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Magnetic-Field-Induced Superconducting State in Zn Nanowires Driven in the Normal State
by an Electric Current
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Four-terminal resistance measurements have been carried out on Zn nanowires formed using electron-
beam lithography. When driven resistive by current, these wires reenter the superconducting state upon
application of small magnetic fields. The data are qualitatively different from those of previous experi-
ments on superconducting nanowires, which revealed either negative magnetoresistance near 7, or high-

magnetic-field-enhanced critical currents.
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The enhancement of superconductivity by magnetic
fields is a counterintuitive phenomenon. The usual scenario
is that fields suppress superconductivity by either orbital or
spin effects [1]. However, in certain complex compounds,
superconductivity can be enhanced either through the com-
pensation of an applied magnetic field by the exchange
field of rare-earth magnetic moments (the Jaccarino-Peter
effect [2]) or by the suppression of spin fluctuations by an
applied field [3]. These processes have been realized in a
variety of physical systems [4]. Enhancement by magnetic
fields has also been observed in far simpler nanowires,
either as a low-field negative magnetoresistance [5,6] or
as a relatively high-field enhancement of the critical cur-
rent [7,8]. Recently, an even more counterintuitive phe-
nomenon called the “antiproximity effect” was reported
[9]. In contrast with the usual proximity effect, at certain
temperatures wires were found to enter the superconduct-
ing state from the normal state when the electrodes were
driven normal by a magnetic field. The work reported here
was motivated by the goal of determining whether the
antiproximity effect would manifest itself in wire configu-
rations prepared using lithographic rather than electro-
chemical techniques and whether the effect could be
observed in a four-terminal planar configuration. In pursu-
ing this effort, we found a different but possibly related
phenomenon, the reentrance of superconductivity upon the
application of small magnetic fields to wires driven out of
equilibrium and into a resistive state by high externally
supplied currents.

Samples as shown in Fig. 1(a) were prepared by
electron-beam lithography followed by a quenched depo-
sition of Zn at 77 K. By finishing the writing as well as the
deposition of the electrodes and wire in the same step, a
totally transparent boundary was obtained between them.
The Zn electrodes shown in Fig. 1(a) were 1 um wide,
1.5 pwm apart, and 10 wm long, which eventually join to
macrosized Au contacts used for electrical wire bonding.
The Zn electrodes were made long to remove any nonequi-
librium effects generated at the Au normal metal/Zn su-
perconductor boundaries. The deposition of Zn films for
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the wires and electrodes was done at rates 5 A/ sec onto
SiO, substrates held at 77 K. The system pressure was
1 X 1077 torr during deposition, and the starting mate-
rial was of 99.9999% purity. The relatively small size of the
Zn grains formed under these conditions ensured continu-
ity of the wires. The fragile nature of the liftoff process for
these samples was circumvented by utilizing a bilayer of
polymethyl methacrylate as the resist. In order to minimize
surface oxidation, the wires were immediately transferred
after liftoff into a high vacuum and low temperature envi-
ronment, a Quantum Design physical properties measure-
ment system (PPMS) equipped with a 3He insert. The
linear resistances of the wires R = % were measured using
a conventional four-probe method. The two outer elec-
trodes shown in Fig. 1(a) supplied current, and the two
inner ones were used to measure voltage.

In Fig. 1(b), we show the resistance as a function of
temperature R(7T) in the absence of an applied magnetic
field. In the low current limit, R(T) is conventional, falling
to zero at T. ~ 0.85 K with a width of a few tens of mK. As
the applied current increased, the onset temperature de-
creased, and the transition broadened to over several hun-
dreds of mK, developing a shoulderlike structure.
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FIG. 1. (a) Scanning electron microscope image of the sample;
the white scale bar is 1 wm long. (b) Temperature dependence of
the wire resistance, at H = 0 Oe, with current ranging from 0.4
to 6 nA, every 0.4 pA.
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FIG. 2 (color online). (a) Magnetic-field dependence of wire
resistance, at [ = 4.4 uA, with temperatures ranging from 0.46
to 0.76 K, every 0.02 K. (b) Magnetic-field dependence of wire
resistance, at / = 0.4 wA, with temperatures ranging from 0.83
to 0.85 K, every 0.01 K.

Although it is not clear how the transport mechanism
changes when going from above to below the shoulder,
the response of the wire resistance to the field is drastically
different in these two regimes. As shown in Fig. 2(a), it
changes from a conventional positive magnetoresistance to
a large negative magnetoresistance when the temperature
goes across the shoulder. The most striking observation is
that this large negative magnetoresistance even induced the
reentrance of superconductivity over a significant range of
temperature. With decreasing current, the range of tem-
perature over which this effect is observed shrinks, along
with the tail of the resistive transition and the shoulderlike
structure. The effect vanishes in the low current limit. In
this limit, as shown in Fig. 2(b), only a conventional
positive magnetoresistance is observed.

