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Numerical Studies of
Superfluids and Superconductors

Thomas Winiecki

Abstract

In this thesis we demonstrate the power of the Gross-Pitaevskii and the time-
dependent Ginzburg-Landau equations by numerically solving them for various fun-
damental problems related to superfluidity and superconductivity. We start by
studying the motion of a massive object through a quantum fluid modelled by the
Gross-Pitaevskii equation. Below a critical velocity, the object does not exchange
momentum or energy with the fluid. This is a manifestation of its superfluid nature.
We discuss the effect of applying a constant force to the object and show that for
small forces a vortex ring is created to which the object becomes attached. For a
larger force the object detaches from the vortex ring and we observe periodic shed-
ding of rings. All energy transfered to the system is contained within the vortex rings
and the drag force on the object is due to the recoil of the vortex emission. If we
exceed the speed of sound, there is an additional contribution to the drag from sound
emission. To make a link to superconductivity, we then discuss vortex states in a
rotating system. In the ground state, regular arrays of vortices are observed which,
for systems containing many vortices, mimic solid-body rotation. In the second part
of the thesis, we initially review solutions to the Ginzburg-Landau equations in an
applied magnetic field. For superconducting disks we observe vortex arrays similar
to those in rotating superfluids. Finally, we study an electrical current flow along a
superconducting wire subject to an external magnetic field. We observe the motion
of flux lines, and hence dissipation, due to the Lorentz force. We measure the V — T
curve which is analogous to the drag force in a superfluid. With the introduction of
impurities, flux lines become pinned which gives rise to an increased critical current.
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Chapter 1

Introduction

For many years superfluid “He was considered to be the only experimental example
of the occurrence of Bose-Einstein condensation (BEC). In recent years, however, the
phenomenon of BEC has been identified in various systems [1], for instance amongst
excitations in semiconductors; as a pairing of quarks and anti-quarks in elementary
particles; in neutron stars and; most recently, in dilute alkali gases. BEC is also
related to the BCS transition in *He and superconductors. Another compelling
example concerns the cascade of phase transitions in the early universe. According
to the Kibble mechanism [2, 3|, defects such as domain walls, cosmic strings and
monopoles may have been formed spontaneously during the rapid cooling through
the condensation point. The following table, taken from [1], gives an idea of the
diversity of systems in which Bose-Einstein condensation takes place and shows the

large temperature range at which the transition occurs.

Particle System T.(K)

4, "Li, #*Na, 8’Rb  atomic vapours 10~
3He pair superfluid 103
exciton (e”, ht) semiconductor 1072
4He atom superfluid 2.17
Cooper pair superconductor 10
neutron pair neutron stars 108

qq vacuum 1034

A common theme for these systems is the occurence of a long-range quantum phase

coherence. In 1924 Satyendra Nath Bose [4] and Albert Einstein [5] studied a uni-
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form non-interacting gas of bosons at low temperatures and found a phase transition
at a characteristic temperature below which a macroscopic number of particles oc-
cupy the same quantum state. In contrast to fermions (which obey Pauli’s exclusion
principle) bosons tend to cluster in the lowest energy state and form a coherent
macroscopic wavefunction, or order parameter, which is accompanied with the ob-
served long-range correlations. Far below the transition temperature, the fraction
of non-condensate particles is often small and the system can be described solely by

this order parameter.

The aim of this thesis is to study two quite distinct systems that can be described by
a macroscopic order parameter: superfluids and superconductors. For both systems
the dynamics may be modelled using non-linear equations of motion, the Gross-
Pitaevskii (GP) equation for superfluids and the time-dependent Ginzburg-Landau
(TDGL) equation for superconductors. Strictly speaking, these equations are for-
mulated for idealised systems and only give an accurate description under particular
conditions. However, they provide sophisticated fluid-dynamical models and can be

expected to offer considerable qualitative insight into the physics of quantum fluids.

One of the main issues in this thesis is the mechanism of breakdown of superfluid
and superconducting behaviour. In both cases, the onset of dissipation involves
the creation, the growth or the motion of quantised vortices [6]. For example, in
superfluid helium, vortex rings can be produced experimentally by injecting ions
into the fluid [7]. However, the exact mechanism of vortex nucleation is not well-
known because existing semi-classical theories of vortex nucleation cannot treat the
intermediate states where the vortex loops are small [8). The advantage of the GP
model is that fluid healing and the quantisation of circulation are included explicitly,

making it possible to identify a complete path of vortex nucleation.

In superconductors, dissipation is accompanied with the motion of vortices [9]. In
commercially used superconductors, pinning sites prevent the vortices from sliding
up to a critical current density. The depinning transition involves a complex non-
equilibrium dynamics of an elastic lattice through a disordered medium. We will

approach the problem by direct numerical solution of the TDGL equations and com-
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t

pare the result to experiments and theoretical studies based on molecular dynamics

simulations [10, 11].

In the following sections we shall give a very brief review of the history of experi-

mental and theoretical research on superfluids and superconductors.

1.1 Superfluids

Under normal pressure ‘He becomes liquid at 4.211 K and does not freeze even
at zero temperature. Below the A point, T, = 2.186 K, it develops some peculiar
properties. Its viscosity and heat capacity become smaller and go to zero for T' — 0.
On the contrary, the thermal conductivity becomes very large. In this state, often
referred to as He-1I, the fluid creeps up the walls of the container that holds it and
sound waves propagate through it without significant damping. Remarkably, none

of these effects can be seen in liquid *He above a few mK.

In 1939, a few months after the discovery of He-1I, Fritz London drew a connection
between the experiments and Einstein’s earlier work on non-interacting bosons and
explained the observations assuming that a macroscopic number of atoms were in the
same coherent quantum state. For a non-interacting gas with the mass and density
of “He, the BEC transition would occur at 3.3 K, close enough to the A point to
defend his idea. Soon after, Laszlo Tisza suggested that the He-II phase was made
up of two inter-penetrating fluids, a normal component that behaves like an ordinary
fluid and a superfluid component that is characterised by a lack of viscosity. Close
to the transition temperature, the superfluid fraction would be small whereas the
normal fluid component disappeared as 7' — 0. On the basis of this model, Tisza
was able to predict a new collective excitation of the fluid, the second sound, in

which the two components oscillate out of phase [12].

