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Abstract

Nonequilibrium transport was studied in superconducting Zn nanowires,

connected with wide Zn electrodes. The wire exhibited drastically dif-

ferent behaviors when the electrodes were tuned from the supercon-

ducting state to the normal state, by applying magnetic �elds. In the

regime in which electrodes were superconducting, a suprising enhance-

ment of superconductivity was observed upon the application of a small

magnetic �eld. This enhancement was exhibited as an increase of the

current or temperature at which the wire left its zero resistance state.

Further experiments were carried out to study the dependence of the

e�ect on various parameters such as magnetic �eld orientation, wire

length and wire width. The results revealed that this enhancement is

a result of nonequilibrium e�ect involving the boundary electrodes. In

addition, it is more appropriate to treat it as a recovery of superconduc-

tivity, which was suppressed by the applied current. In the regime in

which elecrodes were normal, we observed a nonzero residual resistance

associated with the proxmity e�ect between the electrodes and the wire.

Comparing the temperature and current dependence of this residual re-

sistance revealed the breakdown of superconductivity at currents well

below the depairing current. Further analysis suggests the breakdown

of superconductivity in this situation does not originate from the usual

supercurrent-depairing mechanism. Instead, it may be associated with

the nonequilibrium distribution of quasiparticles. The breakdown is

also charaterized by a critical voltage rather than a critical current.
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Chapter 1

Introduction

The discovery of superconductivity was one of the milestones in the

history of modern physics.[15] Entry into the superconducting state is

associated with a sharp drop of the resistance to zero when the tem-

perature goes below a characteristic transition temperature Tc. In the

superconducting state, Cooper pairs are formed via an indirect attrac-

tion between electrons, assisted by phonons. The pairs overlap with

each so that they created a macroscopic phase-coherent quantum state,

which can be represented by a pseudo-wavefunction or order parameter

ψ(r) = |ψ(r)|eiϕ(r), and an associated characteristic length scale ξ, called

the superconducting coherence length.[16] This approach allows many

physical quantities to be written in terms of the amplitude of the order

parameter |ψ(r)| and its phase φ(r).[17] When the height and width of

a wire is shorter than the phase coherence length, the variation of the

order parameter within the cross section can be ignored and such a sys-

tem is one dimensional with respect to its superconducting properties.

It is not one dimensional with repect to its other electronic proper-

ties. Hence systems are respected to as �quasi-one dimensional�. In the

following, we will employ quasi-one dimensional and one dimensional

1



interchangeably, as we will always be considering superconducting prop-

erties. Similiar to other quantum con�ned systems, superconductors in

one dimension exhibit unique physical properties derived from quan-

tum e�ects. These have been attracting the research interest of both

experimentalists and theorists.

1.1 Quasi-one dimensional superconductivity:

phase slip processes

As mentioned above, for a conventional superconductor, the entry into

the superconducting state is a sharp transition to a true zero resis-

tance state. However, this state can be never be achieved in a one

dimensional supercondutor for temperatures T > 0, due to thermal

�uctuations. Thermal �uctuations can instantaneously break the phase

coherence at points along the system, by driving the amplitude of the

local order parameter to zero. Because there is no way for a one di-

mensional system avoid these points, the zero resistance state is de-

stroyed. In a practice, this quenching of zero resistance manifests itself

as a broadened transition between the normal and the superconducting

state. This instantaneous breakup of phase coherence has been de-

scribed as a phase slip process, since it is associated with a phase slip of

2π for each event. This idea was �rst proposed by Little and developed

into a more rigorous theory by Langer, Ambegaokar, McCumber and

Halperin (LAMH)[18, 19, 20].

In discussing the decay of the persistent current of an 1D super-

conducting loop due to �uctuations, Little argued that �uctuations can

allow the system to access a range of functional form of |ψ(r)| and φ(r)

2



near those representing the minimun of the free energy. However, the

transition between two possible functional forms will require the ampli-

tude of order parameter to be suppressed to zero at some point in the

loop. In that case, since Js = 2e~
m∗
|ψ|2∇φ ( in the absence of a magnetic

�eld) is a constant, |ψ(r)| → 0 requires ∇φ(r)→∞, which means a rapid

change in φ by n · 2π. This instantaneous change of 2π in the phase is

therefore called a phase slip. As a consequence of this phase change, a

voltage will be developed given by the Josephson relation: V = h
2e
� dφ
dt
.

This gives rise to a decay of the persistent current due to associated

dissipation and also is the reason for the persistence of resistance in 1D

superconductors below TC, even after a nonzero order parameter has

developed.

Following Little's idea, Langer and Ambegaokar calculated the prob-

ability for a phase slip to occur, based on the Ginzburg-Landau theory

where the functional form for the free energy can be written as

F [ψ(r)] =

ˆ
dr[|∇ψ(r)|2 − α|ψ|2 +

1

2
β|ψ|4 (1.1)

The usual uniform solutions for ψ(r), as shown in Fig.1.1.a

ψk = fke
ikx ←→ f 2

k = (α− k2)/β, k =
n · 2π
L

(1.2)

represent the local minima of the free energy. A phase slip process in-

volves a transition between the states, ψk → ψk±2π, as shown in Figs.1.1.b

and 1.1.c. The probability for this to happen driven by thermal �uctu-

ations will be given by exp(− 4F
kBT

) , where 4F is the free energy barrier

between the two states and kB is the Boltzmann constant. A phase slip

of n · 2π (|n|>1) is less likely due to an energy argument.[21] This is

di�erent from the approach of Little who calculated this barrier height

by taking the top of the barrier to be the place where |ψ(r)| = 0. Langer

3



Figure 1.1: Demonstration of phase slip in the complex space of the
order parameter. a) Uniform order parameter before a phase slip b)
Nonuniform order parameter just before a phase slip c) Recovered uni-
form order parameter with a loss of 2π in the phase[1].
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and Ambegaokar considered that the most probable path for the system

to be carried from ψk to ψk±2π to be over the lowest saddle point near

ψk. Their calculation gave the barrier height as

4F =
8
√

2

3

Hc(T )

8π
Aξ(T ) (1.3)

Here Hc is the thermodynamic critical �eld, A is the cross sectional area

of the wire and ξ is the Ginzburg-Landau coherence length. This is a

plausible result since this energy is just the total condensation energy

of the wire over the length ∼ ξ, which is the length over which |ψ| → 0

during a phase slip process.

In the absence of a current, the probability of phase slips by +2π

and −2π are equal and therefore no net DC voltage is generated. When

a current is applied, the free energy will be shifted by a amount δF ,

which is the dissipation associated with a phase slip

δF =

ˆ
IV dt =

ˆ 2π

0

I
~
2e
dφ =

h

2e
I (1.4)

This lowers the barrier height for a backward slip (−2π) relative to a

forward ( +2π) one, resulting in a nonzero net escape rate for the phase

dφ

dt
= Ω·[exp(−4F − δF

kBT
)−exp(−4F + δF

kBT
)] = 2Ωe−∆F/kBT sinh(

hI

4ekBT
) (1.5)

Here Ω is the attempt rate for the system to go over the barrier. The

corresponding voltage generated at the Josephson frequency gives rises

to a linear resistance of the form

R =
V

I
=

~Ω

eI
e−∆F/kBT sinh(

hI

4ekBT
) (1.6)

Note, here the current dependence of the free energy barrier height

has not been taken into account. This barrier height will decease from

the result of Eq. (1.6) as I2. In the zero current limit, this gives a

5



di�erential resistance

R =
dV

dI
|I=0 = RQ

~Ω

kBT
e−∆F/kBT (1.7)

wherer RQ = h
(2e)2

is the quantum resistance for Cooper pairs.

The attempt frequency Ω was given by McCumber and Halperin

employing a model based on time dependent Ginzburg-Landau theory

as

Ω =
L

π
(∆F/kBT )

1
2 · 1

τs
(1.8)

Here τs = ~π/8kB(TC − T ) is the characteristic relaxation time of the

superconducting order parameter in the time dependent Ginzburg-

Landau theory and L/ξ gives the number of nonoverlapping segments

of wire over which phase slips occurs.

The LAMH theory of the non-zero resistance below T c was soon

com�rmed by the experiments of Lukens et al. and Newbower et al .,

on long single-crystalline Sn whiskers with diameters ∼500 nm.[22, 2]

The resistance tails can be �t by the theory over six orders of magni-

tude as shown in Fig. 1.2. One noticeable di�culty with the LAHM

theory is that the energy barrier and attampt frequency approach zero

very close to T c. This leads to a decrease of the resistance with in-

creasing temperature in disagreement with experimental �ndings. This

suggests that the theory only applies near the bottom of the transition

regime, where the phase �uctuations destroy the zero resistance. A

more appropriate way of characterizing the top of the resistive tran-

sition is to consider the system to be in the normal state subject to

superconducting �uctuations.

A closer look ar the experimental data of Newbower et al. reveals

another suprising feature: at the end of the transition, the fall o� of

the resistance with decreasing temperature slows down and the curve of
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Figure 1.2: Decrease of resistance below Tc of a superconducting Sn
whisker. The solid line is a �t by the LAHM theory and the dashed
line is a �t by the LAHM theory with the normal channel is omitted.
[2]
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Figure 1.3: The temperature dependence of the resistance of an In wire.
The solid lines are the �ts by the LAHM theory and the dashed lines
are the �ts by the MQT theory.[3]

R(T ) developes into a �foot� structure, which was believed to be caused

by contact resistance. However, a similiar but more dramatic struc-

ture was observed by Giordano. He used a step-edge etching technique

to produce In wires with width down to ∼50 nm.[3] As shown in the

Fig. 1.1, upon decreasing the temperature, the wire resistance initially

dropped rapidly in a manner that can be �t by LAMH theory. It then
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crosses over to a long tail over a wide range of temperature and devi-

ates from the LAMH prediction. According to Giordano, this tail of the

resistance repersents that phase slips are being induced by some addi-

tional mechanism. He suggested the mechanism to be the macroscopic

quantum tunneling of the phase (MQT), or quantum phase slip.[23] In

an analogy with Josephson tunneling junctions, he arrived at an equa-

tion for the rate of tunneling in the zero current limit

ΓMQT = β1
L

ξ
(
4F
~τs

)
1
2 exp(−β2τs4F

~
) (1.9)

with the corresponding zero-current di�erential resistance RMQT

RMQT =
β1β2φ

2
0τs

~
L

ξ
(
4F
~τs

)
1
2 exp(−β2τs4F

~
) (1.10)

Here φ0 = ~
2e
is the magnetic �ux quantum, and β1, β2 are constants that

depend on the damping of the phase slip process. Adding the MQT

term to the LAHM expression of resistance, R = RLAMH + RMQT , Gior-

dano was able to �t the entire transition regime including the long tail of

the resistance. Even though many questions were raised as to whether

the observed tail was due to MQT or to inhomogeneities of wires and

spread of the transition temperatures due to grains within the wire,

research on quantum phase slips continues to this day. Theoreticians

have futher examined the interaction between quantum phase slips and

dissipation, while experimentalists have made considerable progress in

studying wires with smaller and smaller diameters. Here we refer the

reader to the literature for the details.[24, 25, 26, 27, 28, 29, 30]
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1.2 The formation of phase slip centers: I − V

characteristics of quasi-one dimensional

superconductors

Phase slip processes are usually considered in the situation in which

the superconducting wires are biased with a voltage, which results in

a time variation of the phase di�erence between the ends of the wire

at a rate given by the Josephson relation. The result of an increas-

ing phase di�erence is equivalent to accelerating the supercurrent as

Js = e∗

m∗
|ψ|2(~∇φ− e∗

c
A). Eventually, the supercurrent will reach the crit-

ical current at which point superconductivity will start to collapse. In

order to maintain the supercurrent below its critical value, the phase

must keep slipping at a rate corresponding to the bias voltage and the

Josesphson relation. In �uctuation dominated situations as discussed

above, voltage can be generated by the instantaneous �uctuation-driven

order parameter suppression at some point along the wire. However,

voltage can also be generated in other ways. One is by applying a

current slightly greater than the critical current of the weakest points

along the wire. Such weak points cannot support the whole current as

a supercurrent. Consequently, a portion of the current will be carried

as normal current and thus a voltage will develop. This is di�erent

from the spontaneous phase slips discussed above. Phase slip processes

in this case will not take place at random positions along the wire.

Instead, they will occur at speci�c locations, which are called phase

slip centers (PSCs). These manifest themselves as sucessive jumps in

the voltage in the I − V curves of long superconducting whiskers, when

the current is raised above Ic. This problem was �rst studied theoreti-
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cally by Rieger, Scalapino and Mercereau (RSM) and later by Skocpol,

Beasley and Tinkham (SBT), who took into account the relaxation of

the quasiparticles near PSCs.[21, 31] The models involve the oscillation

of the order parameter in the core of the PSCs which have a size of∼ ξ,

and the relaxation of the generated quasiparticles over a length ∼ ΛQ,

the quasiparticle relaxation length.

