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Perpendicular-to-the-plane magnetic field tuned re-entrant

superconductivity in out-of-

equilibrium, quasi-one dimensional (quasi-1D) planar nanowires is a novel, counterintuitive phe-
nomenon. It was not until recently that a microscopic mechanism explaining the phenomenon as
arising from the coexistence of superconductivity with phase-slip driven dissipation was developed.
Here we present new results on re-entrance phenomena in quasi-1D aluminum nanowires with in-
plane magnetic fields, transverse and longitudinal to the nanowire axis. The response to in-plane
transverse magnetic fields in this geometry is qualitatively different from that previously reported
for perpendicular-to-the-plane field experiments and for in-plane longitudinal field studies. The new
feature in the data is an abrupt return to the superconducting state with increasing field at values of
field corresponding to a single flux quantum for a short wire and a fractional flux quantum for a long
wire. Since these findings are dramatically different from those involving perpendicular-to-the-plane
magnetic fields, a different mechanism, as yet unidentified, may be at work.

I. INTRODUCTION

Quasi-1D superconductors provide a unique platform
for the study of the out-of-equilibrium properties of the
superconducting state.! They are also of current interest
because they serve as circuit elements in superconducting
qubits.?3 A superconducting nanowire is in the quasi-
1D limit if its transverse dimensions are less than the
Ginzburg-Landau (GL) coherence length ({gr). How-
ever, the nanowire will not be electronically 1D unless
its Fermi wavelength is larger than its transverse dimen-
sions. In the case of quasi-1D wires, dissipation at tem-
peratures below the superconducting critical tempera-
ture, T, is due to phase slip processes of the GL order
pauraumeter.‘*’6

Nanowires coupled to either bulk superconductors,
or wider and longer thin film leads have exhibited a
novel and counterintuitive effect referred to as the Anti-
Proximity Effect, found in electrochemically produced
wires,” and magnetic (H) field induced superconductiv-
ity, found in electron beam lithography (EBL) fabricated
nanowires.® In the latter case, the explanation proposed
involves the extinction of a novel out-of-equilibrium state.
Phase slips in the nanowire generate dissipative out-of-
equilibrium quasiparticles which diffuse along the length
(L) of the wire. Quasiparticles relax and rejoin the
condensate upon traveling a distance Lgp. If L satis-
fies the condition g1, < L < Lgp, out-of-equilibrium
quasiparticles undergo multiple Andreev reflections at
the nanowire/lead interfaces. This process occurs as long
as the leads are superconducting and in equilibrium. The
multiple Andreev reflections produce a normal current
coexisting with the supercurrent (I5).? One observes this
state in the I —V characteristic as a finite voltage plateau
where the voltage level (Vp a1) is Vo ai = 0.49A¢ 4; for
H = 0 Oe with AO,Al = 1.76kBTc.9 AO,Al is half of the
Bardeen-Cooper-Schrieffer superconducting energy gap
in Al at T = 0 K. The application of a weak H-field sup-
presses the order parameter in the leads. Once the leads

are driven normal, quasiparticles no longer undergo An-
dreev reflections at the interfaces and the voltage plateau
vanishes. Instead, quasiparticles exit the nanowire be-
cause there are states available at the Fermi level in the
leads. Therefore, the nanowire re-enters the supercon-
ducting state because these dissipative quasiparticles are
no longer trapped in the nanowire for an extended period
of time.

In the present work, we report the results of inves-
tigations of the out-of-equilibrium behavior of planar
nanowires subjected to in-plane H-fields. The in-plane
case is different from that of the perpendicular-to-the
plane case because of the substantial in-plane enhance-
ment of the critical field of the leads (Hc¢ reads,| ~
450 Oe) relative to the bulk critical field, He g a1 =~
105 Oe.1'1% We found that for in-plane longitudinal H-
fields, nanowires respond in a manner similar to previous
measurements with perpendicular-to-the-plane H-fields.
However for in-plane transverse H-fields, nanowires ex-
hibit unexpectedly abrupt re-entrance to the supercon-
ducting state at H-field values corresponding to a single
flux quantum for a short wire and fractional flux quantum
for a longer wire. We define the flux quantum over an
area determined by the product of the distance between
the voltage probes and the nanowire thickness. This
striking result cannot be explained by the picture pro-
posed for perpendicular-to-the-plane H-field re-entrance.