The two-fluid model was further developed by Lev Landau who studied the quasi-
particle excitation spectrum [13]. Besides phonons, whose dispersion relation is
e(p) = cp, he postulated the existence of rotons with a dispersion relation of the

form €(p) = A +p?/2m, where m is the mass of a helium atom. At low temperature,




Chapter 1. Introduction 4

kpT <« A, phonons dominate and rotons have a negligible contribution to the
specific heat. From the excitation spectrum it can immediately be seen that an
excitation in the fluid can only be created by a moving object, when its velocity
is larger than some non-zero critical velocity, U,. This is known as the Landau

criterion for superfluidity.

Although the two-fluid model was successful in explaining most of the hydro-dynami-
cal properties, a microscopic theory for He-II that would, for instance, be able
to explain the excitation spectrum, is difficult to formulate. To this day there
is still no satisfactory complete theory for supefﬂuid helium. This is due to the
strong inter-particle interactions that result in a depletion of the condensate. Even
close to absolute zero, only around 10% of the atoms are in the ground state and
fluctuations dominate. In contrast, the fundamental many-body theory of BEC is
well understood for a dilute, weakly-interacting gas of bosons where interactions
can be treated within the mean-field approximation as a perturbation to the ideal

(non-interacting) gas case.

1.1.1 Dilute Bose gases

The first realisation of Bose-Einstein condensation in magnetically trapped alkali
vapours in 1995 [14, 15, 16] opened a new chapter of experimental and theoretical
research on systems that undergo a Bose-Einstein phase transition. Since then, a
spectacular record of experimental and theoretical research has enhanced the knowl-
edge of these systems. At the time of writing, the BEC transition has been demon-
strated with the alkali gases 8’Rb, 2>Na, 7Li, and recently with 3Rb [17] as well
as with spin-polarised atomic hydrogen [18] and metastable helium [19, 20]. In the
experiments, the atoms are confined in magnetic traps and cooled down to temper-

atures of the order of uK using elaborate techniques [21].

There is a variety of techniques available to probe the condensate. For example,
the atomic cloud can be set into rotation by laser beams and one observes regular

arrays of quantised vortices, an unambiguous signature of the quantum nature of
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the condensate [22, 23]. In another landmark experiment, a laser beam was swept
back and forth through a cylindrical condensate [24]. The measured heating rate

revealed the existence of a critical velocity in agreement with the theory [25].

A condensate of "Li bosons was also utilised to cool down a gas of fermions, 5Li such
that the distinct behaviour of bosons and fermions at ultra-low temperatures became
evident [26]. It is expected that at even lower temperatures pairs of two SLi couple to
form boson-like Cooper pairs that can then condense [27]. The process is known as
the BCS transition and occurs, for example, in superfluid *He and superconductors

(see below).

A long-standing goal has been the construction of an atom laser that will provide a
bright, narrow and continuous beam of coherent atoms. Up to now pulsed [28, 29]
and continuous output couplers that can be operated for several hundred milliseconds

[30] have been demonstrated.

The attractiveness of atomic vapour condensates is that the dynamics can be ac-
curately described by the Gross-Pitaevskii (GP) equation [31], a form of non-linear
Schrodinger equation [32]. Consequently, this system provides a near ideal testing

grbund for advancing our knowledge of superfluid flow.

1.1.2 The Gross-Pitaevskii equation

A major tool for the theoretical study of weakly-interacting Bose condensates is the
Gross-Pitaevskii (GP) equation [32]. Because this equation is used in the following

chapters to model superfluids, we shall sketch its derivation.

In the formalism of second quantisation, a many-body problem is described using
field operators. One defines creation and annihilation operators, ’I,LT and 1/3, on the
many-particle Hilbert space as linear combinations of single-particle wavefunctions.

The operators are chosen in such a way that the commutation relations,

[b(r), 41 ()] =b(r =) and  [b(r),90")] =0, (11)
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are satisfied. The brackets [, | denote the commutator in which the correct quantum
statistics for bosons is incorporated. Neglecting spin, the many-particle Hamiltonian

of the system can be represented as

2
7 = / d3p ! (—j—mv2+V<r>) W(r)
v .;_ / & &' () (WU, TP

where V' (r) is an external potential and the inter-particle interactions are repre-
sented by U(r,r'). The one-particle reduced density matrix can be expressed as a

correlation function,

pr(r,r') = (B r)i(r)) - (13)

It is possible to find a complete orthonormal basis of single particle wavefunctions

xi(r) for which the deriéity matrix is diagonal, -
pir,r’) = 3 nix (r)xi(r') (1.4)
B

where n; and the basis functions xi(r) depend on time in the general case. A system
shows Bose-Einstein condensation if any of the eigenvalues n; is of order of the total
number of particles [33]. In this case, it is convenient to write the field operator
as a sum of the condensate wavefunction and an operator representing the non-
condensed bosons: z/A)(r) = o(r) + P(r), where 9(r) = xi(r). A pure condensate

exhibits perfect spatial phase coherence, a property that is fundamental to BEC.

The GP model neglects the non-condensed atoms and the alkali vapours are solely
described by one macroscopic wavefunction. As a further approximation, the inter-
particle interactions are treated as collisions of hard-body spheres with infinitesi-

mally small radii,

Ulr,r') =gé(r —7"), (1.5)
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where g is a measure of the effective strength of the interaction. Positive values of
¢ indicate a repulsion between the particles whereas g is negative if the effective

interactions are attractive. Substituting into Eq. (1.2) yields
H= [ dr L 9 + VP + D (1.6)
2m 2 ' '

With Heisenberg’s relation for the time evolution for a field operator, 19,3 = [, H],

one obtains a Schrodinger type equation with an additional non-linear term,
ihgw(r t) = —h—2V2 +V(r) +gl(r, )2 ] ¥(r,t) . (1.7)
ot 2m ’ ’

This equation is known as the Gross-Pitaevskii (GP) equation [31] or as the non-

linear Schrédinger equation (NLSE).