Phase diagrams can be visualized by plotting the data as
color maps, as shown in Fig. 3. These permit the identi-
fication of three regimes, the normal state (green), the
superconducting state (blue) and the transition regime
(colors between these two). Increasing the current not
only moves the transition regime to lower temperatures
but also greatly broadens it [Fig. 3(a)]. An applied mag-
netic field as shown in Fig. 3(b) generates two effects: It
suppresses superconductivity in the wire, in that it de-
creases the temperatures at which resistance returns to its
normal state value (follow the boundary between the nor-
mal state and the transition regime). It also enhances super-
conductivity, in that it increases the threshold temperatures
for the zero resistance (follow the boundary between the
superconducting state and the transition regime). This
enhancement gives rise to a magnetic-field-induced reen-
trance into the superconducting state at the bottom part of
the transition regime, as shown in Fig. 2(a). An enhance-
ment is also found when the transition is tuned by current,
as shown in Fig. 3(c). Similarly, an applied magnetic field,
up to a certain value, increases the current required for the
onset of the resistance while reducing the current at which
the normal resistance is attained. This gives rise to

RO I i
0.9
0.8
o7
=
0.6
0.5
15 3.0 45 6.0
I(pA)
0.9
0.8
9
= 0.7
0.6
0.5
-30 0 30
H (Oe)
()
. 6
<
3
3
-30 0 30
H (Oe)

FIG. 3 (color). Color contour plot of the wire resistance as a
function of (a) temperature and applied current, at H = 0 Oe,
(b) temperature and applied magnetic field, at / = 4.4 uA, and
(c) applied current and magnetic field, at 7 = 0.46 K. (The color
scale bar represents the resistance of the wire, where blue
corresponds to zero resistance and green to the normal state
resistance.)

magnetic-field-enhanced superconductivity over a range
of currents. With increasing temperature the range of cur-
rent leading to an enhancement decreases, and eventually
the effect vanishes. This is different from the antiproximity
effect, in which the wire abruptly reenters the supercon-
ducting state when the magnetic field reaches the critical
field of the bulk electrodes [9]. Here the reentrance is a
smooth and broad transition from the resistive state. The
magnetic field needed is also much weaker than the critical
field of the bulk Zn electrodes, and its value is a function of
temperature and current.

This magnetic-field enhancement of superconductivity
is a robust effect which has been observed in almost all of
the samples studied, including some Al wires (not shown)
that are currently under investigation. In Fig. 4, the mag-
netoresistances at 460 mK are demonstrated for four rep-
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FIG. 4. Magnetoresistances with varying currents at 460 mK
for the samples listed in Table I. Note that the current step is
0.1 pA for all of the samples. The lowest currents (bottom) for
each sample are (a) 4.5, (b) 3.0, (c) 3.5, and (d) 3.5 upA.

resentative Zn samples, and their key parameters are listed
in Table I, including the one we have discussed above
(sample a). The widths (w) and thicknesses () of the wires
were obtained by averaging several measurements. The
transition temperatures 7. were taken as the temperatures
at which the resistances fell to half the normal value at an
applied current of 0.1 wA. The zero-temperature coher-
ence length was computed from £(0) = 0.8(&£yl,)"/2,
where & is the BCS coherence length and /, is the electron
mean free path. We estimated /, from the product p,/, =
22X 107" Qcm? at 42 K, which was the approach
employed in the antiproximity effect work [10]. So far, it
is not clear how the evolution of the effect systematically
depends upon the thicknesses and widths of the wires.
However, transition temperature seems to play a role in
sample-to-sample variations in the ranges of temperatures
and currents over which resistances remain below 0.01 (),
which was the measurement noise floor taken to be zero
resistance. Actually, preliminary data show that samples
which have a transition temperature around 0.75 K do not
exhibit any enhancement over the whole accessible tem-
perature range.

