibil-
ity to achieve rather efficient controlled electromigration
by electropulsing, which can be straightforwardly imple-
mented without investing efforts in costly analogue feed-
back systems or complex software controlled feedback
loops. We highlight the appealing aspect of electromigra-
tion for investigating superconducting nanoconstrictions,
with the possibility to beat the state-of-the-art lithogra-
phy methods complemented by the reversibility of the
process. We illustrate this fact by unveiling for the first
time a current induced superconductor-to-insulator tran-
sition in Lag_,Ce,CuOy.



Experimental Section

Aluminum samples were patterned by electron beam
lithography (EBL) on a Si/SiOs substrate (750 + 50
pm Si; 300 £ 25 nm SiOs) covered by a double layered
PMMA resist mask, using a nanofabrication system from
Raith GmbH. Subsequently, an Al thin film (~25 nm)
was deposited using molecular beam epitaxy (MBE) with
a deposition rate of 1 A/ s and a pressure in the cham-
ber under 10~® mbar. The deposition was followed by a
lift-off process. Scanning electron micrographs showing
the sample layout with different magnifications are shown
in Figure la-b. Figure lc sketches the combined digital
feedback loops used to carry out controlled electromigra-
tion. It comsists of two algorithms working in parallel
while ramping up the voltage: one intended to stabilize
EM rate and another to prevent thermal runaways in
case of fluctuations in the junction. In that context, Th.
represents the threshold rate defining thermal runaway,
f(G — Gs) the feedback function minimizing |G — G|,
Gs the desired EM rate (set-point) and AV, the bias
change needed to damp the thermal runaway.

The Nb samples with a thickness of 50 nm have been
deposited by electron beam evaporation under a pres-
sure of 10~ mbar at a rate of 1.5 A/s. On top of it,
5 nm of Si has been deposited for protecting the sam-
ples (pressure of 3-10~% mbar and rate of 0.5 A/s). The
lithographic electron exposure has been carried out in a
Nanobeam nB5 platform with an electron beam energy
of 80 keV. Afterwards, an aluminum mask was fabricated
by e-beam evaporation, followed by a lift-off. To remove
the Nb not covered by the aluminum, we performed re-

active ion etching using SFg during 10 s. Finally, the
aluminum was removed using the base developer MF-
26A. Scanning electron micrographs showing the sample
layout with different magnifications are shown in Figure
1d-e. The initial constriction width was about 130 nm,
as indicated on Figure le.

The 100 nm thick high-T, (LCCO) films were grown on
(001)-oriented SrTiOs substrates by pulsed laser deposi-
tion, at temperatures ranging from 720 to 760 °C in an
atmosphere of 0.13 mbar of pure oxygen. After the depo-
sition, the films were annealed at the same temperature
in vacuum for a few minutes to remove the excess of api-
cal oxygen atoms, which are harmful to the superconduc-
tivity of electron-doped superconductors. The films were
then slowly cooled down to room temperature in vacuum
and finally patterned into microbridges by photolithog-
raphy and Ar ion beam etching. Optical microscope im-
ages of the complete layout and the microconstriction
are shown in Figure 1f and g, respectively. The white
lines and dots observed in Figure 1g correspond to left-
overs of the polymer resist mask and have no influence on
the superconducting properties of the system. Figure 1h
shows a magneto-optical image of a LCCO microbridge,
evidencing a smooth penetration of magnetic flux into
the sample. Dark areas correspond to low fields, while
blue-white regions represent high fields. The homogene-
ity of the penetration is a strong indication of the high
quality of the film, confirming excellent superconducting
behaviour and absence of macroscopic defects. More in-
formation about the magneto-optical setup can be found
in Ref. 53.
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