The use of Heisenberg’s relation presupposes the conservation of energy and number
of particles of the system. Gajda and Rzazewski [34] formulated a definition of the
Bose-Einstein phase transition for such a Microcanonical ensemble of a finite number
of bosons. On the contrary, the Bose-Einstein phase transition is usually derived
for a grand-canonical ensemble of spin-less particles, i. e. assuming the presence of
a temperature and a particle bath [35]. Because the GP model does not include any
reservoir of heat or particles, it is inappropriate for modelling the phase transition
itself, for example the growth of the condensate out of a ‘thermal cloud’ of non-
condensed particles. The GP equation only describes the dynamics of an already

existing condensate in a closed system [33].

In summary, the GP equation provides an accurate description of the time evo-
lution of the condensate if almost all of the particles are in the condensate (no
fluctuations); the range of the interactions is small compared to the length scale
at which the wavefunction varies; and if the energy and number of particles are
conserved. Fortunately, most experiments on trapped alkali vapours condensates lie
in this regime [32]. Only recently, an experiment on bosons with attractive inter-

actions demonstrated the limitations of the model. The dynamics of the observed
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‘bosenova’, the collapse of the condensate, cannot be explained by the GP equation

[36).

The approximations that lead to the GP equation are not valid for superfluid helium.
In this system strong interactions lead to a depletion of the condensate and a different
dispersion curve to the dilute Bose gas [6, 7]. A modified GP model which includes
the non-local nature of the interactions has been proposed to reproduce the correct
dispersion curve [37, 38]. The GP equation can also be extended to describe a finite

temperature system, or similarly, the depletion of the condensate due to interactions

39, 40].

1.2 Superconductors

If one immerses mercury that is naturally solid at such low temperatures into liquid
helium, its resistance suddenly becomes unmeasurably small. This was first observed
by Kamerlingh Onnes in 1911 in Leiden, in the same laboratory in which helium had
been liquefied for the first time three years before. Since then, superconductivity
has been found in more than a thousand metals, alloys, compounds and even in
semiconductors. It was only a few months ago that the phenomenon was discovered
in MgB, [41]. The high transition temperature of 39 K was a surprise to the super-
conductivity community and has brought new excitement to the area of basic and

applied research on superconducting materials.

Besides the zero resistivity, which is analogous to the flow without viscosity in a
superfluid, superconductors show a second remarkable phenomenon known as the
Meissner-Ochselfeld effect. If a sample above the transition temperature is placed
in a magnetic field, the field lines run through it without any significant deflection
(obnly non-ferromagnetic materials with p = 1 become superconducting). As soon
as it is cooled below the critical temperature, the field lines are completely excluded
from the bulk. The effect becomes understandable if one assumes persistent currents
circulating in a surface layer of the superconductor that prevent external field lines

from penetrating into the material. The creation of the currents requires work to be
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done which is proportional to the square of the external magnetic field. However, the
free energy of the superconducting phase is lower by an amount given by the so-called
energy gap, A, so that the sample remains superconducting unless the external field
exceeds a critical value. This energy gap is zero at the transition temperature and
increases with decreasing temperature. Its existence was first explained by Bardeen,

Cooper and Schrieffer (BCS) in 1956.

1.2.1 BCS theory

The Bardeen-Cooper-Schrieffer theory interprets the energy gap as the work needed
to break aACooper pair. According to the theory, there is an attractive interaction
between pairs of electrons at low temperatures. This interaction can be understood
in the following way. One electron perturbs the lattice of the superconductor by
attracting the neighbouring ions. In this way it creates its own shallow potential
well. The other electron can benefit from this well. However, this simple picture
does not explain why only two electrons are involved and why the coupling works

over distances as large as 10* A [42].

The electrons in a Cooper pair have opposite spins and equal and opposite linear
momenta. Thus, each Cooper pair may be considered as a single particle with zero
spin. Such particles obey Bose-Einstein statistics and any number of Cooper pairs

can occupy the same quantum state.

The Cooper pairs can also tunnel trough a thin insulating layer. If a dc voltage, V, is
applied across such a junction, one observes an alternating current with a frequency
given by 2eV/h [9]. In 1962 Josephson explained this effect by assigning a phase to
the superconductors on both ends of the junction. A voltage shifts the energy levels
so that the Cooper pairs on the two sides get out of tune and an ac current flows

with a frequency given by the beat frequency between the two sides.




Chapter 1. Introduction 10

1.2.2 Ginzburg-Landau theory

The superconducting state may also be described by a macroscopic complex pseudo-
wavefunction. In the Ginzburg-Landau theory [43] the complex order parameter
¥(r) was introduced. Initially, the theory was purely phenomenological. However,
in 1959 Gor’kov [44] showed that it was derivable as a rigorous limiting case of the
BCS theory. The validity was shown to be restricted to temperatures sufficiently

close to the transition temperature, T,, and to spatial variations of 1 that were not

too rapid.

In the Ginzburg-Landau model the local density of superconducting electrons is
represented by |1|?. According to Gor’kov, [1|? is also proportional to the energy
gap. The theory postulates that the free energy of the system coupled with a static

magnetic field can be expanded in a series of the form

h? 2

f@ﬁa v¢aAa v X A) = al’Z/}|2 + %b|¢|4 + %

(v - i%A) b

1 (1.8)
— A — poH|?

where a and b are phenomenological parameters that depend on external parameters
such as temperature, A denotes the vector potential, H an external magnetic field,
and e; and m; are the effective charge and the effective mass of the Cooper pairs.

Below the transition temperature a becomes negative, whereas b > 0 for all T'.