Before considering possible physical mechanisms for
this ““magnetic-field-enhanced superconductivity,” we

TABLE I. Widths, thicknesses, transition temperatures, and
coherence lengths of wires in Fig. 4. See the text for a description
of the manner in which they were determined.

need to rule out possible artifacts, which might produce a
similar effect. The first possibility is that the wires are
heated by the current and the effect of the magnetic field
is to enhance their thermal conductivity by increasing the
quasiparticle density. Then the electron temperature of the
wire would cool to a lower value. This cooling would then
appear as an enhancement of superconductivity. If this
were the case, one could in principle translate values of
current into electron temperatures by relating the resistive
states with high currents at low temperatures to the resis-
tive states just above the critical temperature at low cur-
rents. As the former resistive states can be destroyed by a
weak magnetic field, one would expect the same thing to
happen to the latter. However, as shown in Fig. 2(b), at low
currents, an applied magnetic field does not enhance super-
conductivity but destroys it above some critical value. In
addition, the fact that the magnetic field affects the tran-
sition regime differently above and below the shoulder
provides support for the assertion that the effect is not
thermal in origin. A second possible artifact relates to the
negative magnetoresistance of the Cernox® thermometer
used in the PPMS 3He insert [11]. This resistance change
could be interpreted by the control system as a temperature
increase, in which case the PPMS would cool down in
order to meet the set point. This magnetoresistance is
compensated by the PPMS software. Finally, the effect
cannot be the result of the compensation of the self-field
by the applied field, as the latter is 2 orders of magnitude
larger than the former.

There have been several theoretical models proposed to
explain the reported magnetic-field-enhanced supercon-
ductivity in nanowires. In the following, we briefly discuss
their application to our results.

One model associates the enhancement of superconduc-
tivity with the quenching by an applied magnetic field of
pair-breaking spin fluctuations associated with impurity
magnetic moments [7]. However, at the temperatures and
magnetic fields of the present work, the Zeeman energy of
electrons is much smaller than the thermal energy, and thus
this effect would not occur.

A second model involves the reduction of the charge
imbalance length by an applied magnetic field [12]. This
can bring about a decrease of the boundary resistance due
to charge conversion processes at the normal metal-
superconductor boundaries of phase slip centers [13].
There is also a related approach based on a generalized
time-dependent Ginzburg-Landau equation applicable
near the transition temperature, which predicts an enhance-
ment of critical currents by magnetic field [14]. In the
present work, the temperatures are well below the mean
field transition temperature. Whether or not this mecha-
nism can be extended to low temperatures is an open

Wire w (nm) t (nm) T, (K) ¢ (0 K) (nm)

a 85 150 0.85 171

b 80 90 0.81 155 i

¢ 70 65 0.81 192 question.
d 60 80 0.84 190

The critical currents of systems of coupled supercon-
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the Josephson coupling are predicted to increase with the
magnetic field [15]. It was realized by averaging out the
first term of the expansion of the ensemble-averaged criti-
cal current, with the second order term having a negative
sign. Xiong, Herzog, and Dynes have suggested this model
as an explanation of the negative magnetoresistance ob-
served in quench-condensed Pb nanowires [5]. The
achievement of a random distribution would require a large
ensemble of coupled grains. One could expect that a film
might serve as a better realization of a random distribution
of grains than a wire of restricted cross section and finite
length. However, we found that only wires showed en-
hanced superconductivity with an applied magnetic field.
A coevaporated film responded to the field in a normal
manner, independent of current.

Finally, the enhancement of superconductivity by an
applied field could come from the dampening of phase
fluctuations by the enhancement of the dissipative quasi-
particle channel in the wire by the application of a mag-
netic field. The interplay between phase fluctuations and
dissipation was studied initially in resistively shunted
Josephson junctions [16] and, later, in nanowires [17]. In
the case of nanowires, at sufficiently low temperatures, an
applied magnetic field has two effects: It can increase the
probability of quantum phase fluctuations, and at the same
time it can enhance dissipation by increasing the quasipar-
ticle density. The latter can suppress fluctuations. For a
certain range of low fields, the wire resistance will decrease
as the enhanced dampening dominates. Eventually, the
magnetic field may become large enough to suppress and
ultimately destroy the order parameter so that the resis-
tance will no longer be zero. It was pointed out later that
the connected electrodes can also play a role in stabilizing
phase fluctuations in finite-length wires [18,19]. Although
it is not clear that the wire resistance induced by current is
due to either quantum or thermal fluctuations, an enhanced
quasiparticle conductance channel should suppress fluctu-
ations of either type. This promising explanation is not
supported by detailed calculations that include the current
through the wire as a parameter. All of the theories discuss
enhancement in the limit of zero current. In the present
work, enhancement effects are not observed at low cur-
rents. The sample geometry we have employed, which
involves a simple and highly regular structure, could pro-
vide significant constraints on a future theory.

It should be noted that the standard models of thermal
and quantum phase slips in superconducting nanowires fail
to fit the temperature dependence of the observed wire
resistances, implying that other physics is involved [20].
The parameters of lithographically produced wire configu-
rations including lengths, widths, and thicknesses of wires
can be systematically changed. Experiments changing
these parameters, as well as the direction of the magnetic

field, are being carried out and should be helpful in deter-
mining the origin of the observed effects.
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