In order to understand the physics of order parameter oscillations at

PSCs, one needs to �rst understand the meaning of the critical current

of a superconductor. In the Ginzburg-Landau theory, the supercurrent

is expressed as

Js =
e∗

m∗
|ψ|2(~∇φ− e∗

c
A) = 2e|ψ|2vs (1.11)

where vs is the velocity for Cooper pairs. For a given vs, minimizing

the free energy

f = fn + α|ψ|2 +
β

2
|ψ|4 + |ψ|2 · 1

2
m∗v2

s +
h

8π
(1.12)

gives the optimal value of |ψ|2

|ψ|2 = |ψ|2∞(1− m∗v2
s

2|α|
) (1.13)

This results in that |ψ|2 completely vanishing at vs =
√

2|α|
m∗
. However this

is not the critical Cooper pair velocity for superconductivity to start to

collapse, as the current reaches its maximum value, when ∂J/∂vs = 0,

at vs =
√

2|α|
3m∗

. This value de�nes the critical velocity vc for the Cooper

pairs and consequently the critical current IC = 2wψ2
∞

2
3
(2|α|
m∗

)1/2.

When sustaining a current above this critical current at the weakest

point of the wire, the superconducting state becomes unstable upon the

acceleration of the Cooper pairs by the normal current induced voltage.

This acceleration leads to a strong suppression of the order parameter
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|ψ|2 → 0 over a length ∼ ξ, and a phase slip of 2π can occur. At the

same time, the supercurrent is also decreasing and in the end the total

current is carried by the normal current after the complete collapse of

the superconductivity. The superconductivity will then start to recover

over this region as the wire �realizes� that it is below TC and the local

value of the supercurrent is less than the critical current. This leads

to an increase of the supercurrent, which eventually exceed the critical

value and the process described above repeats. Averaged in time over

the Josephson period, the net DC supercurrent �owing through the

PSC is Is = βIC with β ∼ 1
2
. As a consequence, the rest of the applied

current becomes a normal current and the associated voltage across

the PSC, is obtained by integrating over its exponential decay over the

length ΛQ

V = 2ΛQ · ρ(I − βIC)/A (1.14)

Here ρ is the normal resistivity of the wire and A is its cross sectional

area. With a complete treatement of the problem, it has been shown

that the explicit application of the simple DC interaction model to an

uniform superconducting wire of length L can also generate a succession

of voltage steps between Ic and 2Ic. Therefore, the formation of PSCs

does not require the existence of weak points in the wire and they can

be distributed periodically in time and in space.

Further investigation of the PSCs formation was carried out by

Kramer and Barato�, who numerically solved a set of time-dependent

Ginzburg-Landau equations in one dimension[32]

−u(
∂

∂t
+ iµ)ψ +

∂2ψ

∂x2
+ (1− |ψ|2)ψ = 0, (1.15)

Js = −∂µ
∂x

+
1

2i
(ψ∗

∂ψ

∂x
− ψ∂ψ

∗

∂x
) (1.16)
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Here µ is the electrochemical potential for Cooper pairs and u is the

order parameter relaxation time divided by the current relaxation time

t0 = 4πλ2σn/c
2. In the strong depairing limit, u = 12, and in the weak

depairing limit u = 5.79. This set of equations allows the description over

a wide range of temperatures and currents within which the resistive

state exists. The Kramer-Barato� model is di�erent from SBT model,

which requires a current to exceed J c in order for phase slip to occur.

The Kramer-Barato� model predicts three types of asymptotic behavior

depending upon the value of applied current:

1) Below a minimum value of current Jmin, the superconducting state

is stable and pertubations will decay. Here, Jmin = 0.85Jc when u = 5.79

and Jmin = 0.74Jc when u = 5.79.

2) Above a maximum value Jmax, the normal state is stable. The

order parameter exhibits strong oscillations with decreasing amplitude

between phase slips. The superconducting state transforms into normal

domains which expand, and superconductivity eventually disappears.

Here, Jmin = 0.87Jc when u = 5.79 and Jmin = 0.76Jc when u = 5.79.

3) Between Jmin and Jmax, there is a solution for the superconducting

state, which includes the strong local oscillations of the order parameter

and spontaneous phase slip by 2π whenever ψ → 0. This corresponds

the formation of PSCs. The solution recovers the LAMH result when

J → Jmin and the time period for oscillation goes to in�nity at low

temperatures.

This calculation, even though its numerical results were corrected

by subsequnent invetigations, correctly pointed out the important fea-

ture of quasi-one dimensional superconductors, that the breakdown of

superconductivity in response to the applied current, is not an abrupt

transition into the normal state upon reaching a critical current. In-
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stead, there exists a minimum current for the superconducting state

to be stable and a maximum current for normal state to set in. Be-

tween these two, the superconductor will keep its superconductivity

while having a voltage generated by the formation of PSCs.[33]

1.3 Nonequlibium transport in quasi-one

dimensional superconductors

In the discussion of the �rst two sections, it has been demonstrated that

superconductivity in one dimension can be di�erent from that in higher

dimensions because of phase slips. Now, it is natural for one to try to

envision a phase diagram for a 1D superconductor. The construction of

a phase diagram for a 3D superconductor is straightforward. As shown

in Fig.1.4.a, by tuning any of the three parameters (temperature, cur-

rent and magnetic �eld), the system can go from the superconducting

state into the normal state at some characteristic values of these param-

eters. In the case of one dimension, one can imagine an increase of the

critical �eld, and a decrease of the critical current because of the con-

�ned geometry. Furthermore, the transition regime will be broadened

because of the exsitence of a resistive state between the superconduct-

ing and normal state due to phase slips. Therefore, the previous phase

diagram needs to modi�ed as shown in Fig.1.4.b.

However, this phase diagram is still far from complete. The reason

is that it only considers the situation of an isolated and in�nitely long

wire. When a wire is of �nite length and is subject to certain boundary

conditions, nonequilibrium e�ects can dramatically modify the phase

diagram. Generally speaking, these modi�cations can be sorted into
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Figure 1.4: Conventional phase diagram for a) a bulk superconductor
b) a one-dimensional superconductor
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two catagories:

1) Superconducting boundaries. In this case, the superconductivity

of the wire is expected to be enhanced. Enhancement can be exhibited

as an increase in the critical values of the tuning parameters. For exam-

ple, variable-thickness microbridges have been experimentally demon-

strated to have critical currents higher than their equilibrium value, as

shown in Fig.1.5 [4]. In this case, the superconducting boundaries with

a non-zero energy gap a�ect the relaxation of the quasiparticles in the

wire and therefore support its superconductivity by e�ectively reducing

the electron temperature.

2) Normal boundaries. In this case, the superconductivity in the

wire would be expected to be suppressed due to the proximity e�ect.

Experiments on Al nanowires with electrodes coated with Copper �lms

are a good example of this, as shown in Fig. 1.6.[5] Instead of the

resistance falling to zero, the wires exhibit a residual resistance below

their transition temperatures. This residual resistance is almost the

same indicating that there is a common physical mechanism, di�usion

of quasiparticles from the normal electrodes. Moreover, the suppressed

superconductivity shows up as a shift of the wire transition temperature

to a lower value. The shorter the wire, the larger the shift of the

transition temperature.

All of the above results are as expected from conventional theory.

However, there are experiments which are exceptions to these two

catagories. They have produced counterintuitive results that cannot

be explained by conventional theoretical models. The discussion here

will focus on a recent experiment on superconducting Zn nanowires.

These wires were fabricated by electrodeposition into pores of mem-

branes made of polycarbonate or anodized aluminum. Bulk supercon-
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Figure 1.5: I-V characteristics of variable-thickness bridges, at di�erent
temperatures. The inset de�nes the equilibrium critical current I0 and
the enhanced critical current Ic1. [4]
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Figure 1.6: a) Image of an Al wire connected with Al electrodes which
are coated with Cu. 2) Measured temperature dependence of the resis-
tance for samples of di�erent lengths.[5]
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ductors such as Sn, In or Pb were mechanically squeezed onto the two

ends of the membranes, making electrical contact with the embeded

Zn nanowires. These bulk superconducting electrodes, even though ex-

hibiting higher transition temperatures than the nanowires, had lower

critical magnetic �elds. This is because the Zn wires are e�ectively con-

�ned in their dimensions. Therefore, boundary e�ect problems in which

the electrodes are either normal or superconducting can be studied by

simply tuning the magnetic �eld. However, despite the conventional

setup, the experimental results turned out to be quite unconventional.

As shown in Fig.1.7 , when the bulk electrode was superconducting,

the wires didn't exhibit any superconductivity. Instead, they retained

almost their full normal resistances all the way down to the lowest

experimental temperatures. On the other hand, when the eletrodes

were driven into their normal state by a magnetic �eld, the wires re-

covered their superconductivity with a rapid drop of resistance below

their transition temperatures. This e�ect could also been observed as

a negative magnetoresistance with a sudden drop of the resistance at

the critical �eld of the electrodes. This phenomenon appears to violate

conventional theories of the proximity e�ect and therefore was named

an �anti-proximity� e�ect.

As the result of these experiments, it is clear that the phase dia-

grams of �nite-length wires can be complicated. A systematic study

of such systems is therefore necessary in order to reveal the physics of

nonequilibrium transport in one dimensional superconductors.
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Figure 1.7: Anti-proximity e�ect experiment: a) temperature depen-
dence of the resistance at di�erent magnetic �elds for wires of di�erent
lengths. b) Top: Schematic of the sample con�guration. Bottom: Mag-
netoresistances at di�erent temperatures. Note: Tc for Zn is ∼ 0.8K.[6]

20



1.4 Structure of this dissertation

In this dissertation, we will focus on resolving the complications of con-

structing phase diagrams of quasi-one dimensional superconductors. Si-

miliar to the �anti-proximty� e�ect, the boundary conditions of the wire

will be adjusted by a applied magnetic �eld. However, by using a dif-

ferent fabrication method, a totally transparent boundary between the

electrodes and the wire can be obtained. This maximizes the e�ciency

of carrier injection and therefore may provide a better system for the

study of the nonequilibrium transport in one dimensional superconduc-

tors subjected to speci�c boundary conditions. The structure of the

dissertation is as follows: Chapter 1 is an introduction chapter, which

provides a brief review of past research on 1D superconducting systems

relevant to this work. It contains discussions of phase slip processes,

and the formation of the phase slip centers as well as a brief discussion

of some nonequilibrium phenomena in 1D superconductors. Chapter

2 will be devoted to the experiemental details of the research, mainly

fabrication processes. Chapter 3 will contain the experimental results

on the magnetic �eld enhanced superconductivity e�ect, which is the

major �nding of the work. The dependence of this e�ect on various pa-

rameters such as �eld orientation, wire length, etc. will be illustrated

and disucssed. Chapter 4 will be concerned with the theoretical ideas

that might explain this e�ect. The relevance of all the theoretical sce-

narios will be discussed. At the same time, other examples of magnetic

�eld enhanced superconductivity will be reviewed and compared with

the present work. Chapter 5 will be focused on the high-�eld regime in

which the electrodes are driven into their normal state. In this regime

it will be demonstrateed that the superconductivity of the nanowires
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undergoes an unconventional breakdown at currents well below their

critical depairing current.
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Chapter 2

Fabrication

Nanowire samples in planar con�grations were prepared by a combi-

nation of multi-layer lithography and thermal evaporation onto SiO2

substrates. Usually, three layers were involved.

The �rst layer was patterned with photolithography, after which a

2 nm thick Ti adhesion layer and a 20 nm thick Au layer were de-

posited using an electron-beam evaporator. This layer contained 16

macroscopic-sized contacts (500×500 µm2) for electrical connections.

These contacts were eventually extended into 5 µm-wide strips, all

within a 500×500 µm2 square.

The second layer was �rst patterned with electron-beam lithography.

This was followed by the deposition of a 2 nm thick Ti adhesion layer

and a 23 nm thick Au layer again using an electron-beam evaporator.

This layer serve as the connection between layers 1 and 3. The sixteen 5

µm-wide electrodes were extended further into 1 µm wide strips, within

a 100×100 µm2 square. This was essential since it allowed the next e-

beam writing step to be completed within one writing �eld, allowing

for high precision (< 100 nm) alighnment.

The third layer was �rst patterned with electron-beam lithography.
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This was followed by a deposition of a ∼ 100nm thick Zn layer using a

thermal evaporator. In this layer, 10 µm long, 1µm wide electrodes were

writtten at the same time as the 50 nm wide nanowires. Layer 3 was

the key layer in the entire structure. Unlike the �rst two layers, it could

could not simply follow standard lithogaphic practices involving depo-

sition and lifto�. There were several problem with layer 3 requiring

special attentions. The �rst one was the Zn deposition. Zinc is a metal

which has high vapor pressure at relatively low temperatures ( 10−2

Torr at 400 0C). This enabled the deposition to be carried out using a

simple thermal evaporator. However, the higher surface energy of Zn,

as compared with SiO2 subtrates, favors spontaneous aggregation of the

deposited Zn atoms on the substrate. As a consequence, a room tem-

perature deposition always resulted in the formation of clusters leading

to extremely granular �lms. In order to achieve continous �lms so as to

assure the formation of nanowires, the motion of the Zn adtoms had to

be quenched. This was realized in two steps: the �rst one was to hold

the substrates at reduced temperaures during the depostion, by attach-

ing the copper sample holder to a liquid nitrogen �ow-through cryostat.

The second was to secure isolation of the high-temperature crucible

from the substrate, This was achieved by surrounding the crucible with

a liquid nitrogen cooled shroud. With these two steps, connected Zn

�lms could be grown at a thicknesses down to 10 nm. However, because

of the fragile nature of these quenched deposited �lms and the multi-

layer nature of the process, a thick �lm ∼ 100nm was usually deposited.

This was needed to ensure a reliable connection between the Zn �lm

and the Au pads prepared in layer 2.