The field configurations ¥ (r) and A(r) in an equilibrium state are determined by

the condition §F/§* = 0 and §F/6A = 0. Explicit expressions of these conditions

are
5 (V—ie—sA>21/)+|a|¢—b|z/;|2¢:0 (1.9)
2m h '
loxwxa H) = heS( *Vip — pVep*) & ZAa (1.10)
o x (V x A— o —2msi¢ = VY —mslwl - :

Equation (1.10) is Maxwell’s equation for the magnetic field and the right hand

side is interpreted as the current of superelectrons, j,. In homogeneous regions the
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order parameter takes the value of |1|? = |a|/b, which falls to zero at the transition
temperature. Equation (1.9) also describes the ground state for a superfluid if one
sets A = 0. Indeed, the Ginzburg-Landau theory is a very general model for the
description of second-order phase transitions. It is used to explain many other
critical phenomena such as ferro magnetism or the phase transitions in van der

Waals gases and it is also a starting point in string theory [45].

Equations (1.9) and (1.10) have been utilised by many groups to study equilibrium
states in a superconductor. However, often one finds several meta-stable states
that satisfy these time-independent GL equations and it is not clear which of these
states will occur in an experiment. An expression for the time evolution of the
order parameter is needed that makes it possible to study the transition between
meta-stable states driven by changes of external parameters such as magnetic field,

voltage or temperature.

The simplest assumption is that the order parameter relaxes towards a local min-
imum of the free energy with a rate proportional to the slope of the free energy

[46],

K2 oy OF

2msD_5t— = _8_'1/)* 5 (111)

where D is a phenomenological diffusion constant that characterises the decay time
of an excitation. The relaxation mechanism is due to an interaction with the lattice
via exchange of quasi-particles. A more rigorous derivation shows that the time

derivative must be replaced in the following way [46]:
0/0t — 0/0t + ie;/h® , (1.12)

where @ is the electric potential. To the left hand side of equation (1.10), a normal

current j,, is added to account for non-condensed electrons which obey Ohm’s law,

jp=0E=0(-V®-0A). (1.13)
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In summary, the full time-dependent Ginzburg-Landau equations are given by

i (&+¢3@>¢ hQ(V‘€$QQ¢+MW—MMW; (1.14)

2mgD h 2m

1 .
M_VX(VXA_NOH) = Js+In, (115)

0

where

= D (g gy Sjppa (1.16)
Is = 2mi M '
j. = o(—V® - 8A). (1.17)

The main difference between equation (1.14) for the order parameter and the NLSE,
Eq. (1.7), for the superfluid wavefunction is the missing ‘i’ in front of the time
derivative in the GL model. This profoundly changes the character of the equation

from a wave to a diffusion equation.

1.2.3 Extensions to the GL equations

The BCS and GL theories were celebrated as a ‘remarkably complete and satisfactory
picture’ [47] of superconducting phenomena until 1986, when Georg Bednorz and
Alexander Miiller found a complete new class of superconductors [48], the high-
temperature superconductors (HTSC). Although the BCS theory appears to be the
correct starting place for understanding these new superconductors, they have many
features that are not clearly understood. The main difference between HTSC and
ordinary superconductors stems from the layered structure of the materials that
causes an anisotropy of the order parameter (d-wave instead of s-wave). To some
degree this can be modelled with the TDGL equations by assuming a sinusoidal

profile of the coherence length [49].

Many experiments with superconductors are sensitive to thermal fluctuations of
the order parameter. According to statistical mechanics the probability of finding
the system with a given 1 is proportional to exp(—F(4)/kpT). Thus the order

parameter 1y that minimises F is not the only possible solution but simply the most
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probable one. The Ginzburg-Landau theory ignores the fact that v varies around
1p. Close to 1., where the order parameter is small, fluctuations are substantial
and the Landau theory loses its validity. However, for most superconductors, the
fluctuations become very small for temperatures just below the critical temperature
whereas the fluctuations in superfluid helium dominate at all temperatures. This is
believed to be due to the small coherence length of He-II [6]. The finite temperature
effects can be simulated by adding small random forces to the TDGL equations

[50, 51].

A problem with the TDGL equations stated above is that the Hall effect is not
modelled correctly [52]. In Chapter 8 we will discuss the motion of flux lines due to
a Lorentz force. According to the TDGL equations, the flux lines drift perpendicular
to the current and no Hall voltage can be measured. In experiments, however, a
small Hall effect is observed which means that the velocity of the flux lines has a
component in direction of the background current. Apparently, the dynamics of
the order parameter is not only due to a relaxation towards a minimum of the free
energy. Flux can also be carried by the background flow, as in a liquid. To take
this into consideration the diffusion constant, D, in the TDGL must be replaced by

a complez number so that arg(D) equals the Hall angle [53].

1.3 Structure of this thesis

In this thesis we shall explore some fundamental problems related to superfluidity
and superconductivity by solving the appropriaté equations of motion for the order
parameter. The applied numerical methods are explained in detail in the Appen-

dices.

In Chapter 2, we review the hydro-dynamical properties of the GP model and gather
some information on well-known fundamental solutions to the NLSE. Chapters 3 to 5
are concerned with the motion of an object through a quantum fluid. We first study
stationary flow solutions around a moving object. In Chapter 4 we utilise the GP

equation coupled to an equation of motion for the object to study the response of the
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fluid to external forces. The results are compared to experiments on ions dragged
through superfluid helium. In Chapter 5, we study the motion of a heavy obstacle
for which the back-action of the fluid can be neglected. In Chapter 6 some results

are presented on rotating Bose gases in a flat-bottom potential.

In the last two Chapters the properties of the GL equations for superconductivity are
examined and the origin of dissipation in a type-II superconductor is investigated.
The Conclusion will summarise the results and it will become evident that the
numerical solution of equations of motion for the macroscopic order parameter can

provide new insight into the physics of condensed quantum systems.

