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Fate of the superconducting state in floating islands of hybrid nanowire devices
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We investigate the impact of transport current on the superconducting order parameter in superconducting
islands in full-shell epitaxial Al-InAs nanowires. Depending on the device layout, the suppression of super-
conductivity occurs in three fundamentally different ways-by a critical current in the case of superconducting
reservoirs and by a critical voltage or by a critical Joule power in the case of normal reservoirs. In the latter
case, the collapse of the superconducting state depends on the ratio of the dwell time and the electron-phonon
relaxation time of quasiparticles in the island. For low resistive and high resistive coupling to the reservoirs,
respectively, a relaxation-free regime and a strong electron-phonon relaxation regime are realized. Our results
shed light on the potential shortcomings of finite-bias transport spectroscopy in floating islands.
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Hybrid semiconductor-superconductor (semi-super)
nanowires (NWs) are a lively research topic on the
superconducting proximity effect, especially in its modern
forefront—the Majorana research [1–3]. Such devices are
investigated with the main focus on the semiconductor side
and the quantities of interest include the induced spectral gap
in the NW [4–9] and Andreev bound-state energies [8,10],
the nonlocal response [11–20] and subgap heat conductance
[15,17,18,21], the Josephson effect [22–29], a variety of
zero-bias conductance anomalies [30–34], and Cooper-pair
splitting [35–41]. Since typical currents in semi-super hybrids
are orders of magnitude smaller than the critical current of
the superconductor, the order parameter (�) is rarely a target
for experimentalists beyond the equilibrium characterization
[42]. As we show here, quasiparticle nonequilibrium and
relaxation are much more relevant than current for the
superconductivity in such devices.

In semi-super hybrids with a mesoscopic superconductor,
which is not a part of the superconducting reservoir, referred
to as the floating S-island below, the nonequilibrium mediated
by the finite-bias voltage (V ) leads to a twofold complica-
tion. First, the quasiparticle population interplays with �,
since they are bound in the Bardeen-Cooper-Schrieffer (BCS)
theory [43,44]. Second, this interplay may itself depend on
the inelastic relaxation, provided quasiparticles spend enough
time in the island [45–47]. Known in all-metal devices [48],
nonequilibrium effects are not discussed in semi-super hy-
brids [49–55], with rare exceptions [56,57]. Clear indications
of nonequilibrium effects were recently found in hybrid NWs
at high biases |V | � �/e [58,59]. The microscopic role of
the energy relaxation in these experiments, however, remains
hidden.

In this Letter we investigate the interplay of quasiparti-
cle nonequilibrium, superconductivity, and electron-phonon
(e-ph) relaxation in epitaxial full-shell Al-InAs NWs. Two
device layouts are used, one with the S-island contacted di-

rectly (type-I devices) and the other with the S-island placed
between the InAs segments (type-II devices). We demonstrate
the suppression of superconductivity by critical current, crit-
ical voltage, or critical Joule power, as determined by the
superconducting or normal state of the reservoirs and the
quasiparticle dwell time in the island. Our experiments illu-
minate potential shortcomings of transport spectroscopy in
floating S-islands related to nonequilibrium superconductiv-
ity.

Samples used in this study are fabricated from nominally
identical InAs NWs grown by molecular beam epitaxy, with
an in situ deposited Al shell fully surrounding the NW. A
scanning electron micrograph of the as-grown NW array is
given in Fig. 1(a) with further growth details provided in
the Supplemental Material (SM) [60]. Individual NWs are
dry-transferred with a home-made micromanipulator onto
prepatterned ∼150-nm-thick Au pads, which serve to align
and suspend NWs above the Si/SiO2 substrate. Transport and
noise measurements are performed in a quasi-four-point setup
in a 3He cryostat at base temperatures of T0 ≈ 0.45–0.5 K
with the sample immersed in liquid. Altogether we studied
two type-I devices and five type-II devices with very similar
results among each group.