The second problem involved the lifto� of the Zn �lm. The lifto�

process for the quenched deposited Zn �lm needed �special care� as
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compared with lifto� processes used to form the �rst two layers. This

was because of the fragile nature of the quenched deposited �lm and the

weak adhesion between this �lm and the substrate. It was necessary to

use a bilayer resist in order to generate a deep undercut structure and to

have the bottom layer thicker than the deposited �lm. We used a bilayer

of PMMA C2 950K and A4 495K. The total thickness of the resist was

about 400 nm. With such a thick resist, the deposited Zn �lm on top

of the resist could be completely lifted o� after an overnight soaking in

acetone. In addition, it was necessary to avoid strong vibrations so as

to prevent the breakup of the Zn �lm. Sonication and dry air blowing

could not be used.

The third problem was the electron beam exposure. Because of the

use of a thick resist, the exposure parameters had to be adjusted in

order to obtain ultrahigh resolution wire patterning. This required the

use of a high acceleration voltage for the electron beam, in our case,

30 kV, the maximum acceleration voltage that could be applied in the

Raith 150 system. This minimized the proximity e�ect of the electron

beam during the exposure. With 30 kV as the acceleration voltage and

20 µm as the aperture size, 50 nm resolution could be achieved with

this 400 nm thick bilayer resist. Using the same exposure parameter,

20 nm, the resolution limit for PMMA resist, can be achieved after

thinning the resist to ∼ 200nm with PMMA C1 950K/ A2 495K.

With all the above procedures carried out with great care, samples

containing a single Zn wire connnected with four Zn eletrodes were ob-

tained. One of these is shown in Fig.2.1.a. As mentioned above, the

wide electrodes were designed with a width of 1µm, which results in a

low critical �eld ∼ 50 Oe, and a length ∼ 10µm which allows for the com-

plete relaxation of the quasiparticles introduced at the Au electrodes.
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Figure 2.1: a) Scanning Electron Microscope image of a fabricated sam-
ple. b) A magni�ed image of a wire, from which one can determine
granularity.
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Finally, the nanowires were granular, which can be seen upon a close

examination of Fig. 2.1.b

Compared with the electrodeposition procedure used in the anti-

proxmity e�ect studies, the fabrication method used in the present

work employing lithography has the advantage of permitting true four-

terminal measurements, which yield the true resistance of the wires.

More importantly, it allows for the fabrication of the electrodes and

the wires to be carried out in a single step. This results in a trans-

parent boundary between the eletrodes and wires, and consequently

maximizes the e�ciency of carrier injection. Finally, this method re-

sults in samples of planar con�gration. By rotating the substrates, one

can orient the magnetic �eld perpendicular, parallel or along the axis

of the wire. However, the drawback of this method is that it is not

possible to produce samples with wires and electrodes out of di�erent

metals. E�orts were made to produce samples containing Zn wires and

Sn electrodes, as shown in Fig.2.2. No matter which layer was pro-

duced �rst, devices made in this way failed to conduct due to oxides

built up during the processing of the �rst layer. Attempts were also

made to coat the Zn electrodes with a layer of Sn by an angled depo-

sition as shown in Fig.2.3. Unfortuately, these devices did not exhibit

any sign of superconductivity in the Sn electrodes. The results were

not di�erent from the results of all-Zn samples. This also may be also

caused by the formation of an oxide layer on the Zn �lm before the

deposition of the Sn �lm.

Finally, care was required in the handling of samples after fabrica-

tion. Zinc is easily oxidized in the presence of oxygen, in air for exam-

ple. Unlike Al whose oxide layer is self-limiting. Zn can be oxidized

even after being coated with an oxide layer. Therefore, the exposure to
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Figure 2.2: Scanning Electron Microscope image of a Zn wire connected
to Sn electrodes(wide ones).
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Figure 2.3: Scanning Electron Microscope image of an all-Zn sample
with Sn-�lm-coated electrodes. The white scale bar corresponds to
1µm.
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air of Zn nanowire samples after fabrication needed to be minimized.

This prevented one from carrying out Scanning Electron Microscopy to

determine the quanlity of the sample, before proceeding to electrical

transport measurements. Instead, a quick inspection was done using

an optical microscope with a magni�cation higher than 200. This also

avoided the heating of the sample by the electron beam during SEM

imaging. After being examined using an optical microscope, samples

were quickly transferred to a low temperature, high vacuum system

for electrical measurements. A Quantum Designed Physical Properties

Measurement System (PPMS) equipped with a 3He insert was used.

The base temperature of this system in the circulation mode was 450

mK, a temperature which could be achieved in a time shorter than 2

hours. This in turn helped to minimize the oxidation of the Zn wires.

The electrical transport measurements of Zn wires were carried out

using a standard four terminal technique, with two outer electrodes

supplying current I and two inner electrodes measuring the voltage V .

Then the linear resistances of the Zn wires was calculated as R = V
I
. For

each data point shown in the later chapters, 25 measurements were av-

eraged and each measurement was the average of values obtained with

a forward and a backward current. This was done to eliminate noise

and thermal emf e�ects. It is important to note that the samples had

to be handled with great caution all the time, since any sort of shock,

electrical or mechanical, would cause the wire to break up.
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Chapter 3

Magnetic Field Enhanced

Superconductivity: Experimental

Results

As mentioned earlier, the main goal of this study was to map out the

phase diagram of superconducting Zn nanowires with both supercon-

ducting and normal boudary conditions. This was carried out through

detailed measurements of wire resistances at various currents, magnetic

�elds and temperatures. Then. phase diagrams were generated as false

color plots of resistance as a function of those parameters. A typical

phase diagram is shown in Fig 3.1. This the phase diagram of a 1.5 µm

long wire at 460 mK, as a function of current and magnetic �eld. In

contrast of the behavior of an isolated wire, whose superconductivity

breaks down at a certain critical �eld, this superconducting Zn wire,

with wide Zn electrodes, exhibited a two-step transition as a function

of �eld. The wire resistance jumped by a fraction of the wire normal

resistance at the �rst critical �eld while above the second one, the wire

was completely in the normal state. As we will discuss in the detail
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Figure 3.1: A typical false-color phase diagram of resistance at 460 mK
as a function of current and magnetic �eld in the parallel direction.
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in Chapter 5, the �rst critical �eld corresponds to the critical �eld of

the wide electrodes and the jump in the wire resistance comes from the

fact that the proximity e�ect suppresses the superconductivity in the

segments of the wire near the two normal electrodes used to measure

voltage. Using this resistance jump as a boundary, we separate the di-

agram in two regimes, 1) An enhanced regime, in which the electrodes

are still superconducting. Enhanced superconductivity can observed in

the form of increased critical currents or critical temperatures, upon ap-

plication of relatively small magnetic �elds. 2) A suppressed regime, in

which the eletrodes are normal. The suppression of superconductivity

can be observed as a greatly reduced critical current, which may reveal

a unusual breakdown of the superconductivity in the wire connected

with normal electrodes. In this chapter, we will focus on presenting the

experimental results in the enhancement regime. We will discuss the

dependence of the enhancement e�ect on various parameters like the

orietation of the magnetic �eld, the length of the wire, the temperature,

etc.. These results reveal that this is an nonequilibium phenonmenon

governed by the boundary conditions of the �nite-length wire.

3.1 Overview

In the systems studied in this work, magnetic �eld enhanced supercon-

ductivity was exhibited as enhanced critical temperatures and enhanced

critical currents. In order to see the systematic evolution of this e�ect,

we start with measurements in zero magnetic �eld. Figure3.2.a shows

the temperature dependence of the resistance at zero �eld of a 1.5µm

long sample. In the low current limit, the transition is quite conven-

tional. Namely, the resistance drops to zero at ∼ 0.85K with a transi-
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Figure 3.2: a) Temperature dependence of the resistance of a 1.5µm
wire, at zero magnetic �eld at various currents. b) Phase diagram of
this sample in zero magnetic �eld.
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tion width ∼ 20mK. When the applied current increases, the transition

starts to deviate from this behavior. It moves towards lower tempera-

tures, and it becomes broader with increasing current. At a current of

4.5µA, the transition width expands to ∼ 300mK, an order of magnitude

greater than the transition width in the low current limit. The phase

diagram of this system at zero �eld can then be represented as a false

color map, as shown in Fig. 3.2.b. The phases that can be identi�ed

in this diagram are: the superconducting state (blue), the normal state

(green), and the transition region (the colors other than these two).

Then, the expansion of the transition region at low temperatures or

high currents, can be immediately observed.

One important feature accompanying the expansion of the transition

region is the emergence of a shoulder-like structure, which is associated

with a slow drop in the wire resistance over a wide range of temper-

atures upon the application of a high current. It turns out that this

shoulder is the dividing line between two regimes with opposite re-

sponses to an applied magnetic �eld. This is shown for a measurement

current of 4.4 µA in Fig. 3.3.a. The segment of R(T ) above the shoul-

der, in which the wire resistance starts to drop from its full normal

value, moves towards lower temperatures when applying a magnetic

�eld. In another words, the critical temperature for the onset of the

transition, de�ned as Tc2, decreases with increasing magnetic �eld. This

is the conventional suppression of superconductivity by a magnetic �eld.

However, the behavior that is striking is the fact that the segment of

the transition below the shoulder moves towards higher temperatures

upon the application of magnetic �eld. In another words, the criti-

cal temperature for the onset of the zero resistance, if de�ned as Tc1,

increases with increasing �eld. This suggest an unconventional phe-
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Figure 3.3: a) Temperature dependence of the resistance at a current
of 4.4 µA, with magnetic �eld varying from 0 Oe to 28 Oe, at 4 Oe
intervals. b) Magnetoresistance of the wire, at temperatures ranging
from 460 mK to 760 mK, at 20 mK intervals. c) Phase diagram of this
wire, at a current of 4.4 µA.
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nomena: the enhancement of superconductivity of the Zn nanowire by

a magnetic �eld. The opposite movement of the two regimes sharpens

the transition width, reducing it to tens of mK. Eventually this stops

at a higher magnetic �eld, and both the top and the bottom parts of

transition move to lower temperatures with increasing magnetic �eld.

A more direct illustration of this enhancement can realized by plot-

ting the magnetic �eld dependence of the resistance at di�erent cur-

rents. As shown in Fig.3.3.b, at low enough temperatures, a small

magnetic �eld induces the wire to reenter the superconducting state,

from a nonzero resistance generated by the high current. This neg-

ative magnetoresistance of the wire is a direct evidence of magnetic

�eld enhanced superconductivity. When the temperature is increased,

the magnetoresistance crosses over from negative to positive at T 0.6K.

Another view of the phase diagram of the wire at I = 4.4µA is shown

in Fig.3.3.c. The two e�ects of magnetic �eld on a 1.5 µm Zn wire now

can now be identi�ed: 1) a �eld suppresses the wire superconductivity

over the the whole �eld range, following the boundary of the normal

state and the transition regime. 2) It enhances the wire superconduc-

tivity over a range of small �elds, also following the boundary of the

superconducting state and transition regime. Later we will demonstrate

that this can also be understood as a magnetic �eld induced recovery

of the superconductivity, which has been suppressed by a high applied

current.

A similar phase diagram has also been obtain for the wire at T = 460

mK, as a function of current and magnetic �eld, as shown in Fig.3.4.a.

In this case, the enhancement of superconductivity is exhibited as an in-

crease of the critical current for the onset of the zero resistance, de�ned

as IC1, over a range of small magnetic �elds. On the the other hand,
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Figure 3.4: a) Current dependence of the resistance, at 460 mK, with
magnetic �eld varying from 0 Oe to 28 Oe, at 4Oe intervals. b) Mag-
netoresistance of this wire, at currents from 4.0 µA to 6.2 µA, at 0.2 µA
intervals. c) Phase diagram for this wire, at 460 mK.
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Ic2, de�ned as the critical current for the achievement of the normal

resistance, is always suppressed by a magnetic �eld. (Fig.3.4.b) The

magnetoresistance in the transition region also undergoes a crossover

from negative to positive, with increasing current. ( Fig.3.4.c).

3.2 Dependence on the orientation of the applied

magnetic �eld

The three phase diagrams shown in the previous section, display the

complexities of the properties of superconducting nanowires. Whether

or not these observations are are intrinsic properties of wires, inde-

pendent of the environment or are properties of the wire with certain

boundary conditions is a natural question. Fortunately, the planar con-

�guration of the samples provides a way to address these issues. It

allows us to change the orientaion of the magnetic �eld, perpendicular

or parallel to the plane or along the wire axis according to the labled

direction in Fig.3.5. The height to width ratios are close to unity for

the wire but are only around 0.1 for the electrodes. As a consequence,

when the �eld changes direction from perpendicular to parallel, it is

is always e�ectively perpendicular to wire as shown in Fig.3.5.a The

critical �eld of wire is unchanged. For the electrodes, the change of the

�eld orientation is signi�cant. As the �eld goes from out-of-plane to

in-plane, the critical �eld is altered as shown in Fig.3.5.a. The �eld for

the �rst jump in the wire magnetoresistance, a proxmity-e�ect induced

resistance mentioned earlier, increases by a factor of 5 when swich-

ing from perpendicular to parallel directions. The phase diagrams for

both �eld directions are are shown Fig.3.5.b and 3.5.c, for a wire at a
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Figure 3.5: a) Magnetoresistance of a 1.5 µm long wire in di�erent �eld
orientaions, at a temperature 460mK and with a current of 0.4 µA. b)
Phase diagram for this sample at 460 mK, in a perpendicualr �eld as
indicated in the inset. c) Phase diagram for this sample at 460 mK, in
a parallel �eld as indicated in the inset.
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temperature of 460 mK.