Several parts of this thesis have been published in the following papers:

Pressure drag in linear and nonlinear quantum fluids,

T. Winiecki, J. F. McCann, and C. S. Adams, Phys. Rev. Lett. 82, 5186 (1999)

Vortex structures in dilute quantum fluids,

T. Winiecki and C. S. Adams, Europhys. Lett. 48, 475 (1999)

Vortez shedding and drag in dilute Bose-Einstein condensates,
T. Winiecki, B. Jackson, J. F. McCann, and C. S. Adams, J. Phys. B 33, 4069
(2000)

e Motion of an object through a quantum fluid,

T. Winiecki and C. S. Adams, Europhys. Lett. 52, 257 (2000)

A fast semi-implicit finite difference method for the TDGL equations,
T. Winiecki and C. S. Adams, J. Comput. Phys. (submitted).

Vortex dynamics, pinning, and critical currents in a Ginzburg-Landau type-II

superconductor,

T. Winiecki and C. S. Adams, Phys. Rev. Lett. (submitted).




Chapter 2

The Gross-Pitaevskii model

This chapter summarises some interesting properties of the solutions to the Gross-
Pitaevskii equation. The dilute Bose-Finstein condensate is identical to a classical
Euler fluid except for the quantisation of circulation and the influence of the kinetic
energy term appearing in the GP equation. The latter produces fluid healing and
shear stresses which enable vortez formation without viscosity. We relate the NLSE
to equations known from fluid mechanics. Some fundamental solutions to the GP

equation are discussed at the end of this chapter.

2.1 Quantum fluid mechanics

At low temperatures and low densities atoms interact by elastic s-wave scattering,
and collisions can be parameterised by a single variable, the scattering length, a.
For atoms of mass m, the wavefunction of the condensate, 1(r,t), is given by the

solution of the time-dependent Schrédinger equation:
. - 9
lhat'(/)(r’t) = —é‘ﬂ;v + V(’I",t) +g|¢(r,t)| 1/)(7‘at) ) (21)

where the wavefunction is normalised to the number of atoms, N, the coefficient
of the non-linear term, g, describes the interactions within the fluid, and V (r,t)

represents external potentials.

15
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2.1.1 Fluid equations

In this section we gather some of the key concepts and equations that relate the
NLSE and equations known from fluid mechanics. Classical (isentropic) fluid me-
chanics is based on two coupled differential equations: one describing the transport
of mass, the other the transport of momentum [54]. The relevant quantum variables
can be constructed from the wavefunction, ¥ = n!/2e'S: the mass density p and

momentum current density J are defined according to the Madelung transformation

[55],
p=mn = my*y and Jp = (h/2i)("Op — POkY7) , (2.2)

where the index & denotes the vector component and n the number density of the
particles. The fluid velocity is defined by vy = Ji/p, or equivalently in terms of the
phase, S, of the wavefunction, vy = (h/m)0S. Clearly, the velocity field is a po-

tential flow, however it is also compressible and furthermore can support circulation

(vorticity) as will be seen.

The conservation of mass (probability), i. e. the continuity equation, follows from

the definition of p and equation (2.1)
Op+ OkJr, =0. (2.3)

We use Einstein’s summation convention throughout. The conservation of momen-

tum equation may be found by considering the rate of change of the momentum

current density
Ot Jy + 0jTjx + pOk(V/m) = 0, (2.4)

where the momentum flux density tensor takes the form

h2
" im

Tjk (aﬂf)*ak'lﬁ — ip*ajak'(,/) + C.C.) + géjkl’l,brl . (2.5)
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This can be rewritten as

Tj, = pvjvk — Ojk (2.6)
where the stress tensor o, is given by

ik = —305k9(p/m)? + (R/2m)? pd;0k Inp . (2.7)
2.1.2 Pressure, sound and force

The form of equations (2.3), (2.4), and (2.6) is identical to those for classical fluid
flow [54], the difference emerges from the nature of the stress, equation (2.7). A
classical ideal fluid is characterised by o;; = 0, for all j,k. In a viscous fluid, the
shear stress (ojx,j # k) is produced by velocity gradients between neighbouring
streams such that o5 = n(9;vx + Okv;), where 7 is the coefficient of viscosity. This
creates a frictional force which gives rise to energy loss. In a pure dilute Bose-
Einstein condensate there is no frictional viscosity, but a shear stress arises from
density gradients, the second term in equation (2.7). This property gives rise to the

possibility of vortex formation and drag without viscosity.

The pressure (normal stress, —oj, j = k) within the quantum fluid has a non-linear

and non-local dependence on the density,
1 2 2 o2
p=39(p/m)* — (h/2m)*pV-Inp . (2.8)

The second term, called the quantum pressure, is weak in homogeneous regions of the
ﬂuid, that is far from obstacles or boundaries, vortex lines or shocks. The essential
difference between interacting and noninteracting (ideal) fluids is the existence of
interaction pressure which supports sound propagation. The speed of sound in a
fluid is given by ¢ = /0p/0p [54, 56]. For small amplitude waves of the form

p(x) = po + esinkz, we obtain the Bogoliubov expression for the speed of sound

2
c(k) = @ = \/i—z,po + (%) k2 . _ (2.9)
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The dispersion relation w(k) is linear for small & and approaches the free-particle
dispersion law for short wavelengths. The Landau criterion for superfluidity is based
on a non-zero slope of the excitation spectrum in the limit & — 0 [6]. Therefore,

we expect superfluid behaviour for any ¢ > 0 with a Landau critical velocity of
vL = \/gpo/m.

The force on a sub-volume of the condensate can be calculated by integrating

Eq. (2.4). One finds for the k-th component of the force,
Fo= & / &Bri, = - / &% Ty — / &r pd(V/m) (2.10)
Q a9 Q

where 0Q is the surface of the volume 2, n; is the j-component of the normal vector
to 09, and d?r is a surface element. The first term on the right-hand side arises
from pressures acting on the boundary of the considered volume whereas the second

term is due to forces exerted by external potentials.