II. SAMPLE PREPARATION AND
EXPERIMENTAL METHODS

We first solvent cleaned a bare Si wafer and then pat-
terned leads, alignment marks and wirebond pads em-
ploying photolithography. Following this, we formed
Ti/Au contacts by electron beam evaporation and lifted-
off the mask. The Al nanowire and leads were patterned
in a single step using EBL and a Poly(methyl methacry-
late) and Polymethylglutarimide bilayer resist stack. Af-
ter exposure and development, we transfered the devices



to a dedicated Al evaporator. We affixed the devices to a
Cu block and quench deposited Al while holding the Cu
block at T' = 77 K. The deposition rate was ~ 2—4 A/sec
and the chamber pressure was 1 — 3 x 10~7 Torr during
evaporation. Following lift-off, we attached the samples
to a sample puck using GE Varnish and wirebonded the
sample leads to the puck pads. The typical geometry of
our devices is shown in the scanning electron microscope
(SEM) micrograph of Fig. 1.

Figure 1: An SEM micrograph of a device.

We measured the devices in a Quantum Design Physi-
cal Properties Measurement System equipped with a 3He
refrigerator insert. We employed a four-terminal dc mea-
surement configuration using an external current source
and voltmeter. Typically, our resistance measurement
resolution was 0.01 €. We determined a nanowire’s T
from the half-point of the resistive transition in H =
0 Oe, and its elastic mean free path, I, from the normal
state resistance at T'= 2K and the Drude model.

We estimated the zero temperature dirty limit GL co-
herence length from &6 (T = 0) ~ 0.855(épcsle)'/?
where £gcs is the Bardeen-Cooper-Schrieffer coherence
length which for Al is égcs = 1.6 pum.1% Post mea-
surement, we used atomic force microscopy and scanning
electron microscopy to determine the dimensions of the
nanowire and leads. Table 1 summarizes the properties
of four representative devices. L is defined as the length
of the nanowire between the two inner voltage leads. w
and t are the width and thickness of the nanowire. The
values of £, in Table 1 are those at the base temperature
of the refrigerator, Tpqse = 450 mK. “H-dir.” refers to
the direction of the in-plane H-field, either longitudinal
(Lng.) or transverse (Trn.) to the nanowire axis.

IIT. RESULTS

We first discuss the experiments on samples A and B,
which were subjected to in-plane longitudinal H-fields.
In Fig. 2, we show the H-field dependence of I — V
characteristic for Sample A.

Table I: Sample parameters and H-direction.

Sample L (um) w (nm) ¢ (nm) Tc (K) {qr (nm) H-dir.
A 2 130 90 1.25 128 Lng.
B 3 130 90 1.23 134 Lng.
C 1.47 105 95 1.22 183 Trn.
D 2.43 105 95 1.23 210 Trn.
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Figure 2: I — V characteristic of Sample A at T =
460 mK. The current step size was 200nA. The H-
field was applied in-plane and longitudinally along the
nanowire axis. Inset: High H-field regime.

For H < 450 Oe, we enhanced superconductivity in the
nanowire by applying a H-field after having driven it re-
sistive with current. Currents which would drive the wire
into a nonzero voltage state at H = 0 Oe are pushed to-
wards zero voltage. The voltage level prior to the I —V’s
intersecting at different H-fields is Vp 41 = 93 V. As
seen in the inset of Fig. 2, in the high field regime
for H > 450 Oe, we suppressed superconductivity with
higher fields. We drove the nanowire normal for all cur-
rents at H = 1300 Oe.

For the same device, we observed re-entrant behavior
in R(H,T). As seen in Fig. 3, which is a plot of R(T)
at the different H-fields, we initially drove the nanowire
resistive for H = 0 Oe using I = 13 pA at all T. Upon
increasing the magnetic field to H = 400 Oe, the ini-
tially broad R(H = 0 Oe,T) sharpened and the value of
the resistance at the lowest temperatures was < 1 2. The
small nonzero resistance was likely due to residual inelas-
tic scattering of quasiparticles. Furthermore, as seen in
the inset of Fig. 3, larger H-fields completely suppressed
superconductivity in the nanowire.

As we increased L, we reduced the re-entrant behav-
ior. Longer length nanowires can be in a regime where
L > Lgp and a significant fraction of quasiparticles re-
lax prior to reaching the nanowire/lead interfaces. We
believe this to be illustrated by Sample B, as shown in
Fig. 4.
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Figure 3: R(T) of Sample A at different H-fields with
I = 13 pA. The H-field was applied in-plane and lon-
gitudinally along the nanowire axis. Inset: High H-field
regime.
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Figure 4: I — V characteristic of Sample B at T' =
460 mK. The current step size was 200nA. The H-
field was applied in-plane and longitudinally along with
nanowire axis. Inset: R(T) in the re-entrant regime with
I =13 pA.