One can immediately recognize the expansion of the regime of mag-

netic �eld enhanced superconductivity, when the magnetic �eld is in

the parallel direction. In another words, a higher magnetic �eld in the

parallel direction is needed to induce the reentrance of the superconduc-

tivity, compared with that in the perpendicular direction. This change

clearly demonstrates that the observed enhancement of superconduc-

tivity is strongly in�uenced by the electrodes. It would appear to be a

nonequilibrium e�ect for a superconducting wire with superconducting

boundary conditions. However, what is unchanged is the amplitude of

the enhancement, which can be taken as the increase of Ic1. This should

be expected since the response of the wire to magnetic �eld is the same

in both directions, and the �eld here is much smaller than the critical

�eld of the wire itself.

On the other hand, a comparison between the measurements in par-

allel and longtitudinal directions, could demonstrate the role played

by the wire in the enhancement e�ect. During this change of orienta-

tion, the critical �eld for the electrodes is unchanged since it is always

in-plane. The evidence for this is the unchanged value of the �eld of

the �rst magneresistance jump in Fig.3.6 . For the wire, the critical

�eld changes from HC ∼ Φo
ξ�w , to HC ∼ Φo

t�w when the �eld is along the

wire axis.[17] Here Φois the magnetic �ux quantum, ξ is the supercon-

ducting coherence length and w, t are the width and thickness of the

wire. In Fig.3.6, the change corresponds to an increase by a factor of

2 for the �eld at which the wire recovers its normal resistance. This

change of the critical �eld also modi�es the enhancement regime. As

shown in Fig.3.6, in the longtitudinal direction, the �eld needed for the

reentrance is reduced, which means that the size of enhanced regime
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Figure 3.6: a) Phase diagram for a sample at 460mK, in a parallel �eld
as indicated in the inset. b) Phase diagram for this sample at 460mK,
in a longtitudinal �eld as indicated in the inset.
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shrinks relative to that in the parallel direction.

To understand this, one has to realize that the resistive state below

the shoulder is not a state in which the order parameter of the wire

has already vanished. It is a regime in which a non-zero resistance of

the wire that has been developed by a current. What a magnetic �eld

does is to not enhance the order parameter, but to suppress the �nite

resistance induced by the current. In fact, the order parameter of the

wire is always suppressed by magnetic �eld, based the observation of

a decreased critical current Ic2 with increasing �eld. Then, because

of the increased critical �eld in the longtitudinal direction, the order

parameter in this case will be suppressed more slowly by an applied

�eld, as compared with the parallel case. It is therefore easier for the

wire to recover its zero resistance state at a lower magnetic �eld.

3.3 Dependence on wire length

In the discussion of the previous section, the state of the electrodes

has been shown to strongly modify the phase diagram of a supercon-

ducting wire, especially in that they are playing an important role in

magnetic �eld enhanced superconductivity. However, the question re-

mains whether this phenomenon is a general property of superconduct-

ing wires with superconducting boundaries. This issue was addressed

through the measurement of wires of di�erent lengths (4 µm, 2 µm and

1 µm). In order to minimize the variation associated with fabrication,

these wires were fabricated in the same process and on the same sub-

strate. The phase diagrams at 460 mK as a function of current and

magnetic �eld are shown for each wire in Fig.3.7. By comparing the

three diagrams, common features can be found as their structures are
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Figure 3.7: Phase diagrams at T = 460mK, for wires of diferent lengths:
a) 1µm, b) 2µm, and c) 4µm
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similiar. However, di�erences between them are also appreciable.

Focusing on the enhancement regime, the most remarkable feature is

that longer wires exhibits a stronger e�ect, a larger increase of the lower

critical current Ic2. This observation is seemingly counterintuitive since

the enhancement e�ect has been shown to be a boundary e�ect. Naively

thinking, the greater the distance to the boundary, the less in�uence

they would be expect to exert. One might therefore expect a longer

wire to exhibit a weaker enhancement and eventually the e�ect should

become negeligible for an in�nitely long wire. Futher measurements

of a even longer wire, 10µm, helped to resolve this issue ( This wire

was prepared in a separate process and was thinner than the other

three.). In its phase diagram at 460 mK, as shown in Fig.3.8.a , the

enhancement e�ect does seem to disappear. But, as 10 µm is still

a �nite length, the segment of the wire near the boundary electrodes

should still be in�uenced by them and therefore it is reasonable that

there should be some remnant of the enhancement e�ect for this wire.

This can be seen by replotting the phase diagram. Instead of having

the colors scale to the full range of the resistance, a new false color plot

was generated with the color scale starting from 80% of the normal

resistance, as shown in Fig.3.8.b. Immediately, the enhancement can

be recognized as the familiar V shape structure in the phase diagram.

However, this structure can no longer be understood as a change of the

lower critical current Ic1. Instead, it is a negative magnetoresistance

that is only a small fraction of the zero �eld resistance. This observation

is consistent with the fact that the magnetic �eld can only enhance

superconductivity for the segments near the boundary electrodes, which

are responsible for the observed drop in resistance. At the same time,

the segment in the center of the wire will remain resistive, and this
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Figure 3.8: Phase diagram of a 10µm long wire at 460mK. The color
scales as R

Rn
: a) from 0.1to 1, and b) from 0.8 to 1
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segment is responsible for the residual resistance.

Summarizing the various observations, one can realize that the en-

hancement e�ect becomes weaker in the short wire limit, and also be-

come weaker in the long wire limit. The existence of these two limits

strongly suggests there are two characteristic length scales that deter-

mine this e�ect. The natural choices for an superconducting system

out of equilibrium are the superconducting coherence length and the

quasiparticle relaxation length.

When the wire length is short, approaching the phase coherence

length, the Cooper pairs can propagate coherently along the whole

length of the wire. As a consequence, when the wire is short enough,

the wire, together with its superconducting boundaries, acts as a phase

coherent superconductor and magnetic �eld will suppress its supercon-

ductivity in the usual manner. When the wire length is long, approach-

ing and exceeding the quasiparticle relaxation length, the boundary

e�ect will become weaker and eventually will no longer extend tover

the whole length of the wire. In this limit, for the segments near the

boundary, magnetic �eld enhancement of superconductivity will occur

because of the e�ect of the boundaries. For the segment at the center,

superconductivity will just be suppressed by the magnetic �eld. The

ratio between the relaxation length and the wire length will determine

the magnitude of the negative magnetoresistance in the wire, as dis-

cussed above. Finally, when the wire length lies in between the two

limits ξ < L < LR, the enhancement e�ect will be appreciable and the

reentrance phenonmenon will be observed.
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3.4 Dependence on wire width

In addition to the dependence on wire length, the question of the gen-

erality of the enhancement e�ect has also been investigated through

measurements of wires of di�erent widths. To this end, instead of 80

nm wide wires discussed so far, a 500 nm wide strip was fabricated.

It was also connected with 1 µm wide electrodes. This strip was still

narrower than the electrodes, resulting in a geometry similiar to that

of the wires used in the enhancement studies. However, the strip is

already wider than the coherence length, which was estimated to be

∼ 200nm. As a consequence, the strip is no longer a quasi-one dimen-

sional superconductor.

As shown in Fig.3.9, there is no indication of any enhancement of

superconductivity in this strip. Its false color phase diagram at T =460

mK is exactly what is expected for a conventional superconductor. Pro-

ducing nanowires narrower than 60 ∼ 80nm with the lithography and

depostion methods used is problematic because of the required thick

resist and thick Zn �lm. Another limitation is associated with the grains

formed in the deposition of Zn, which would make it di�cult to ensure

uniformity if the wires were narrower.

The oxidation of Zn provides a way to narrow the wire, without

much change in its morphology. This was actually done accidentally

by exposing a 2 µm long sample to air for an extended period of time.

A second measurement revealed that the wire resistance had increased

and the critical current had decreased. By attributing these changes to

a reduction of the wire width, we estimated that the wire was narrowed

by ∼ 10%. The phase diagrams at 460 mK before and after exposure

are shown in Fig.3.10. A small increase in the amplitude of the enhance-
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Figure 3.9: Phase diagram of a 500nm wide, 1.5µm long wire.

ment is observed for the wire after exposure. However, this change is

too small to conclude that a narrower wire has stronger enhancement

e�ect. Unfortunately, a second attempt at oxidation failed as the wire

lost its conductivity. Further experiments along these lines are needed

to draw a �rm conclusion.
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Figure 3.10: Phase diagram of a 2µm long wire at 460 mK. a) Immedi-
ately following fabication and b) after being oxidized in air for several
days
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3.5 Temperature and current dependence of the

enhancement e�ect

So far, we have considered the e�ect to be an enhancement of supercon-

ductivity in terms of an increased critical temperature T c1 and critical

current Ic1, upon the application of small magnetic �elds. However, as

we will show in this section, this interpretation may not be appropri-

ate. This will be revealed by considering 2D false color phase diagrams

as function of current and magnetic �eld at di�erent temperatures, as

shown in Fig.3.11 for the 4 µm wire. At the lowest temperature T =

460 mK, a strong enhancement of superconductivity is observed as an

increase of the critical current Ic1 by more than 50%. When the tem-

perature is raised to 630 mK, the enhancement still occurs, however, it

is weaker with only a 30% increase in Ic1. At the same time, the �eld

needed to restore the zero resistance state becomes smaller. At a even

higher temperature of 700 mK (TC= 750 mK), the e�ect is not present.

This temperature dependence is not hard to understand in the content

of the boundary e�ect being responsible for the enhancement of super-

conductivity as discussed above. The temperature dependence of the

e�ect can be directly connected with the temperature dependence of

the quasiparticle relaxation length, which exhibits a power law increase

with decreasing temperature.

However, in contrast with the 4 µm wire , the 2 µm wire does not

show a signi�cant change in the magnitude of the enhancement when

the temperature is decreased from 600 mK to 460 mK, as shown in

Fig.3.12. For an even shorter wire L = 1.5 µm, this temperature inde-

pendent behavior becomes even more evident. As seen from Fig.3.13,

which compares data taken at 50 mK with that at 500 mK, one can
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Figure 3.11: Phase diagrams of a 4µm long wire at di�erent tempera-
tures: a) 700 mK, b)630 mK, and c) 460 mK
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Figure 3.12: Phase diagrams of a 2µm wire at di�erent tempertures: a)
460 mK, and b) 600 mK
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Figure 3.13: Phase diagrams of a 1.5um wire, at di�erent temperatures:
a) 50 mK, b) 500mK. (Note the di�erent critical currents at these two
di�erent temperatures.)
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note that a change in the temperature by an order of magnitude does

not change the enhancement. This observation is inconsistent with the

idea discussed above.

The incompatibility of the enhancement scenario with the data can

be further revealed by considering phase diagrams of the wire as a

function of temperature and magnetic �eld, at di�erent currents. In

Fig. 3.14, we show data obtained for a 1.5 µm long wire. If we con-

sidered the e�ect to be an enhancement of the superconductivity, one

could conclude from these three phase diagrams that the magnitude of

the enhancement increases with increasing current. This is inconsistent

with the previous conclusion that a stronger order parameter results in

a stronger enhancement, since higher currents actually correspond to

weaker order parameters. Along the same line, it is useful to examine

the results of similiar measurements on wires of di�erent lengths. As

mentioned in Section 3.1.5, the two longer wires of lengths 2 and 4

µm were fabricated in a single process, which allow them to have the

same depairing current ∼ 4.4µA. Their order parameters should have

the same amplitudes at a current well below the depairing current. As

shown in Fig.3.15, when applying the same current I = 2.5 µA, the 4

µm wire exhibits an increase of the lower critical temperature T c1 by

∼ 40%, a much stronger e�ect compared with the increase of 4% for the

2 µm wire.

As we will discuss in detail in Chapter 4, it is not correct to treat

the response to weak magnetic �elds purely as a magnetic �eld induced

enhancement, while ignoring the e�ect on the superconductivity of a

wire from its boundary electrodes, at zero magnetic �eld. Rather, it is

more approriate to treat the e�ect as a magnetic �eld induced recovery

of superconductivity, which has been destroyed by the applied current.
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Figure 3.14: Phase digrams of a 1.5µm long wire of di�erent currents:
a) I = 4.4µA, b) I = 4.7µA, and c) I = 5.0µA
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Figure 3.15: Phase diagrams at a current of 2.5µA of wires of di�erent
lengths: a) L = 2µm, and b) L = 4µm
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This idea was brie�y mentioned in section 3.1.3.
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Chapter 4

Magnetic Field Enhanced

Superconductivity: Discussion of

Possible Physical Mechanisms

The physics of the suppression of superconductivity by magnetic �eld

has been discussed in textbooks. The two mechanisms involves orbital

and spin e�ects.[17] However, under certain circumstances, an applied

magnetic �eld can produce an enhancement of superconductivity. This

is found in certain complex compound superconductors, whose enhance-

ment is realized either through the compensation of an applied mag-

netic �eld by the exchange �eld of rare-earth magnetic moments (the

Jaccarino-Peter e�ect), or through the suppression of spin �uctuations

by an applied �eld.[34, 35, 36] An enhancement has also been observed

in several quasi-one dimensional superconducting systems. It appears

as a negative magnetoresistance in quenched deposited Pb wires, as

an increase of the critical current in sputtered Nb or MoGe wires,

and as the anti-proximity e�ect described earlier in eletrodeposited Zn

wires.[8, 9, 6]
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In the last chapter, we described experimental results on the mag-

netic �eld enhanced superconductivity of Zn nanowires prepared using

lithographic methods. The results have revealed that this is an nonequi-

librium phenomenon depending upon the state of the boundary elec-

trodes. Further investigation suggested that it is more appropriate to

consider the e�ect as magnetic �eld induced recovery of superconduc-

tivity that was suppressed by current. This chaper will be focused on

discussing possible scenarios for this enhancement e�ect. It will begin

with a discussion of some extrinsic e�ects, which can be excluded. The

present work will also be compared with the other reported work on

magnetic �eld enhanced superconductivity. Finally, the relevance of

several theoretical scenarios to the experimental results will be exam-

ined. Unfortuately, at this time no theoretical picture explains the full

set of our observations.