2.1.3 Quantisation of circulation

The quantum Euler equation follows from combining the equations describing the

conservation of mass and momentum, (2.3) and (2.4), along with the identity
p™10;[p0;0 In p] = 28, [p™28;0;p%] , (211)
allowing the momentum equation to be written as
Ok + v;0jvk + Ogp/m® — (h2/2m)p‘%8j8jp% +V/m]=0. (2.12)

The conservation of energy (Bernoulli equation) then follows as an integral of Euler’s

equation, or more directly from the real part of equation (2.1):
10,S + 1mv? + gp/m — (h2/2m)p™ 2V +V =0, (2.13)

For steady flow, in which » and p are independent of time, the phase S changes

linearly in time, S = —put, where p is the chemical potential. The Bernoulli equation
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then takes the form
1,2 2 S v —
smv” + gp/m — (h*/2m)p~2V*p2 + V = const. (2.14)

Perhaps the most significant quantum effect on the mechanics of the fluid is the

quantisation of angular momentum. The circulation is given by
I‘:fdr'vz(h/m)%rs, §=0,1,2,... (2.15)

where the closed contour joins fluid particles. The conservation of angular momen-
tum (Kelvin’s theorem) follows from Euler’s equation (2.12) and states that the
circulation around a closed ‘fluid’ contour does not change in time. This means that
within the fluid vortex lines must created in pairs which emerge from a point. The
exception is at boundaries, where the wavefunction is clamped to zero and no closed
fluid loop can be drawn, e.g. at the surface of an impenetrable object [54], or at the

edge of a trapped condensate [57].

2.2 Choice of units

For a homogeneous fluid flow it is convenient to re-scale length and velocity in
terms of the healing length, ¢ = h/,/pog, and the asymptotic speed of sound, ¢ =
V/pog/m?, respectively. In this case, equation (2.1) becomes

i0hb(r,t) = [~5V2 + V(1) + [(r,8)[2] dh(r, 1) , (2.16)

where 9 = /,/ng and ng = pg/m is the asymptotic number density. Unless other-

wise stated we use these units throughout and write 1 instead of P.

For all particle masses and interaction strengths the NLSE can be reduced to a
dimensionless form which implies that, in principle, all weakly-interacting Bose con-
densates exhibit exactly the same physical behaviour at the appropriate scales of
time and space. If ng is taken to be the asymptotic density at infinity, the asymp-

totic mass density is p = mng = (hno&2/c)/€3. In the reduced unit system &° is the
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unit of volume, therefore, mass is measured in units of ingé2/c. It follows that the
units of mass flux per unit area, momentum flux per unit area and force are fing /¢,
hnoc/€, and hngct, respectively. Accordingly, momentum and energy are measured

in multiples of Ang&? and hngct?, respectively.

For a dilute alkali gas, the number density ranges from ng = 10'* cm™3 to 5 x 10'°
cm™3 [33]. The speed of sound and the healing length are of order of ¢ = 6.2 mms~!

and ¢ = 0.3 pm, respectively [24].

To convert between dimensionless units and values for He-I1, one may use the mea-
sured values of the number density, ng = 2.18x10%® m~3, the quantum of circulation,
k=h/m =998 x 1078 m?s~!, and the healing length ¢/v/2 = 0.128 nm [58] lead-
ing to a mass unit, m = mneé3 = 0.13m, where m is the mass of a helium atom
and a speed of sound of ¢ = 88 ms~! which is significantly less than the measured
value of 238 ms~!. The origin of this disagreement probably lies in the GP model’s
simplified description of the inter-particle interactions that cause the propagation of
sound. Another reason could be the large number of atoms that are not condensed

but still contribute to the transport of sound.

2.3 Coordinate systems and Galilean transformation

Consider an object moving through a homogeneous condensate with velocity U.

The GP equation takes the form
i0b(r, 1) = (—%W +V(r - Ut) + Ji(r, t)]2> w(r,2) . (2.17)

The wavefunction ¥ (r) describes the condensate around a moving body in the fluid
rest frame F and is suppressed near » = Ut (see Fig. 2.1(c)) due to the potential
term sketched in figure 2.1(b). In the frame of the obstacle F’ moving with velocity
U with respect to F, ' = » — Ut and t' = ¢, the statement of Galilean invariance

has the form: if 1(r) is solution to Eq. (2.17), then

0 (r 1) = (—%V'Q V() + |¢(r',t')|?) W' 1) (2.18)
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r=r'+vt
a) b) V(x)
—
X
c) () d) ()P

vt
Figure 2.1: (a) Shows the relation of the fluid rest frame F' to the object frame F’,
(b) Typical shape of the potential well used to simulate the effect of an object in a
condensate, (c) and (d) Appearance of wavefunctions in F' and F’
in which

P(r't) = exp(—iU - r' — SUH)p(r' + UL, ¢

. (2.19)
= exp(—iU - 7' — $U)(r, 1) .

The reciprocal relation follows from exchanging primed and unprimed coordinates
and the mapping U — —-U:
P(r,t) = exp(+iU-r - %UQt)z,b’(r - Ut,t)
= exp(+iU-r— %UQt)w’(r’,t’) .

(2.20)

The phase gradient of the wavefunction in the object frame at infinity can be elim-
inated by adding a gradient term to the NLSE so that ¢/(,t') = (' + Ut',¢') is

the solution to the equation
- 1 . - -
i0p ' (v',1') = (—5V’2 + V(') + (', )P +iU - V’) W (1) . (2:21)

Here 1/(r',t') can also be interpreted as the wavefunction in F written down in

variables 7' and ¢

The following chapter is concerned with the time-independent solutions in the mov-

ing frame that are often called solitary wave solutions to the NLSE. They can be
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written as ¢/ (', ') = ¢'(r')e” "', The chemical potential is constant in space and
equal to one if the density of the wavefunction is one at infinity. Omitting the

primes, the equations for solitary wave solutions moving with velocity U reads

b(r) = (—%W FV(r) + ()2 +iU - v) b(r) . (2.22)

2.4 Lagrangian
The Lagrangian density of the NLSE (2.16) in scaled units is given by
' sk ] 1 * * 1 *
L(, Vi, ) = 1) = SV T — V' — = (9'9)° . (2.23)

Note the |1|* dependence of the free energy according to the Ginzburg-Landau
theory, Eq. (1.8). From the Hamiltonian, H = [ d®r[(0L/84)y) — L), we define the

energy and momentum density of the fluid.