We start from superconducting properties in equilibrium,
characterized in type-I devices. Here, ohmic contacts are es-
tablished directly to the shell [see the sample layout and
contact cross section in Fig. 1(b)]. A high-quality interface
between epitaxial aluminum (epi-Al) and 250-nm-thick e-gun
evaporated aluminum (evap-Al) is achieved via in situ Ar
milling. Figure 1(c) is a color-scale plot of the linear response
resistance (R) in device IA as a function of B and T (cooldown
2). Three regimes are identified: a normal high-T regime,
a superconducting low-T and low-B regime (SSS), and an
intermediate regime with a superconducting shell and normal
contacts (NSN). The regimes change at the transitions of the
epi-Al and evap-Al from the normal to the superconducting
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FIG. 1. Superconductivity in equilibrium in type-I devices.
(a) Scanning electron micrograph of the as-grown Al-InAs NW array.
(b) Schematic layout of a type-I device and cross section in the con-
tact region. (c) Color-scale plot of R(B, T ) in device IA (cooldown
2). The dotted line is the fit to Tc(B) of the epi-Al. (d) R(T ) traces
at fixed B fields, corresponding to the vertical dashed lines in (c).
(e) Depairing factors �, �‖, and �⊥ as a function of the B field, cal-
culated to fit the data in (c). (f) Superconducting order parameter in
dependence of � at two different temperatures (see legend). Discrete
points �(�) marked by stars are the same as in Fig. 2(d).

state, with representative R(T ) curves displayed in Fig. 1(d).
In B = 0 (red line) R(T ) exhibits two steps at the critical
temperatures (Tc) of the epi-Al (T 0

c ≈ 1.23 K) and evap-Al
(Tc ≈ 0.95 K). In the latter case, the reduced Tc is a result of
the inverse proximity effect from the Au layer. At lower T
the resistance saturates at Rw ≈ 0.26 �, which we attribute
to the wiring contribution. Two other traces taken above the
critical B field of the evap-Al show only a single step on the
R(T ) at the Tc of the epi-Al. These data give the resistances of
evap-Al/epi-Al interfaces Rint ≈ 1.3 � and of the epi-Al shell
Rsh ≈ 3.3 �. As shown in the SM [60], a series contribution
of the contact pads in Rint is negligible.

The Tc of the epi-Al in Fig. 1(c) exhibits Little-Parks (LP)
oscillations in the B field, which enables to extract the mi-
croscopic parameters of the shell. The dependence of Tc(B)
is controlled by the depairing factor � = �‖ + �⊥, which
has contributions from parallel (B‖ ≈ B) and perpendicular
(B⊥ ≈ αB) components of the B field. Here, α is a small angle
between the NW axis and the B field, which is not controlled
in the experiment and treated as a fit parameter, separately
in each device and in each cooldown. In our calculations we
closely follow the Usadel theory in the formalism of Ref. [61]
(see the SM [60] for the details). The Tc(B) is found from the
Abrikosov-Gorkov equation [42,59] [dotted line in Fig. 1(c)].
� is derived in the approximation of a cylindrical shell with an
inner radius of ρi and thickness of t , without the assumption
that t � ρi. The best fits provide ρi = 80 ± 4 nm, t = 42

nm, and diffusion coefficient D = 69 cm2/s. The order pa-
rameter �0 ≈ 187 µeV and the superconducting coherence
length ξ0 ≡ √

h̄D/�0 ≈ 156 nm in the limit of B = 0, T =
0 are obtained from the BCS relation �0 ≈ 1.76kBT 0

c . The
calculated dependencies �(B) in device IA (cooldown 2) in
different LP lobes and �(�) for T = T0 and T = 0 are plotted,
respectively, in Figs. 1(e) and 1(f).