4.1 Exclusion of extrinsic e�ects

Before discussing possible physical mechanisms for the observed e�ect,

several extrinsic e�ects which might generate similiar behavior must be

ruled out. The �rst and most serious is the possibility of magnetic �eld

enhanced thermal conductivity of the sample. The scenario is the fol-

lowing: Joule heating produced by current could heat the electrons and

elevate their temperatures. It could also broaden the transition. For the

wires studied, which were fabricated on insulating substrates, the major

cooling would come from the electrodes, whose thermal conductivity is

dominated by electron transport at low temperature. The application

of a small magnetic �eld, even though it is too weak to a�ect the wire,

would signi�cantly suppress the superconductivity in the relative wide
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electrodes, whose critical �eld is low as ∼ 50Oe. This suppression would

increase the population of quasiparticles in the electrodes and therefore

enhance their thermal conductivity.[37] This enhancement could in turn

provide additional cooling and reduce the electron temperature. As a

consequence, even though the set point of the control system would

be unchanged, the actual electron temperature would be reduced upon

the application of a magnetic �eld. This reduced electron temperature

could be the reason for an �apprarent� enhancement of the supercon-

ductivity of the wire.

This scenario is inconsistent with many of our observations. One

important piece of evidence are the di�erences in the behavior in par-

allel and longtitudinal �elds. The above scenario would predict that the

reentrance to occur at the same �eld, since magnetic �eld is in-plane

with regard to its electrodes for both orientations . However, it was

found that the �eld needed for reentrance is smaller in longtitudinal

direction. Additional evidence is found in the opposite movement of

the lower and upper parts of the resistive transition in response to a

magnetc �eld. In general, the e�ect of enhanced thermal conductiv-

ity should be to move the entire transition in one direction to higher

temperature. However, the part above the shoulder moves to lower

temperatures, while the part below moves to higher temperatures. As

a consequence of these two observations, the scenario of an enhanced

thermal conductivity appear not to apply. This does not exclude the

possibility of Joule heating. Although Joule heat is not the essential

physical cause of the observed e�ect, butit may produce minor modi�-

cations.

A second possible extrinsic e�ect is associated with the negative

magnetoresistance of the Cernox thermometer used in the PPMS 3He
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Figure 4.1: Magnetoresistance of the Cernox thermometer at di�erent
temperatures[7].

system. As the thermometer is an insulator, a negative magnetoresis-

tance would mislead the temperature control system. It would interpret

this magnetoresistance drop of the thermometer as an increase in the

temperature. In order to reach the set point, the control system would

signal a cool down until this resistance drop was compensated. Once

again, the additional cooling would be the cause of an �apprarent� en-

hancement. This can be ruled out by a simple estimate, using the data

of the sample shown in Section 3.1.2. In order to have the wire at 0.6 K

reenter the superconducting state, the temperature would have to be at
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least below 0.46 K. The change in the thermometer resistance between

these two temperatures would be over 100%. However, from the data

for a Cernox thermometer shown in Fig.4.1, the magnetoresistance is

less than 10% in a �eld of 2 Tesla over the temperature range of the

measurement.[7]The magnetoresistance associated with the �eld used

in the experiments would be far smaller. Also, the thermometer is well

calibrated and its magnetoresistance has been included the the PPMS

software.

Finally, the enhanceement due to the compensation of the current

induced self-�eld of the wire by the applied �eld can also be ruled out.

The former is only 0.1 Oe, two orders of magnitudes smaller than the

�eld needed for an e�ect.

4.2 Comparisons with other examples of

magnetic �eld enhanced superconductivity

Magnetic �eld �enhanced� superconductivity has been observed in sev-

eral other experiments on quasi-one dimensional superconductors fab-

ricated in various ways. In this section, we will compare these ealier

studies with the present work.

The �rst studies reporting a magnetic �eld enhancement of super-

conductivity were carried out on Pb nanowires.[8] These were deposited

onto substrates through nanosized Nb/Al physical masks and trans-

ferred for electrical measurements in situ. In this way, investigations

on the same wire as a function of thickness could be carried out through

cycles of in situ deposition and measurement. The results are shown

in Fig.4.2. Negative magnetoresistance was observed in the tail of the
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Figure 4.2: Negative magnetoresistance of Pb nanowires. a) Tempera-
ture dependence of wire resistances, at di�erent thicknesses. b) Mag-
netoresistance of the wire with three �eld sweeps at point α of (a). c)
Magnetoresistances of the wires at di�erent thicknesses[8].
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resistive transition at each thicknesses. A drop in the resistance upon

the application of a magnetic �eld is the signature of enhancement of

superconductivity. The magnetoresistance found in the present work is

much larger and its magnitude is such that the zero resistance state is

re-entered. In addition, enhancement e�ects in the Zn wires were ob-

served only in the high current regime while a low current (I = 10nA)

was used in the Pb wire experiments. There was an attempt to dupli-

cate the Pb wire experiment with Zn wires at a current of 0.4µA, which

should have been low enough to keep the system in the linear response

regime. However, as shown Fig.4.3, there was no indication of enhanced

superconductivity.

A second study was carried out with Nb and MoGe nanowires, which

were sputtered on top of carbon nanotube templates.[9] Enhanced su-

perconductivity was exhibited as an increase of the critical currents of

the wires upon the application of both perpendicular and parallel mag-

netic �elds, as shown in Fig.4.4. However, with attention paid to the

�eld scale, one can easily tell the di�erence between these result and

the present ones. Magnetic �elds as large as several Tesla were required

in the work of MoGe or Nb wires, while only milliTesla were needed

to increase the ciritical current by the same amount in Zn wires. In

addition, the independence of the enhancement e�ect on the magnetic

�eld orentation was not found in the present work.

A third example is the reported anti-proximity e�ect of Zn nanowires,

mentioned in chapter 1.[6] These investigations have many features in

common with the present work, especially the fact that the enhance-

ment of superconductivity in both cases appears to be a nonequilibrium

e�ect associated with the state of the boundary electrodes. However,

there are notable diferences. In the anti-proximity e�ect studies, the
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Figure 4.3: Magnetoresistance measurements of a 1.5µm wire, in the
low current limit.

return to superconductivity occurs exactly at the �eld for the transi-

tions from the superconducting to the normal states of the electrodes.

But in the present studies, the boundary electrodes remain supercon-

ducting across the entire regime of enhancement. In the anti-proxmity

e�ect study, when the magnetic �eld reached the critical �eld of the

bulk superconducting electrodes, the wires went from the normal state

back into the superconducting state with a sharp drop in their resis-

tance. In the present work, there is a smooth evolution from a resistive

state back to the zero resistance state, and the �elds needed to in-
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Figure 4.4: Magnetic �eld enhanced critical currents of MoGe and Nb
wires. a) for di�erent MoGe wires, b) for di�erent Nb wires, and c) for
a MoGe wire with di�erent �eld orientations[9].

67



duce this transition are a function of current and temperature. Finally,

in the anti-proximity e�ect work, superconductivity was enhanced by a

magnetic �eld over all of the temperatures below the transition temper-

ature. In present work, there was a crossover from negative to positive

magnetoresistance, either with increasing currents or with increasing

temperature.

4.3 Discussions of possible physical mechanisms

As demonstrated in the discussions of the temperature and current de-

pendence of the e�ect in Section 3.1.5, treating it as an enhancement of

superconductivity results in many inconsistensies. A better explanation

of the e�ect would be to treat it as the recovery of superconductivity

destroyed by an applied current. To better understand this scenario,

it is necessary to answer two questions: 1) At zero �eld, how does the

applied current suppress the superconductivity of the wire? 2) How

does the magnetic �eld release the suppressions of superconductivity

and result in the recovery?

4.3.1 The current induced resistive state

The in�uence of currents on quasi-one dimensional superconductors

has been discussed in Chapter 1. In contrast to the situation in higher

dimensions, the breakdown of one dimensional superconductivity in

response to an applied current is not an abrupt transition into the

normal state. Instead, there exists a maximum current for the zero

resistance state to be stable and a maximum current before the full

normal resistance is achieved. Between these two, the superconductor

maintains a nonzero order parameter while zero resistance is destroyed
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by the voltage generated in phase slip processes. In this chapter, we

will present several scenarios for the suppression of superconductivity

by current, based on applying the concepts of PSC to the experimental

results. Unfortunately, these scenarios are only phenomenogical. As

mentioned earlier, there is yet no quantitative theory explaining these

results.

The resistances of a wire within the transition regime are believed to

originate from phase �uctuations at phase slip centers. The maximum

and minimum currents in the Kramer-Barato� model,[32] correspond to

the upper critical current Ic1 and lower critical currents Ic2 in the broad

transition region, as described in section 3.1.2. However, what needs to

be added is the in�uence of the boundary electrodes, since what have

been studied are �nite-length wires connected to two superconducting

banks at the ends. In traditional models of PSCs, their formation in

granular wires is believed to occur at morphologically weak points, as

shown in Fig.4.5.a. This results from the fact that those weak points

are subject to the highest phase gradients and are thus most susceptible

to phase �uctuations.

In the case of a �nite-length wire, when applying a current high

enough to appreciably suppress the order parameter, the weakest point

will be at the midpoint of the wire. The amplitude of the order pa-

rameter will be smallest there, since it is the point farthest from the

superconducting banks. The spatial variation of the order parameter

in this case is di�erent from that of an isolated wire. For isolated

wires, the variation of the order parameter follows the wire morphol-

ogy. The cross sectional area will determine the �nal current density

and therefore the order parameter at a given location. But, for a wire

connected to superconducting banks, the dominant parameter will be
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Figure 4.5: Current-driven phase slip centers formed at: a) a morpho-
logically weak point of an isolated wire, b) the center, of a �nite-length
wire bounded with superconducting electrodes. (∆ is the supercon-
ducting pairing amplitude.)
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the distance from the superconducting electrodes. This can be seen in

the schmetic shown in Fig.4.5.b. Even through a current can strongly

suppress the order parameter in the wire, it will have an negligible

e�ect on the much wider electrodes. Their order parameters will al-

most be the same as those in thermal equilibrium. The Cooper pairs

in the electrodes are therefore at a higher density and will di�use into

the lower density region which is the wire. This di�usion of Cooper

pairs supports the superconductivity of the wire. The distance from

the superconducting boundary electrodes will determine the degree of

support the electrodes provide to the superconductivity at a particular

point in the wire. The further from the electrodes, the weaker this sup-

port as well the local value of the order parameter. In this situation, the

order parameter variation associated with the wire morphology is much

weaker and can be ignored. As a consequence, the weakest point for a

�nite-length wire with superconducting boundary electrodes would be

the midpoint, which in turn will be the place of a phase slip center.

These ideas can explain a number of features of the experimental re-

sults. The �rst is the shoulder-like structure in the I-V characteristic,

which divides the transition regime into two parts. Within the frame-

work of the scenario discussed above, this structure corresponds to the

crossover from the lower part of the transition regime where the wire is

superconducting and the voltage originates from the phase �uctuations

at phase slip centers, to the upper part of the transition regime where

the wire has been driven normal and the reduction relative the normal

resistance comes from the proximity e�ect with the superconducting

electrodes. Accordingly, the lower critical current Ic1 is the current at

which the order parameter of the midpoint has become weak enough to

be destroyed by the �uctuations. The upper critical current Ic2 is the
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current at which the nucleation of the superconducting cores, even with

the support of the superconducting boundary, is unstable in respect to

the normal background.[33] In between, the current at the shoulder

corresponses the intrinsic critical current Ic of wire. This explains the

di�erent responses of these three critical currents to weak applied mag-

netic �elds ∼10 Oe: The current Ic1 and Ic2 change rapidly, since they

are strongly dependent on the amplitude of the order parameter at the

boundaries which have a critical �eld of about 50 Oe. On the other

hand, Ic barely changes at all, since the critical �eld of the wire itself is

∼1000 Oe. Of course, this picture does not explain the di�erent direc-

tions of movement Ic1and Ic2 in response to small �eld, as well as the

rapid change of Icwhen the �eld is beyond some value. We will discuss

this in detail in an upcoming section.

The above picture also explains the dependence of the enhancement

e�ect on the wire width. The formation of phase slip centers is spe-

ci�c to quasi-one dimensional systems, which require wire widths w < ξ.

The strip with a 500 nm width falls out of this category and therefore

cannot exhibit such an e�ect. For wires in the quasi-one dimensional

limit, narrower widths will lead to smaller cross sectional areas, which

will result in smaller energy barriers for a phase slip. A stronger ef-

fect is therefore expected since phase slip centers can be formed at a

lower currents. This explains the experimental results for the oxidized

sample.

The third feature of this scenario is its explanation of the length

dependence of the phase diagrams at zero �elds, as shown in Fig.4.6.