2.4.1 Energy

The energy relative to the ground state (i.e. ¥ = 1 and V = 0) having the same

number of particles, is defined by
3, [1 2 o 1y o 2
&= /d r [5 V" + V |[¢|" + 3 (|1/J| - 1) . (2.24)

Any deviation of the local particle density || from 1 constitutes an excitation. The

first term in Eq. (2.24) can be written as

2
1oy (YRR e e o)
IV = St (v - (2.25)
_(Va)?  n,
= =+ L, (2.26)

where v = VS and n = [¢]? are the local velocity and density, respectively. It
contains the classical kinetic energy of the particles as well as an energy due to

density fluctuations.
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2.4.2 Momentum

The momentum is given by
P=— / & "V — pVY*} (2.27)

Eq. (2.24) may be re-written using Eq. (2.22) for time-independent wavefunctions

in a frame moving with velocity U:

5=/d3r{%(1—|¢|4)}+U-P. (2.28)

Here, partial integration has been employed and the surface terms proportional to

V¢ have been assumed to be zero.

2.4.3 Dispersion curve

Consider a class of solitary solutions to the equation ¢ = —%VQ’Q,[) + |12 + Vb +
iU 0,¢, moving along the z-direction for different values of U. One expects that
for an infinitesimal change of the velocity, U — U + §U, the wavefunction adapts
steadily, ¢ — ¢+3d¢, where d¢ and all its derivatives fall to zero at least quadratically
at large distances from the object V. The change in momentum in the z-direction

is then given by

0P, = Pz(¢+6¢’)—Pz(¢) (229)
— i / &r (640, — 60,4") . (2.30)

Using equation (2.22) and after partial integration, we find for the energy of the flow

0&

i

[&r (o8 (~5v% + 18P0+ Vo -9) +
38 (-39 + 180" + v - 9')

— / & (84" (—iU8,¢) + 6¢ (+iU8,¢%))
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= UéP,. (2.31)

This means the slope of the dispersion curve for solitary wave solutions is always

equal to the group velocity U of the solution.

2.5 Simple solutions to the NLSE

Here we present some special solutions to the NLSE in simple geometries. Many of

the properties of these solutions will appear throughout the thesis.

2.5.1 ’I‘rapped BECs

Most of the numerical work employing the GP equation has been concerned with

BECs that are confined in a potential well, V,
10p = —V + Vi) + glo|*e . (2.32)

Here V is an ellipsoid quadratic potential of the form V = e;z? + eyy2 +¢,2°and g
determines the nature of the inter-particle interaction with g = 0 for non-interacting
bosons and g = 1 or —1 (in dimensionless units) for repulsive and attractive interac-
tions, respectively. Fig. 2.2 shows the ground state solutions in a spherical trap for

different interactions. The number of particles, [ d3z|i|?, is the same in all cases.

In the case of an attractive inter-particle potential, ¢ = —1, both the interaction and
the trap potential push the wavefunction towards the centre of the trap. However,
up to a critical number of particles the kinetic energy term due to the curvature of
the wavefunction prevents the condensate from collapsing. Let us approximate 1 by
a Gaussian, aexp (—(%)2) that is normalised to V. The energy of the condensate is

given by

ebN) = an [ riar {|vul + et - Sl (2.33)

3 3, N
_ N<§+Zb_55%§. (2:34)
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20

15¢

Figure 2.2: Ground state solutions in a spherical trap. A positive scattering length
pushes the particles to the edges of the trap whereas for attractive interactions the
distribution is narrower. For g = 0, the ground state is a Gaussian. The number of
particles is normalised to 14 in each case.

We find that there exists a local minimum in the energy for a certain width b
of the wavefunction for values of N < 1/(87)3/V5% ~ 16.9. From the numerical
solution of the wave equation (2.32) we find that the condensate collapses for particle
numbers N > 14.4, a value close to the one predicted above. The existence of a
critical number of atoms in condensates with negative scattering length has been
confirmed in experiments [59]. In general, the criterion for collapse depends on the
dimensionality and asymmetry of the trap [60]. In the absence of a trap (V = 0)
condensates with negative interactions are unstable whereas bosons with positive
interaction strength form a homogeneous condensate. In the following we will focus

on the case g = 1.

2.5.2 Objects and walls

A potential term V in the NLSE suppresses the density of the wavefunction and
can therefore be used to simulate the effect of a foreign object such as a far detuned
laser beam in the condensate. An infinite potential barrier is simulated by applying

the condition ¥ = 0 at the edge of an object. The wavefunction recovers to its mean
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1.2

Figure 2.3: The wavefunction recovers from zero to its mean value within a couple
of healing lengths. The slope at the origin equals 1.

value, 1 in dimensionless units, within a length scale given by the healing length, .
Fig. 2.3 shows a one-dimensional solution to the NLSE with zero boundary condition

for the wavefunction at the origin. The solution is given by ¥(z) = tanh(z).

2.5.3 Vortex tubes and rings

In the Madelung transformation, a gradient in the phase of 9 is interpreted as the
local velocity of the fluid. This picture implies that the circulation of the fluid must
be quantised and fully contained in one-dimensional so-called vortex lines in space.
Assume a wavefunction of the form 1(r, 8) = p'/?(r) exp(im#@), where m is an integer
and r measures the distance from the vortex line. The circulation defined in (2.15)
is'given by x = 2wm. The density p'/2(r) close to the vortex core can be written as

an expansion

o0
P2 (r) = Zairi . (2.35)

i=0
Substituting this Ansatz into the NLSE, we find that coefficients with ¢ < |m| are
zero. The exact density profile inside a vortex core with |«| = 27 is shown in Fig. 2.4

(solid line). The broken and dotted lines show the series expansion up to the 3" and
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1.2

Figure 2.4: The density in a vortex core (solid line). The slope at the origin is about
0.824, smaller than for the tanh solution due to the centrifugal force. The broken
(dotted) line show the series expansion, Eq. (2.35) in 37 (25') order.