Next, we investigate the fate of shell superconductivity
in response to transport current (I). Here, three different
scenarios can be expected. In devices with superconducting
reservoirs directly contacting the shell, the superconductiv-
ity breaks down in a conventional way at the shell critical
current Ic. This is realized in type-I devices in the SSS
regime. In devices with normal reservoirs, the resistance
is always finite and quasiparticle nonequilibrium plays a
crucial role [43]. The electronic energy distribution [EED,
f (ε)] is then determined by a competition between fi-
nite V and energy relaxation. Without relaxation, f (ε) is
a nonequilibrium double-step fNEQ(V ) = [ f0(ε − V/2, T0) +
f0(ε + V/2, T0)]/2, where f0(ε, T ) is the Fermi-Dirac EED
at a given T . This EED implies symmetric coupling to the
reservoirs [43,44], that agrees with the experimental data.
For strong relaxation, local equilibrium is achieved with
fLEQ(Te ) = f0(ε, Te ), where Te > T0 is the electronic temper-
ature in the island. In the first case the superconductivity
is destroyed at a critical voltage [43,44,48,57] |VC| ∼ �/e,
whereas in the second case it collapses at Te = Tc. The two
limiting cases are realized, respectively, in type-I and type-II
devices. Figure 2 summarizes the nonequilibrium response in
type-I device IA (cooldown 1). Figure 2(a) is a color-scale
plot of the differential resistance Rdiff = dV ∗/dI at T = T0

in dependence on B and I , with the current sweep direction
indicated by the arrow. Here, V ∗ ≡ V − IRw is the actual
bias on the device with a subtracted wiring contribution.
Vertical dashed lines correspond to I-V ∗ curves displayed
in Fig. 2(b) for both sweep directions. A superconducting
behavior with V ∗ ≈ 0 is found in the SSS regime (upper
panel), whereas finite-resistance superconductivity is evident
in the NSN regime (lower panel). In both cases, the usual huge
hysteresis is found [48]. We are interested in a suppression of
the superconducting state, which occurs at increasing |V ∗| and
is manifested by a single jump on the I-V ∗ curves. Critical
voltages V ∗

C measured right before this jump are exemplified
by circles in Fig. 2(b). Symbols in Fig. 2(c) display the B-field
evolution of V ∗

C in device IA (two cooldowns) and in device
IB. In the SSS regime, a small residual voltage is measured,
possibly originating from phase slips or vortices in B⊥ �= 0,
thus the superconductivity is destroyed in a conventional way
at a critical current. The value of Ic(B = 0) ≈ 0.35 mA is a
factor of 2 smaller compared to the thermodynamical critical
current of the epi-Al, the difference most likely coming from
the interface resistance (see the SM [60]). By contrast, in
the NSN regime the superconductivity collapses at smaller I
and at V ∗

C ∼ �/e. The measured V ∗
C (B) is consistent among

the devices and cooldowns, with deviations at higher B fields
caused by variations of α.

We explain the evolution of V ∗
C (B) in the NSN regime

by the Usadel theory, taking into account the nonequilibrium
EED in the spirit of Ref. [43]. We find the solution in the
depth of the S-island, at distances larger than ξ0 from the ends,
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FIG. 2. Nonequilibrium in type-I devices. (a) Color-scale plot of
Rdiff (B, I ) in device IA (cooldown 1) for the current sweep direction
indicated by an arrow. (b) I-V ∗ curves taken at fixed B-field values in
the SSS and NSN regimes for both current sweep directions (arrows).
The B fields are indicated in the legends and correspond to the
vertical dashed lines in (a). (c) Critical voltage extracted from the
I-V ∗ curves for device IA in two cooldowns and device IB (sym-
bols). Dashed lines are fits to the data in device IA. (d) Calculated
dependencies �(V ) for a set of �, used to obtain the equilibrium
order parameter (stars) and critical voltage (diamonds). The dashed
line represents VC for � = 0.1 meV. (e) Calculated VC(�) at T = T0

and T = 0, reproducing the data from (d) (diamonds).