A common feature of all three diagrams is a broadening of the transition

regime upon lowering temperature. (One may notice the broading also

exists at high temperatures for the 4µm sample. As this is not a typical
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Figure 4.6: Phase diagrams at zero �eld for wires of di�erent lengths
a) 1µm, b) 2µm, and c) 4µm.
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and reproducible behavior, we will ignore of it here.) However, this

broadening is much more pronounced in the case of longer wire. In

order to discuss this, we examine a slice of the phase diagrams by

showing the I-V charateristics for all three samples at 460 mK. For the

two longer wires, despite that they have value of current Ic2∼ 4.4 µA,

their zero resistances break down at di�erent value of current Ic1. The

shorter the wire, the higher value of Ic1. For the shortest wire( 1 µm),

not only Ic1 but also Ic2 is increased compared with those of two longer

samples. In addition, the value of these two currents is fairly close.

To understand these di�erences, one needs to consider how the the

spatial variation of the order parameter depends on the length of a

wire as we have discussed above. For the shortest wire, whose length is

close the coherence length, the superconductivity of the wire is strongly

supported by the superconducting electrodes. Because of this, little

variation of the order parameter is allowed along the wire. It is di�cult

for phase slips to occur and therefore the transition into the normal

state is rather sharp. In this situation, the behavior of the system is

closer to a S-c-S Josephson junction (c here stands for constriction).

The strong support from the electrodes allow the wire to have a larger

phase gradient ∼1/L instead of 1/ξ, which explains the higher value of

Ic2 .

The situation is di�erent when the wire length becomes greater than

the coherence length. The spatial variation of the order paraemter is

then appreciable and phase slip processes occur at the center of the

wire. This is the situation discussed at the beginning of the section.

The amplitude of the order parameter at the midpoint, which is now

the location for phase slip center, is a function of wire length. The

longer the wire, the smaller the amplitude of order parameter at its
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midpoint and the more unstable it is with respect to the phase �uctua-

tions. As a consequence, observable resistance appears at lower currents

with longer wires. This explains the observation of a broader transition

regime in longer wires. In addition, when a phase slip center is formed

in the midpoint of the wire, it interacts with the superconducting elec-

trodes through the exchange of quasiparticles and Cooper pairs. The

quasiparticle relaxation length ΛQ therefore becomes another charac-

teristic length scale. For the wires whose lengths approach and exceed

this length scale, the in�uence of the electrodes will be weakened. This

is inconsistent with the results for the 10µm long wire.

The above idea in explaining this length dependence is also compat-

ible with a recent theoretical study of the conditions for the occurence

of phase slip centers.[10] The model is based on the time-dependent

Ginzburg-Landau (G-L) equation, describing the dynamics of the phase

and the amplitude of the order parameter of a wire of length L, �rst

written down by Kramer and Watts-Tobin as

u
√

1 + γ2|ψ|2∂|ψ|
∂t

=
∂2|ψ|2

∂x2
+ |ψ|[1− |ψ| − (∇φ)2], (4.1)

∂φ

∂t
= ϕ−

√
1 + γ2|ψ|
u|ψ|2

∂jn
∂x

(4.2)

Here γ = 2τE4(T )/~ and u is the constant introduced in Section 1.2.

The argument is based on the idea that the order parameter at a phase

slip center initially decreases at the onset of a phase slip event and

afterwards it recovers. This requires that the right hand side of Eq.

(4.1) switch from negative to positive before and after a phase slip. It

corresponds to a minimum critical value of ∇φc for phase slip to occur.[?

] This requires that the relaxation of the amplitude of order parameter

be faster than the relaxation of the phase, otherwise ∇φ < ∇φc all the

time. It leads to a condition for the occurrence of a phase slip, τφ . τ|ψ|.
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Figure 4.7: Results of numerical calculations on Jc1 for di�erent wire
lengths and di�erent values of γ[10].

The value of the lower critical current density becomes

jc1 ∼
1

τ|ψ|ΛQ

· j0 =
1

γuΛQ

· j0 (4.3)

Here j0 = cΦ0/8π
2Λ2ξ and the G-L critical current corresponds to 0.385j0.

As discussed above, for wires with length L . ΛQ, the phase slip center

formed at the center of the wire will be in�uenced by the boundary

electrodes, and the spatial variation of the order parameter as well as

the normal current will be modi�ed. This leads to changes in τφ and

eventually jc1. With superconducting boundary conditions,

jc1 ∼
1

tanh(L/2ΛQ)
· j0 (4.4)

The result of solving numerically Eq. (4.1) and (4.2) is shown in the

Fig.4.7. As discussed in the phenomenogical model, jc1 decreases
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with increasing wire length. The superconducting boundary e�ectively

reduces the normal current density near the phase slip center, an e�ect

which is weaker for longer wires. When the length of a wire exceeds

some value, this change stops and jc1 saturates at a value that is same

as that of an in�nitely long wire. This corresponds to the case in which

the phase slip center is out of the range of the boundary with repect to

the exchange of quasiparticles and Cooper pairs.

The above calculation reveals other features of the theory. The pa-

rameter γ = 2τE4(T )/~ ∼ LE
ξ
, compares the phase coherence length for

electrons, which directly relates to the quasiparticle relaxation length,

to the phase coherence length for Cooper pairs. As the former diverges

and the later decreases, this parameter is a monotonically increasing

with decreasing temperature. As jc1/j0 ∼ 1
τ|ψ|ΛQ

∼ 1
γ3/2u1/2 , a higher γ cor-

responds to a larger deviation of jc1 from j0, a result which explains the

widening of the transition regime with decreasing temperature. In ad-

dition, based on Fig. 4.7, it also explains the enhancement of the di�er-

ence in the I-V charateristics for wires of di�erent lengths, when going

to lower temperatures. However, experiments reveal that this widening

eventually stops at temperatures lower than those in the range studied.

As shown Fig.3.13, when the temperature falls below ∼ 450mK, the

widening of the transition regime saturates, and both Ic1 and Ic2 be-

come almost temperature independent. This observation is consistent

with the failure of this model into low temperatures, where the time-

dependent Ginzburg-Landau theory is no longer valid. Clari�cation of

this issue will require further investigation.
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Figure 4.8: Phase diagram of a 1.5µm wire in zero �eld, with the tem-
perature range extended down to 50mK.
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4.3.2 Magnetic �eld induced recovery of the suppressed

critical current

In the previous section, the application of a high current was shown

to lead to the suppression of superconductivity. This is exhibited as

the destruction of the zero resistance state by the formation of the

phase slip centers, at currents lower than the critical current of the wire

in equilibrium. If we now consider that small applied magnetic �elds

e�ectively lead to a recovery of the suppressed critical current back to

its equilibrium value, many of the issues discussed in Section 3.1.6 can

be easily sorted out. Higher currents or longer wires do not mean a

stronger enhancement but a stronger suppression of superconductivity.

The question remains as to how a magnetic �eld can restore the crit-

ical current to its equilibrium value, as the order parameter is always

suppressed by a magnetic �eld. This enhancement of superconductiv-

ity is a counter-intuitive phenomenon and requires explanation. Several

theoretical models have been developed in attempts to explain the in-

crease of the critical current. In an e�ort to understand the data, we

have considered all of them. Some were found to be irrelevant, while

others require some extensions to have relevance to the data. A detailed

discussion will be presented in this section.

4.3.2.1 Polarization of magnetic impurities by a magnetic �eld.

Models of the enhancement of superconductivity have been proposed

involving the polarization of magnetic impurities by a magnetic �eld.[9]

Magnetic impurities are known as pair-breakers, as a consequence of

exhange scattering of the carriers by �uctuating spins. Applied mag-

netic �elds can polarize the localized spins on the impurities, decreasing
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the scattering rate and therefore e�ectively enhancing superconductiv-

ity. In order to achieve this, the applied magnetic �eld has to be high

enough such that the Zeeman energy exceeds the thermal energy. In

addition, this mechanism will not depend on the �eld orientation since

the localized spins have the freedom to be polarized in any direction.

The �eld needed for enhancement in the present work is only tens of Oe.

The corresponding Zeeman energy is thus orders of magnitude smaller

than thermal energies at the measuring temperatures. In addition, as

has been explained in Section 3.1.4, the observed enhancement depends

strongly on the orientation of the applied magnetic �eld relative to the

sample. Therefore, this model cannot explain the results.

4.3.2.2 Negative Josephson coupling

In explaining the oberved negative magtoresistance in Pb wires[8], Xiong

et al. employed a model proposed by Kivelson and Spivak.[38] In this

model, the enhancement depends on the possible existence of negative

Josephson coupling between superconducting grains, which can occur

when the tunneling of the Cooper pairs is not a direct process but

involves intermediate impurity states.[11] As demonstrated in Fig.4.9,

the tunneling of a Cooper pair in this case occurs through sequential

electron tunneling events. In the case of an impuritiy state occupied

by a spin-up electron, as shown in Fig.4.9.b, the process starts with

the tunneling of this electron to the second superconductor. To form

a Cooper pair, a spin-down electron needs to be transferred from the

�rst superconductor to the second superconductor. Finally, the spin-

up electron left in the �rst superconductor tunnels into the impurity,

restoring its original state. Combining all these seqences results in the

e�ective tunneling of a Cooper pair between the two superconductors.
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Figure 4.9: Demonstration of negative Josephson coupling. a) Model
system consisting of a Josephson junction with occupied impurity states
in the insulating layer. b) Schematic picture of Cooper pair tunneling
with intermediate states. c)The same as (b), except with the opposite
spin state for the occupied impurity state[11].
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However, the order in time for two electrons of the pair to tunnel out

of the �rst superconductor is opposite in the time order for them to

tunnel into the second superconductor. In order to keep the cannonical

order for the tunneling process of the Cooper pair itself, a permuta-

tion of the order of the two electrons is needed. This permutation

introduces a negative sign in the Josephson coupling, as electrons are

Fermions. For a granular system with both positive and negative cou-

pling between grains, one can calculate the total critical current as an

ensemble average. If the ensemble contains a large number of coupled

grains such that the sign of the coupling can be taken to be random, the

�rst term of the expansion can be averaged to zero. The second term,

whose coe�cient is negative, is the reason for the increase in the critical

current with a magnetic �eld since it will be averaged to zero when a

magnetic �eld is applied. This is a possible model for the enhancement

of superconductivity.

Application of this model to the present work is questionable since

our wires are of �nite length and therefore have a limited number of

grains. This will limit the validity of treatment of the �rst term when

calculating the ensemble averaged critical current. To this end, one

would think that a larger ensemble of grains, a wide �lm for example,

might better meet this requirement and therefore exhibit this mag-

netic �eld enhancement of superconductivity. However, the observed

enhancement in our experiments was found only in narrow wires and

never showed up in co-evaporated wider strips or �lms. In addition,

the model is based on �uctuations in the sign of the Josephson cou-

pling and is a local property independent of boundary conditions of the

wire. This con�icts with the major conclusion drawn in the previous

discussion that the enhancement observed is associated with boundary
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e�ects.

4.3.2.3 Reduction of the quasiparticle relaxation length by a

magnetic �eld.

One issue missing in the discussion of the last two models, is the iden-

�cation of the critical current that is being recovered, since there are

two currents that de�ne the broadened transition regime. The rele-

vant current is the lower critical current Ic1, the one at which the wire

starts to lose its zero resistance state with the formation of phase slip

centers, as discussed in Section 3.1.8.a. Above this current, up to the

shoulder in R(T ), the voltage measured is likely to originate from the

time variation of the order parameter at a PSC together with a nonzero

normal current �owing over a length ∼ ΛQ near a PSC. The measured

resistance is therefore given by

R = RPS +RQ (4.5)

including the contribution of the phase slip RPS and quasiparticle regime

RQ.

In a recent dicussion by Arutyunov[39], the latter was given by

RQ = ρQ(
2ΛQ

A
)(τ0ΓPS) (4.6)

where ρQ is the e�ective resistivity of this quasi-normal regime and to

a good approximation, ρQ ∼ ρn. The supercurrent response time is

τ 0 = 2kBTc~/42 and its product with the averaged phase slip rate τ0ΓPS

gives the statistical weight of the e�ective resistance. The quasiparticle

relaxation length ΛQ =
√
DτQ and the relaxation time is given as

1

τQ
=

π∆

4kBTc

1

τE
[1 +

2τE
τB

] (4.7)
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Here τB is the pair-breaking time. The application of a magnetic �eld

suppresses the order parameter and increases the pair-breaking rate

1

τB
=

1.76kBTc
~

(
H

H
||
c (0)

)2 (4.8)

Therefore, the quasiparticle relaxation length ΛQ and the associated

quasi-Ohmic resistance RQ will be reduced. On the other hand, an

applied magnetic �eld will also cause an increase of the resistance due

to phase slip RPS, because the energy barrier for phase slip to occur will

be reduced. As a consequence, for a range of magnetic �eld well below

the wire critical �eld, one can expect a negative magnetoresistances.

Another model involving the reduction of the quasiparticle relax-

ation length was proposed by Vodolazov in a discussion of the behavior

of the lower critical current Ic1 in magnetic �eld.[12] As mentioned in

Section 3.1.8.a, this critical current was determined by comparing the

relaxation time for the amplitude of the order parameter with the re-

laxation time of the phase, which results in

jc1 ∼
1

τ|ψ|ΛQ

· j0 =
1

γuΛQ

· j0 (4.9)

A more quantitative expression for ΛQ in magnetic �eld is given as

λQ(H) =
4DkBTτE
π|4|(H)

(
1

1 + γ(0)[H/Hc(0)]2
+

1

γ(T )2
) (4.10)

An applied magnetic �eld, over a range of small values, can be weak

enough not to cause a signi�cant change in |4| but strong enough to

smear out the density of states of quasiparticles. This smearing makes

Andreev re�ections possible for quasiparticles with energies slightly

higher than the energy gap and therefore e�ectively speeds up the re-

laxation process. As a consequence, the relaxation length will initially

decrease with increasing magnetic �eld within this range, and subse-

quently increase at even higher �elds. The magnetic �eld response of
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the relaxation length gives the magnetic �eld dependence of the critical

current Ic1.