In Fig. 4, the I — V characteristic of Sample B ex-
hibited a re-entrant regime between H = 0 Oe and
H = 450 Oe. The voltage plateau region occured at
91 pV prior to the H = 0 Oe and H = 450 Oe I — Vs
intersecting. Furthermore, as seen in the inset of Fig. 4,
the R(T) of Sample B did not exhibit as pronounced an
enhancement of superconductivity as compared to Sam-
ple A. We believe this to be a consequence of L > Lgp.

We now turn our attention to H-fields oriented in-
plane and transverse to the nanowire axis as measured
for Samples C and D. In this case, we found novel behav-
ior in both nanowires’ response to H-fields. This is most
easily seen in the plot of R(H,T = 450 mK).
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Figure 5: R(H,T = 450 mK) of Sample C. Each color
trace corresponds to a different applied current. The H-
field was applied in-plane and transverse to the nanowire
axis.
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Figure 6: (a) Lorentzian fit of R(H) for I = 10.4 pA,
(b) peak height and (¢) FWHM from the R(H) fitting of
Sample C.



As seen in Fig. 5, Sample C’'s R(H,T = 450 mK) ex-
hibited a flat plateau at low current values. Upon increas-
ing the current, a peak in R(H) near H = 0 Oe emerged
out of the plateau. Empirically, the R(H) peak could be
fit well by a Lorentzian function as seen in Fig. 6(a).
The R(H) peak height and the full width at half maxi-
mum (FWHM) extracted from the fitting initially grew in
height and width as a function of current as seen in Fig.
6(b) and 6(c). Then they both exhibited a maximum as
a function of current. The maximum voltage level of the
peak occured at Vpeak maz ~ 0.33kpTc = 3.5 pV when
I = 11.2 pA. This is an order of magnitude less than
Vo,at = 91 ¢V for Sample C. Above I = 12.4 pA, we
drove the nanowire normal and the peak disappeared.

The striking result for this nanowire was that it also
exhibited an abrupt re-entrance into the superconducting
state. This sharp re-entrance occured when the H-field
applied to the wire corresponded to a single flux quan-
tum. In other words, R(H = £155 Oe, T = 450 mK) =

0 ©Q occured when {% = Hg(fL = 1.05 and is thus within

5% of a single flux quantum (®o = £¢). This is different
from the result of measurements in an in-plane longitu-
dinal H-field where the re-entrant behavior was gradual
over an extended H-field regime.
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Figure 7: R(H,T = 450 mK) of Sample D. Each color
trace corresponds to a different applied current. The H-
field was applied in-plane and transverse to the nanowire
axis.

Sample D was longer than Sample C. As seen in Fig.
7, there was a shift in the values of the H-fields at which
both the R(H) peak and the abrupt re-entrance were
found. The R(H) peak did not emerge out of the plateau.
Instead, we observed peak signatures on the left hand side
of R(H) and on the negative side of the R(H) plateau
for I > 9.2 pA. The re-entrance occured at H 4 38 Oe

corresponding to C}% = 0.42 or within 6% of q% = %

IV. DISCUSSION

In both the in-plane longitudinal and transverse H-
field, we completely suppressed superconductivity in the
nanowire at larger H-fields as compared to the bulk H¢.
In Samples A and B at T' = 460 mK, the in-plane lon-
gitudinal critical field of the nanowire (Hc nw,Lng.) 1S
He nw,zng. = 1300 Oe. On the other hand, the in-plane
transverse critical field of the nanowire (He nw,rrn.)
which is He yw,rrn. = 800 Oe in Samples C and D at
T = 450 mK. The difference between the two configura-

tions is HC,NW,Lng. ~ 2o while HC,NW,Trn. ~ 52275'1

wt
We now discuss several possible mechanisms for the

observed R(H) peak and abrupt re-entrance of Samples
C and D. We first consider the R(H) peak. It is well
known that in electronic systems of reduced dimension-
ality weak localization of electrons leads to a small, typi-
cally less than 1%, negative change in R(H).!! The per-
centage change in R(H,T = 450 mK) with I = 8.4 pA,
is roughly 12% from peak to plateau. As we increase
the current, the percentage change increases. Thus, even
when the peak is measurable, the change in R(H) at con-
stant current does not agree with the quasiparticle weak
localization picture, which would predict a much smaller
effect.

Previously, a similar R(H) peak was reported in out-
of-equilibrium superconducting Al nanowires.'? The au-
thors developed a model for the observed R(H) peak near
Tc by accounting for the H-field dependence of Lgp.
In their case, they qualitatively compared their observed
R(H) peak with a non-Lorentzian peak function and sup-
pressed the peak by increasing the current. In our case,
we observed a Lorentzian form for R(H) in Fig. 6(a) and
a more complicated current dependence as seen Fig. 6(b)
and 6(c).