where the charge imbalance decays and the nonequilibrium
EED is of the form fNEQ(V ). A self-consistent numerical
procedure to find �(V ) is detailed in the SM [60]. Figure 2(d)
shows the results for a set of � (solid lines). The data in
equilibrium (V = 0) are the same as in Fig. 1(f) (stars). At
increasing V , � gets suppressed, so that no solution exists
above certain VC (diamonds, dashed line). At small � the
solution is bistable just below VC, consistent with previous
results [43,44,48,57]. Calculated VC(�) is shown in Fig. 2(e)
along with the symbols from Fig. 2(d). Using the �-B corre-
spondence the dependencies VC(B) are obtained and plotted
in Fig. 2(c) for device IA in two cooldowns (dashed lines).
Near perfect agreement with the experiment ensures that the
relaxation-free scenario of nonequilibrium superconductivity
is realized in type-I devices.

We now switch to type-II devices, where the selectively
etched shell forms a floating S-island of length L = 0.5–2 µm
[see the micrograph and sketch in Figs. 3(a) and 3(b)]. Ohmic
contacts are defined via evaporation of Cr/Au with ex situ
passivation of the native oxide in ammonium polysulfide
[6,25,62]. Owing to the InAs segments, the device resistance
is about four orders of magnitude higher than Rint in type-
I devices and is controllable by the back-gate voltage Vg.
Figures 3(c) and 3(d) show, respectively, the color-scale plot
Rdiff (I, B) in device IIA and representative traces Rdiff (V ) at
fixed B, corresponding to vertical dashed lines in the color
plot. The low-bias behavior of Rdiff is a combination of the

(a) (b)

(d)(c)

(e) (f)

FIG. 3. Nonequilibrium in type-II devices. (a), (b) Electron mi-
crograph of device IIA (false colors) and schematic layout of type-II
devices. (c) Color-scale plot of Rdiff (B, I ) in device IIA. (d) Bias
dependencies of Rdiff at fixed B fields, corresponding to the dashed
lines in (c). (e) I-V curve measured at B = 0, showing tiny volt-
age jumps at high biases V ≈ 2 mV. Insets magnify these features,
demonstrating weak hysteresis with respect to the current sweep
direction. (f) Noise spectral density in devices IIA, IIB, and IIC
as a function of I in the normal transport regime at high enough
B (symbols). Two upper traces are shifted upward for clarity, with
zero levels marked by thin solid lines. Dashed and dotted guide lines
have slopes corresponding to Fano factors of F = 0.2 and FD = 1/3,
respectively. Solid lines are fits taking into account the relaxation in
the S-island (see the SM [60]).

superconducting proximity effect in diffusive NS junctions
with a nonideal interface [7,15,18], observable at low B fields,
and Coulomb effects [63–65], which contribute a broad zero-
bias resistance maximum, observable at high B fields. We do
not discuss these device-specific and Vg-dependent properties
and concentrate on a sharp resistance peak observed in all
devices at much higher V . The LP oscillations of the peak
position [Fig. 3(c)], and the tiny voltage jump from which the
peak originates [Fig. 3(e)] show that this feature is associated
with the collapse of superconductivity. Corresponding voltage
jumps are most pronounced at B = 0 and demonstrate weak
hysteresis [see the insets of Fig. 3(e)]. At increasing B they
smear out and the visibility of the LP oscillations reduces
[Fig. 3(c)].

The observation of a superconducting state at voltages
|V | � �/e implies strong energy relaxation. Otherwise, as
found in type-I devices, the double-step EED fNEQ(V ) in the
S-island would not be compatible with the superconductivity.
Although in the type-II devices a moderate asymmetry of the
couplings to the reservoirs can affect the EED and reduce the
effect of nonequilibrium [44,57], it is too weak to maintain
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(a) (b)

(d)(c)

FIG. 4. Critical Joule power in type-II devices. (a) Color-scale
plot of Rdiff (B,V ) in device IIA (Vg and α indicated in the legend).
(b) B dependencies of the critical Joule power for the same device
(symbols) and the fit to the e-ph relaxation model (dashed line). Gate
voltages and the e-ph cooling power are indicated in the legend. (c),
(d) The same in device IIB.