The result of a numerical calculation of Ic1(B) using this model is

shown in Fig. 4.10. It also reveals other remarkable features. First,

the increase of Ic1 becomes greater when increasing values of γ. This

explains why the e�ect is hard to observe, since γ is small for most

superconducting materials. However, for weak superconductors like Al

and Zn, the e�ect can be experimentally observable since γ ∼ 104(1 −

T/Tc)
1/2. Second, the increase of Ic1 is also weaker for shorter wires,

because of the stronger in�uence of the superconducting boundaries.

They weaken the in�uence of the relaxation of quasiparticles on Ic1.

On the other hand, the upper critical current Ic2 in this case will only

decrease in magnetic �eld as the order parameter is reduced.

Both of these models provide mechanisms for a negative magnetore-

sistance in small magnetic �elds. The results of the second model are

plausible since they agree with many aspects of the experimental ob-

servations, such as their length dependence. However, the problem for

their quantitative application to the data is that they only consider iso-

lated wires. The discussion of the relaxation length only considers its

variation with �eld due to changes of the order parameter of the wire. In

contrast, the dependence of the data on �eld orientation demonstrates

that the superconducting boundary electrodes play a major role in this

e�ect. An additional open question is the validity of using the time-

dependent Ginzburg-Landau equation in the low temperature regime.

It would be useful to extend these models to low temperature regime,

with the inculsion of boundary conditions.
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Figure 4.10: Prediction of a magnetic �eld enhanced critical current:
a) for di�erent values of γ. b) for di�erent wire lengths[12].
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4.3.2.4 Dampening of phase �uctuations by dissipation

Superconducting nanowires are similiar in many aspects of their physics

to Josephson junctions. They both exhibit periodic energy-phase rela-

tions. They both retain their superconconductivity even with non-zero

resistance as a result of the �uctuation-driven �motion� of the phase

point. Even though the nature of these �uctuations is unclear in the

nanowires studied in the present work, there is a possiblity that it

comes from quantum �uctuations, especially because the resistive state

of the wire persists when the temperature approaches zero. If quan-

tum �uctuation is responsible for the resistance, then �eld enhanced

superconductivity could be explained through the interplay between

quantum �uctuations and dissipation.

The study of these phenomenon in macroscopic systems was initi-

ated by Caldeira and Leggett.[40] Their work revealed that the quantum

tunneling probability is modi�ed by a factor exp[−Aη(4q)2/~], when the

system is coupled to a dissipative environment. Here, the dissipation

is represented by the parameter η, a phenomenological friction coe�-

cient. A resistively-shunted Josephson junction (RSJ), is an ideal model

system for this problem. Its total current can be written as [17]

I = Ic0 sinφ+ V/R + C
dV

dt
(4.11)

using the Josephson relation, dφ/dt = 2eV/~, this equation becomes

d2φ

dτ 2
+Q−1dφ

dτ
+ (sinφ− I/Ic0) = 0 (4.12)

Here τ = ωpt, ωp = (2eIc0/~C)1/2 and Q = RCωp. This equation is the same

as the equation of motion for a particle of mass (~/2e)2C moving along

the φ axis, in an �tilted washboard� potential given by

U(φ) = − ~
2e
Ic0 cosφ− ~I

2e
φ (4.13)
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This �particle� is subjected to a frictional drag ~
4e2R

dφ
dt
, which corresponds

to η = ~
4e2R

. As Caldeira and Leggett have shown, this drag will e�ec-

tively slow down the motion of the system along the washboard. For

a resistively shunted Josephson junction, this means that the dissipa-

tion due to the shunt resistor can reduce quantum phase �uctuations.

This problem was investigated theoretically by Chakravarty, Schmid

and Bulgadaev.[41, 42, 43] Their discussions have led to the idea of

the so-called Schmid transition, a dissipative phase transition in a re-

sistively shunted Josephson junction. By tuning the dissipation, the

junction undergoes a transition between a normal state in which the

phase point is di�using and a superconducting state in which the phase

point is localized. The corresponding critical shunt resistance RQ = h
4e2
.

This prediction was later realized in a situation of single Josephson junc-

tions, which exhibit a �superconductor-insulator transition� by tuning

the tunneling resistances and capacitances.[44]

A superconducting nanowire can be viewed as a linear array of

Josephson-coupled superconducting grains. This model is appropriate

not only for the granular case, but for the case of a continous wire when

the possibilty of phase slip is considered. Within the framework of a

two-�uid model, the model system of a one dimensional chain of coupled

resistively-shunted Josephson junctions is shown in Fig.4.11. The the-

ory of Refael et al. starts from a pair of junctions and is generalized to a

chain of junctions. It predicts a complicated phase diagram depending

on the dissipation
RQ
R
, the superconducting sti�ness K = 2π

√
EJ
EC

and a

conversion resistance r that represents the coupling between the two

�uid channels.[13] Three phases become possible for this system: 1)

A fully superconducting state (FSC), in which the quantum �uctua-

tions are su�ently suppressed by strong dissipation that supercurrent
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Figure 4.11: Model discussed by Refael et al. [13]: a) Coupled super-
conducting grains. b) Modeling (a) as a chain of grains coupled with
resistively shunted Josephson junctions. c) Two-�uid model schematic
for the model in (b).
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�ows along the chain. 2) A normal metallic state (NOR), in which

superconducting correlations decay exponetially due to strong phase

�uctuations. 3) A meta superconducting state (SC*), in which the

phase �uctuations suppress the superconducting correlations but still

allow non-zero supercurrent to �ow. An important prediction is that

the transition into the FSC state, no matter whether from the NOR

or the SC* state, is controlled by the dissipation. Strong dissipation

is necessary for the system to dampen the �uctuations and stablize

superconductivity.

The problem of dissipation and quantum phase �uctuations has also

been discussed by Zaikin et al ..[45] In this work, the e�ective action for

quantum phase slips (QPS), taking into account of the dissipation both

within and external to the core of a QPS center, results in a prediction

of the metal-superconductor phase transition. This transition is also

tuned by dissipative electromagnetic interactions between QPSs. What

is most important is the e�ect that an applied magnetic �eld can have

on the QPS-induced wire resistance, which is given by

R(T ) ∝ ỹ(T τ̃0)2γ−2 (4.14)

Here γ ∼ σQP , where σQP is the quasiparticle conductance. ỹ, de�ned

as the e�ective fugacity of the interacting QSPs, is propotional to the

rate of QSPs.[25] When a magnetic �eld is applied, it suppresses the

order parameter and thus lowers the energy barrier for phase to tunnel.

Therefore, the rate of QSPs is increased and this leads to an increase

of the wire resistance. On the other hand, it will also increase the

number of quasiparticles by smearing the energy gap. At a su�ciently

low temperature, this increase can be exponentially large. Therefore,

the dissipative term γ is enhanced by magnetic �eld. This leads to
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a decrease in the wire reisistance. Combining these two e�ects, the

applied magnetic �eld now can induce a negative magnetoresistance at

small �elds. However, there is a crossover to positive magnetoresistance

at higher �elds when the order parameter is severly suppressed. This

agrees with our observation of reentrant behavior of the wire resistance

in magnetic �eld.

All the above discussions are focused on in�nitly long wires. How-

ever, for a wire of �nite length, boundary e�ects needs to be taken

into account. The investigation of this problem was �rst carried out by

Buchler et al. and later by Fu et al..[46, 47] Their approach to the treat-

ment of the boundary was to incorporate the electrode resistance into

the shunt resistance, and then study the interplay of quantum phase

�uctuations with the total disippation. Their calculations showed that

the wire can either be superconducting or non-superconducting, when

the electrodes resistances are either below or above RQ. Another ap-

proach to handling boundary e�ects in the �nite-length wires was given

by Refael et al..[48] They proposed that phase-slip dipoles proliferate

in the wire and decouple the normal �uid channel form the super�uid

channel. As a consequence, the electrodes at the ends of the wire

control the behavior of the wire. The boundary then plays a role in

determining whether the wire is superconducting or not.

Applying these ideas to the present experiments, a phenomenolog-

ical scenario can be constructed. Increasing the current results in the

manifestation of the phase slips, which broaden the resistive transition.

When a magnetic �eld is applied, the suppression of the order param-

eter of the electrodes results in the generation of a large number of

quasiparticles, especially at low temperatures. These quasiparticles, as

well those �ushed into the wire by the current, greatly increase the dis-
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sipation in the wire. Consequently, the phase �uctuations are e�ectively

dampened by the dissipation and the wire recovers its superconducting

state. At a su�cient high current or temperature, the suppression of

the order parameter is the dominant e�ect and the superconductivity

is eventually suppressed. This corresponds to the crossover to positive

magnetoresistance.

However, this scenario has an important problem. The wire resis-

tances in the present experiment are all well below the quantum resis-

tance RQ ≈ 6.4KΩ. This means the system is far from the quantum criti-

cal point associated with the above described dissipative quantum phase

transitions. This makes the assumption that �uctuations are quantum

�uctuations questionable. The way for the scenario to become mean-

ingful reqires an extension of the models from the zero current to the

high current limit. One can imagine that applying current suppresses

the order parameter, allowing quantum phase �uctuation to occur in

the system. In addition, to obtain a truly quantitative explanation, the

models require extension from zero to nonzero temperatures.

4.3.2.5 Other scenarios

Finally, we'd like to mention another scenario very similiar to the one

proposed above. We suggest that a normal core forms in the center of

the wire, with the position of the N/S boundary depending on the cur-

rent and temperature. In this picture Ic1 corresponds to the intrinsic

critical current Ic of the wire. When a current higher than this value

is applied, the wire becomes normal. However the proximity e�ect re-

tains the segments near the boundary electrodes in the superconducting

state. Consequently, the wire e�ectively becomes a S/N/S structure.

When the normal segment is short enough (. ξ), the two superconduct-
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ing ends are Josephson coupled and supercurrent can �ow. However,

this system is very susceptible to phase �uctuations which generate

voltage. With increased current or temperature, the normal segment

is longer and the phase coherence of the Cooper pairs can no long be

maintained across the whole S/N/S structure and this corresponds to

the shoulder structure. At even higher currents or temperatures, the

S/N boundary becomes unstable and the normal regime expands, and,

the wire achieves its normal resistance. All of these statements appear

reasonable. However they may be incorrect because taking Ic1 to be

Ic, cannot explain the di�erences in Ic1 for wires of di�erent lengths.

In addition, it can be demonstrated to be invalid by comparing Ic1 to

the critical current at higher �elds in which the electrodes are in their

normal state. In this case, as we will show in Chapter 5, the breakdown

of the superconductivity of wire will actually occur at a current lower

than its intrisinc critical current Ic, due to the nonequilibrium distri-

bution of quasiparticles. As we can see in the phase diagram of the

4µm wire in �eld shown in Fig.3.7.c, Ic1 at zero �eld is smaller than the

critical current at which the wire to recover its normal resistance at H

= 50 Oe. This observation excludes the possibilty of having a S/N/S

structure formed in the wire whenIc1 = Ic. Instead, Ic1 is always less

than Ic suggesting the generated voltages are likely to originated from

phase slips.

4.3.3 Summary

The discussion of these possible senarios are summarized in Table 4.1,

which lists the compatibility and incompatibility of each senario with

the experimental result.
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Table 4.1: A summary of the relavance of the discussed theoretical
senarios to experimental observations

Senario
What is compatible
with the experiment

What is incompatible
with the experiment

Polarization
of magnetic
impurities

Increase of the critical
current

a) Requirement of high
magnetic �elds

b) Independence of
�eld orientations

Negative
Josephson
coupling

Increase of the critical
current

a) Require a large
ensemble of coupled

grains
b) Independence of
wire boundary

Reduction of
the

quasiparticle
relaxation
length

a) Increase of the
critical current

b) Dependence on wire
length

c) Low �eld e�ect

a) Need inclusion of
wire boundary

b) Needs extension to
low temperature regime

Dampening of
phase

�uctuation by
dissipation

a) Increase of the
critical current

b) Dependence on wire
length

c) Low �eld e�ect
d) Dependence on wire

boundary

a) Needs extension to
non-zero temperature
b) Needs extension to

non-zero current
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Chapter 5

The Breakdown of

Superconductivity in a

Superconducting Nanowire with

Normal Electrodes

In the previous chapters, the discussion has been focused on magnetic

�eld enhanced superconductivity in the low �eld regime. In this regime,

the wires have superconducting boundary electrodes. A further in-

crease of the magnetic �eld beyond a certain critical value will result in

the entry into another regime, highlighted in the phase diagram shown

in Fig.5.1.a. This is a regime in which the wire still retains its su-

perconductivity while in a four-terminal measurement, there remains

a residual resistance down to the lowest temperatures and currents.