In general, the normal metal-superconducting bound-
ary resistance due charge conversion of a quasiparti-
cle current to Ig depends on the quasiparticle lifetime,
Top. Top depends upon the pair-breaking time (7,;) and
the inelastic electron-phonon relaxation time (7z) at the
Fermi surface.!® In out-of-equilibrium superconductors,
the H-field dependence of 7, is given by

B h HZ, xw rn (T =0)
© 1.76kgTc H?

b (H) (1)

where He nw,rrn. (I = 0) is the zero temperature
in-plane transverse critical field of the nanowire.'® The
presence of an H-field will reduce Lgp. Computing
Topr(I, H) depends on the details of the microscopic
model and experiment.'? ' There is no universal form
for QP-

At large out-of-equilibrium values of current, the (H —
Hy)? dependence in R(H) is due to the H-field depen-
dence of 1/7p. Hy is a phenomenological offset field. The
peak height and FWHM of R(H) could be related to 7z.
In a short wire (L < Lgp), such as Sample C, quasi-
particles don’t relax within its length. In a longer wire



L > Lgp, such as Sample D, quasiparticles do relax.
Using an expression for Lop(T') valid near the critical
current /¢ for H = 0 Oe suggests that Lop ~ 1.7 pm at
T = 450 mK for both samples.'® In addition, Ic may be
enhanced in a H-field leading to a negative R(H).'® How-
ever, the main caveat is that both approaches compute
Lop(T) and Ic(H,T) using time-dependent Ginzburg-
Landau theory, which is strictly valid only near Tz. Thus
it is fair to state that we have no definitive explanation
for the R(H) peak.

We now turn to the matter of the abrupt in-plane
transverse H-field re-entrance phenomenon. At this writ-
ing we have no detailed model to explain the data, only
suggestions as to what might be involved. The apparent
quantized re-entrance behavior could be a signature of
the phase sensitive nature of quasiparticles in Andreev
bound states (ABS).!"!® The lead/nanowire/lead sys-
tem could effectively be a long superconductor-normal
metal-superconductor (S-N-S) Josephson junction when
the nanowire is out-of-equilibrium and resistive and the
leads are superconducting. Then [Ig is carried between
the two superconducting leads and through the nanowire
by quasiparticles undergoing Andreev reflections at the
nanowire/lead interfaces. The ABS energies, relative to
Er, for a S-N-S junction are

B2 = "0 (an(n 1+ 1/2) £9) 2

where vp is the Fermi velocity, L is the length of the
junction, n is an integer, and ~ is the gauge invariant
phase difference across the junction.'® We can change
the value of EXZ by applying a H-field in the plane of
the junction via v = 79 + 271'(%.1 Pursuing the anal-
ogy between the lead /nanowire/lead system and a S-N-S
junction, the flux dependence of « could change the value
of EXZ A energy level shift like this may be the source of
the relationship between the H-field at re-entrance and
the flux quantum.

Alternatively, the abrupt re-entrance in Sample A
could be due to a single vortex entering the nanowire and
producing currents which go in the opposite direction to
screening currents. This process would be similiar to the

Little-Parks effect in superconducting loops where T (H)
is periodically enhanced when integer values of q% thread

through the loop.'® The Little-Parks effect also mani-
fests itself as minima in R(H) when ;% is an integer for
T < Te(H = 0). However, in the nanowire, only a single
vortex penetrates the nanowire and enhances 7. When
Tc increases, the energy barrier for thermally activated
phase slips increases and thus the resistance drops.’

Furthermore, low H-field re-entrance has been seen in
mesoscopic superconducting Al loops.2-2! For H-fields
such that ;% < 2, additional minima and maxima in
R(H) appeared and were termed anomalous Little-Parks
oscillations or M-like anomalies.??2! The authors found
that the width of the M-shaped anomaly corresponded to
a H-field value where q% = 1 threaded through the area
of the lines defining the loop.?* Whether the re-entrance
mechanism in Samples C and D is related to this is not
known at the time.

In summary we have observed magnetic field re-entrant
superconductivity in Al nanowires in an in-plane H-
field orientation both longitudinal and transverse to the
nanowire axis. Nanowires in an in-plane longitudinally
oriented H-field exhibit behavior like that previously seen
in Zn nanowires.®° The most striking feature of the be-
havior of nanowires in an in-plane transverse field is the
abrupt re-entrance. It may be a consequence of the phase
sensitive nature of Andreev bound states found in the
system of the nanowire and superconducting leads or an
interplay between vortex and screening currents in the
nanowire. This study provides a further challenge to the
theory of H-field tuned re-entrant superconducivity in
nanowires.
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