the superconducting state at mV-range biases. A direct test
of the relaxation is achieved via shot-noise measurements in
the normal state, shown in Fig. 3(f) (see SM [60] for the
details). The noise spectral density (symbols) exhibits a shot-
noise behavior SI ≈ 2eFI with Fano factors F ≈ 0.2 (dashed
line). This value is considerably reduced compared to the
universal FD = 1/3 in diffusive conductors without relaxation
[66,67], usually found in InAs NWs [18,68,69] (dotted line).
The reduction of F is a result of strong e-ph relaxation in
the S-island [70]. We assume local equilibrium EED fLEQ(Te )
with the electronic temperature, which obeys the heat bal-
ance equation 1

2 PJ = VAl	e-ph(T 5
e − T 5

0 ). Here, PJ ≡ IV is the
Joule power released in the semiconducting segments, half of
which is dissipated in the S-island, VAl is the volume of the
epi-Al, and 	e-ph is the e-ph cooling power. Note a conceptual
difference from Ref. [59], in which the Joule power flows into
the reservoirs by the electronic heat conduction, while the
e-ph relaxation is neglected. The above equation simultane-
ously explains the shot noise in Fig. 3(f) (solid lines) and the
suppression of superconductivity by transport current. In the
latter case, the superconductivity collapses at the critical Joule
power (Pc

J ), which corresponds to Te = Tc(B). The dependen-
cies Pc

J (B) in devices IIA and IIB are shown in Figs. 4(b) and
4(d) (symbols) and correspond, respectively, to the color plots
in Figs. 4(a) and 4(c). We fit the data in these and other devices
with similar 	e-ph ≈ 4.8 ± 1 nW µm−3 K−5; see the dashed
lines (more data in the SM [60]). This value corresponds to the

e-ph relaxation time of τe-ph ≈ 60 ns at T = T0, in agreement
with independent measurements in aluminum [71].

The origin of different behavior in type-I and type-II de-
vices is in the ratio of quasiparticle dwell time in the S-island
τdwell, controlled by the coupling to the reservoirs, and τe-ph.
Type-I devices are strongly coupled to reservoirs and the dwell
time is mainly limited by diffusion τ I

dwell ∼ L2/D ≈ 1 ns for
the typical L ≈ 3 µm. In type-II devices L is smaller, how-
ever, the coupling to reservoirs is very weak owing to highly
resistive InAs segments. Thus, the dwell time is renormalized
by the ratio of the numbers of the eigenmodes in epi-Al
and in InAs or, roughly, by the ratio of semiconductor and
superconductor resistances in the normal state (∼104), giving
τ II

dwell ∼ 1 µs. The relation τ I
dwell � τe-ph � τ II

dwell naturally ex-
plains the relaxation-free regime in type-I devices and strong
relaxation regime in type-II devices. Semi-super research
usually deals with superconducting islands analogous to our
type-II devices [49–52,54,55,72]. It is illuminating to discuss
how such systems could fall in the nonequilibrium regime
observed in type-I devices. A sizable decrease of the τdwell

by populating more conduction channels is not feasible in
semiconducting NWs. Figures 4(b) and 4(d) demonstrate a
weak Vg dependence of Pc

J , indicating only minor deviations
from local equilibrium in our experiment. Note, however,
that lowering the temperature leads to the increase of τe-ph ∝
T −3 so that energy relaxation slows down significantly.
Critical voltages on the order of �/e found at mK temper-
atures in a recent study [73] may indicate the relevance of
nonequilibrium.

In summary, our results illuminate the way in which the
superconducting order parameter and the bias and relaxation
controlled quasiparticle population are bound with each other
in floating S-islands. This binding indicates a general short-
coming of the transport spectroscopy in semi-super hybrids,
since the quasiparticle excitation spectrum becomes depen-
dent on the bias voltage and relaxation.
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