This nonzero resistance RIn is attained when the applied magnetic �eld

reachs a value, corresponding to the �rst jump in the magnetic �eld

dependence of the wire resistance as shown Fig.5.1.b. This value was

con�rmed to be the critical �eld of the electrodes, through the study
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Figure 5.1: a) �Suppressed Superconductivity� regime(circled) of a wire
in a parallel �eld. b) The magnetoresistance measurement at a current
of 0.1 µA showing a two-step transition tuned by a magnetic �eld.
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of a coevaporated Zn superconducting strip of the same width as the

electrodes. Therefore, the highlighted regime is one in which the wire

is connected with a normal boundary electrodes. One can see that

thatRIn is the result of the penetration of a static electric �eld into the

segments of the superconducting wire adjacent to the normal boundary

electrodes. In this chapter, the experimental results obtained in this

regime will be presented. Comparing the temperature and current de-

pendence of RIn will reveal an unconventional breakdown of the super-

conductivity of the wire in this regime. Further analysis suggests that

this unconventional breakdown may come from a nonequilibrium distri-

bution of quasiparticles, instead of the usual current-depairing mecha-

nism.

5.1 Temperature and current dependence of the

proximity-e�ect-induced resistance

The problem of the resistance induced in a superconductor with nor-

mal boundary electrodes has been studied both experimentally and

theoretically.[49, 50, 5] This resistance re�ects the proximity e�ect be-

tween the superconductor and the normal electrodes. In this goeme-

try, there is the di�usion of Cooper pairs into the normal electrodes

and quasiparticles into the superconductor. On entering the supercon-

ductor, the quasiparticle current will convert into supercurrent via an

Andreev-re�ection process. The order parameter of the wire is signif-

icantly suppressed over a length ∼ ξ near the electrodes. Therefore,

electric �elds can penetrate into the superconductor and this causes

voltage drops along the segments near the two ends of the wire. This is
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Figure 5.2: Theoretical predictions for the voltage as a function of po-
sition along a superconducting wire with normal boundary electrodes,
at di�erent temperatures (t = 1− T

Tc
). The inset shows the conversion of

the normal current to supercurrent[5].

shown in Fig.5.2 with the theoretical result of Boogaard et al.[5]. As

this calculation suggests, the sizes of the regions into which the eletric

�eld penetrates are a function of temperature. They grow slowly with

increasing temperature and expand rapidly near the transition tem-

perature. This re�ects the divergence of the coherence length of the

wire.

This description is in good agreement with the observed temperature

dependence of the induced resistance RIn, as shown Fig.5.3.a. The data
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can be �t with the function (1 − T
Tc

)−P , yielding P w 0.4. This is in

agreement with the theoretical prediction (P ∼ 0.43),[49] and appears

to con�rm the origin of RIn is due to the proximity-e�ect when there

are normal boundaries. One should note that these measurements were

carried out with a low current (I = 0.2µA), which should put them in

a stationary linear regime. However, as will be discussed below, the

situation can be quite di�erent in the non-stationary case when a large

current �ows through the wire.

Naively, one might expect the current dependence of RIn to be si-

miliar to its temperature dependence. In another words, we should

observe RIn to increase slowly with increasing currents. When the cur-

rent approaches the depairing current of the wire, RIn should undergo a

sharp increase corrresponding to the divergence of the coherence length

of the wire. This is in a qualitative agreement with the experimental

results, shown in Fig.5.4.a. However, what was not expected is that RIn

starts to diverge at a current 2.6µA, well below the critical current in

zero �eld, shown in Fig.5.4.b.

The disagreement between experiment and the theoretical expecta-

tions described above may be caused by the reduction of the critical

current due to the magnetic �eld. However, the �eld used here is only

∼ 10 Oe, two orders of magnitude lower than the intrinsic critical �eld,

which is ∼ 1000 Oe for the wire. Therefore, no signi�cant change of

the critical current is expected. Another possible explanation involves

the �nite length of the wire. Because of its �nite length, the wire will

recover its full normal resistance from the induced resistance RIn, when

the diverging coherence length exceeds the wire length. This may hap-

pen at currents below the critical depairing current of the wire.

This scenario can also be shown to be invalid, by studying the di-
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Figure 5.3: a) Temperature dependence of RIn from magnetoresistance
measurements at I = 0.2µA, at di�erent temperatures from 460 mK
to 800 mK, every 20 mK. b) Fitting RIn(T ) by the power-law function
(1− T

Tc
)−P , and the extracted P ∼ 0.4.
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Figure 5.4: a) Current dependence of RIn from magnetoresistance mea-
surement at T = 460 mK, at di�erent currents from 0.1µA to 2.8µA,
every 0.1µA. b) A comparison of the current dependence of RIn with
the current dependence of the wire resistance R at zero �eld.
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Figure 5.5: a) Current dependence of RIn for the wires of di�erent
lengths. b) Schematic demonstating the universal RIn(I) curve for wires
of di�erent lengths, based on the model of a divergent coherence length.
A wire recovers its normal resistance when ξ becomes greater than its
length.

vergence of RIn as a function of current in wires of di�erent lengths.

The experimental results of the current dependence of RIn are shown

in Fig.5.5.a for three wires with lengths of 4, 2, and 1 µm repectively.

As discussed in Section 3.1.3, these three wires were fabricated on the
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same chip in the same process. Despite their similiar superconducting

properties in zero �eld, the breakdowns of their superconductivity are

quite di�erent when the electrodes are normal. From the data shown,

one can easily tell that the current at which RIn starts increasing rapidly

is lower for shorter wire, despite the similiar ciritical current. What is

more important, this result deviates from the behavior that one would

expect if it were a consequence of the diverging coherence length. In

that case, as shown in Fig.5.5.b, one would see all three wires sharing

the same curve for the current dependence of RIn and each of them

would recover its normal resistance at a current corresponding to the

condition in which diverging ξ reached the wire length. The experimen-

tal results are clearly not in agreement with this behavior. The rapid

increase of RIn as function of applied current occurs at a current well

below the wire critical current and is not explained by the theoretical

model given by Boogaard et al..[5].

To better understand the temperature and current dependence of

RIn, we return to the phase diagram shown in Fig.5.1. The discussion

above was focused on the phase boundary connecting points A to C,

where the wire attains a nonzero resistance because of proximity e�ects

associated with the normal boundary. The point where this resistance

increases rapidly as a function of current corresponds to the intersection

of the boundaries AC and BC. The latter is the boundary at which the

superconductivity of the wire is completely destroyed. The temperature

dependence of RIn suggests that the destruction of superconductivity

on this boundary is caused by the vanishing of the order parameters of

the wire when the temperature approaches the transition temperature.

However, the current dependence of RIn leads us to at a suprising con-

clusion that the superconductivity of the wire with normal boundary
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electrodes can undergo a current-induced breakdown at a value well

below the critical current.

5.2 Breakdown of superconductivity as a result of

nonequilibrium quasiparticle distributions: a

critical voltage?

In this section, we will investigate scenarios for the current-induced

breakdown of superconductiviy of a wire with normal boundaries. Be-

cause of the presence of the normal metal-superconductor boundary

electrodes, one would natural consider this to be the result of some

nonequilibium e�ect. Therefore, an appropriate starting point would

be to study the nonequilibium distribution of quasiparticles in the wire.

In thermal equilibrium, the distribution of quasiparticles in a super-

conducting wire follows a conventional Fermi-Dirac distribution with

additional considerations associated with the energy gap in the exci-

tation spectrum. However, this is changed if a voltage is applied to

the wire and drive it out of equilibrium. For a normal wire, it has

been demonstrated that the distribution function follows the Bolzmann

equation combining di�usion and inelastic collisions of quasiparticles.

In the limit of no collisions during the di�usion time, the distribution

is a two-step function, resembling the sum of two shifted Fermi-Dirac

distribution functions[51, 52, 53]

f(x,E) = (1− x)f0(E − eV

2
) + xf0(E +

eV

2
) (5.1)

Here E is the energy measured from Fermi energy of quasiparticles, x

is the distance along the wire axis and f0 is the conventional Fermi-

Dirac distribution function. A typical plot of such a function is shown
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in Fig.5.6.a. A superconducting wire in this situation is more compli-

cated, as shown in Fig.5.6.b. The distribution function needs to be de-

composed into symmetric and asymmetric parts. The symmetric part

is called the energy mode, corresponding the change of the e�ective

electron temperature, which produces equal numbers of hole-like and

electron-like quasiparticles. The asymmetric mode is called the charge

mode, representing the disequilibrium generated by charged pertuba-

tions, for example, injection of quasiparticles. It is characterized by

a net quasiparticle charge density.[17] First, the di�usion of quasipar-

ticles from the normal electrode will change the distribution function

near the ends, as shown in Fig.5.6.c. It contributes to the charge mode.

Second, the applied voltage will also cause the same two-step distri-

bution fuction as in a normal wire. This contributes to the energy

mode, as shown in Fig.5.6.d.[14] At an N/S boundary, there is actually

a three-step function for the distribution of quasiparticles, due to the

presence of energy gap of superconductors.[54] In this situation, Keizer

et al. demonstrated that the nonequilibrium distribution of quasiparti-

cles can lead to an unconventional breakdown of the superconductivity

in the wire[14], which is characterized by a critical voltage rather than

a critical current.

Their approach was to solve for ∆ using a self-consistent approach

emloying the Usadel equation. This method allowed them to examine

the separate e�ects of the charge and energe mode on the breakdown

of superconductivity. For the charge mode, the focus was on pene-

tration of the static electric �eld into the wire due to the di�usion of

quasiparticles from the normal electrodes. In Fig.5.7.a, the eletrostatic

potential along the wire is shown before and just after superconductor-

normal metal transition tuned by an applied voltage at zero temper-
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Figure 5.6: Quasiparticle distribution function for a) a normal wire, and
b) a superconducting wire connected with normal electrodes. Panels c)
and d) represents the charge and energy modes of (b)[14].

ature. In the superconducting state, the wire exhibits a nonzero po-

tential drop near its two ends. This re�ects the penetration of the

electric �eld and provides a physical mechanism for the observed �nite

resistance. If the breakdown of superconductivity of the wire follows

the current-depairing mechanism, one would expect a increasing cur-

rent would gradually expand the penetration regions. When the cur-

rent approachs the depairing current, a more rapid expansions of the

penetration regions occurs and the two regions eventually touch each

other. However, numerical calculations give di�erent results. The po-
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tential pro�le undergoes little change when the voltage (e�ectively the

current) increases. When a critical voltage is reached, the potential

suddenly switches to a linear variation as a function of position along

the wire, indicating a transition to the normal state. The fact that the

region with a potential drop does not diverge when the wire approaches

the transition from the superconducting to the normal state, is the di-

rect evidence for the breakdown of superconductivity not being caused

by the expansion of the proximity e�ect-induced normal region near the

ends of the wire. In other words, the wire cannot simply be modeled as

a system consisting of two normal regions due to quasiparticle di�usion

and a superconducting region, whose superconductivity is reduced by

a current-depairing mechanism. This exludes the diverging-coherence

length model, which we have employed to explain the temperature de-

pendence of RIn, as an explanation of the current dependence of RIn.

The energy mode of the quasiparticle distribution is what is respon-

sible for the breakdown of superconductivity. To see this, one needs to

consider the model system shown in Fig.5.7.b. Instead of having the

superconducting wire connected to two normal electrodes, the unbiased

superconducting wire is attached to a biased normal wire, which has a

two-step distribution function of quasiparticles. As a consequence, the

charge mode of the distribution function is zero and only the energy

mode is relevant. In addition, when the voltage is increased, it will not

introduce any current-depairing mechanism since no current �ows in

the wire. Instead, only the two-step distribution function is changed as

the step width is equal to eV . In this case, the breakdown of super-

conductivity, exhibited as the collapse of ∆, will take place when the

applied voltage becomes comparable to ∆ itself (∼ 0.654 at T=0).
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Figure 5.7: The calculated results of Keizer et al. [14]. a) The electro-
static potential as a function of position along the wire before and after
the superconducting transition tuned by the applied voltage. b) Top:
model system (see its description in the text). Bottom: ∆ as a function
of voltage and position.
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We then reconsider a superconducting wire connected with normal

electrodes. Applying this amount of voltage to the two ends of the wire

will result in a current much lower than the critical depairing current.

(The depairing current roughly corresponds to a current that gener-

ates potential drop ∼ ∆ over a length of ξ.) This conclusion is in good

agreement with the experimental observations. Further support for this

picture can be obtained by considering the boundary BC of Fig.5.1. In-

sead of characterizing this boundary by current, we characterized it by

voltage. Then, the critical voltage Vc for the breakdown of the super-

conductivity can be extracted from the measured I-V curves at di�erent

magnetic �elds. As shown in Fig.5.8., a straight line is obtained when

plotting Vc as a function of (1− H
Hc

) on a log-log scale This suggests the

power-law relation between the two, with a extracted power ∼ 0.5. This

value is nothing but the power of ∆ as function of (1− H
Hc

) in the mean

�eld theory.[17] This agrees with the critical voltage model discussed

above, since eVc ∼ 4. In addition, as ∆ is the characteristic parame-

ter for the strength of a superconductor, this agreement supports the

idea that a critical voltage instead of critical current should be used to

characterize the breakdown of superconductivity of a wire with normal

boundaries.

At the end, we want to point out that this way of analysis is in-

direct. It cannot render us a direct evidence that the nonequilibrium

distribution of quasiparticles is the origin of the breakdown of super-

conductivity. To see that, one should carry out tunneling experiments.

This will tell directly how the quasipaticle density of states along the

wire varies before and after the breakdown of superconductivity.
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Figure 5.8: Log-log plot of the extracted critical voltage Vc as function
of (1− H

Hc
), with a �t (red line) to a power-law relation. The inset shows

the method of extracting Vc.
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