25" order, respectively. The velocity profile around a vortex is given by 1/r. Vortex

tubes therefore constitute one-dimensional singularities in the superfluid velocity.

The mere existence of stable vortices and persistent currents implies the superfluid

nature of the liquid.

A vortex tube can be bent to a circular shape to form a vortex ring. Fig. 2.5 shows
a surface plot of ring solutions with circulation, £ = 2m, 47, and 6x. A superfluid
vortex ring moves with a constant velocity through the fluid. This self-induced
motion is exactly analogous to the propagation of vortex rings in classical fluids.
Here, the vortex rings are solitary wave solution to the NLSE in the sense that
the they do not change their shape or circulation due to internal friction. In the
appropriate frame, a vortex ring is a stationary, time-independent solution to the

NLSE.

The corresponding 2D solitary wave solutions are vortex pairs consisting of two
vortex tubes with anti-parallel circulation. The flow induced by one of the vortices
pushes the other one forward in a direction perpendicular to the circulation and

perpendicular to the line that connects the two cores.
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Figure 2.5: Surfaces of constant density (|4|> = 0.02) for vortex rings with s = 2,
4w, and 67 for v = 0.5. The motion is parallel to the axis of the rings. The
core structure is only resolved at very low density: the surface density surface for
|42 = 0.08 appears as a single ring in each case.

The double (k = 4m) and triple (xk = 67) rings only exist for U < 0.56 and U <
0.67, and their cores consists of 2 and 3 lines of zero density, respectively. The
separation of the density minima increases with decreasing ring radius, suggesting
that it results from the interaction between segments of the ring. For x = 6, the
central minima has a larger radius (Fig. 2.5). Similar core structures are also found
in the corresponding 2D solutions. Although vortex rings with multiple circulation
have higher energy (£ o %) than the corresponding number of single rings (£ &),
we find that they are stable when subject to a perturbation in a time-dependent
simulation. Similar robustness has also been found for vortex lines with multiple

circulation [61].

Fig. 2.6 shows a plot of the ring propagation velocity and momentum as a function

of ring radius, R. For R > 5, the velocity can predicted accurately by the expression
U = «k[In(8R/a) — b] /ATR , (2.36)

where a is the core radius (a = 1/v/2 in our units) and b is a constant which depends
on the structure of the core (b = 0.25 for a classical fluid, whereas b = 0.615 has
been predicted for a dilute quantum fluid [62]). Numerical fits give b = 0.615 (as
expected), 1.58, and 2.00 for k = 2m, 47 and 6w, respectively. For k = 27 (single
ring), the ring collapses (i.e. the on-axis density becomes zero) when U = 0.88,

however, the ‘collapsed ring’ leaves a lower density region, termed a rarefaction
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Figure 2.6: Vortex ring velocity (left) and momentum (right) for « = 2, 47, and 67:
The numerical data (dots) are compared to U = & [In(8R/a) — b] /47R (a = 1/V/?2,
b= 0.615, 1.58, and 2.00), and P = 7xR?, respectively.

pulse by Jones and Roberts [63] which gradually fills up as the velocity approaches
the speed of sound.

A very good estimate for the momentum of a vortex ring is given by the classical

formula [7]:
P = knR? . (2.37)
For small radius the momentum is slightly smaller due to the hollow core.

2.5.4 1D Solitary wave solutions

The rarefaction pulses or ‘collapsed vortex rings’ mentioned above have very similar

behaviour to one-dimensional solitary wave solutions to the NLSE given by
(1) = [VI = U2 tanh (V1= U2(z - Ut)) +iU] e . (2.38)

The density and the local velocity, i.e. the gradient of the phase, are plotted in
figure 2.7. The density dips shown in figure 2.7 (a) propagate with a constant
velocity U. Their depth decrease with increasing velocity and the wave solution

becomes equal to 1 at the speed of sound. In analogy to optical solitons, solitons
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Figure 2.7: Density (left) and local velocity (right) of 1D soliton solutions to the
NLSE for different group velocities U.

with zero density (U = 0) are termed black solitons in contrast to grey solitons for

0<U«1l.

It is interesting to note, that the local or phase velocity has a different sign to the
group velocity U. Assuming that the density wave in figure 2.7 (a) is moving to
the right with velocity U, the individual particles of the fluid are moving to the
left through the density hollow reaching the largest velocity in the region of lowest
density. The phase velocity is given by —mé(z) for a black soliton.

2.6 Summary

We have reviewed the fluid properties of the Gross-Pitaevskii model and presented
some fundamental solutions to the equations. We have investigated vortex line and
ring structures and found that vortex tubes with multiple circulation consist of

separate minima. In the following chapters we will focus on the flow of a quantum

fluid around moving objects.




Chapter 3

Motion of an object through a
quantum fluid: The force free
case

Vortex structures in dilute quantum fluids are studied using the time-independent
Gross-Pitaevskii equation. For a spherical object, we study encircling and pinned
ring solutions, and determine their ezcitation energies as a function of velocity for
both penetrable and impenetrable objects. The ring and laminar flow solutions con-
verge at a critical velocity, which decreases with increasing object size. We also
study the vortexr solutions associated with flow past a surface bump which indicate

that surface roughness also reduces the critical velocity.

3.1 Introduction

Vortex solutions of the NLSE equation have been studied for a number of simple
geometries. Flow past an object has been studied in one [64, 65) and two dimensions
[66], and it is found that stationary vortex solutions exist only for motion slower than
a critical velocity. Above this velocity, one observes the periodic emission of vortices
leading to a pressure imbalance which produces drag on the object (Chapter 4).

Consequently, the critical velocity also determines the transition between superfluid

and normal flow.

31
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In the following section, we investigate stationary vortex solutions near an object
in three dimensions. For a spherical object there are two vortex solutions: the
encircling ring, where the object is positioned at the centre of the ring; and the
pinned ring, where the object lies within the core of the vortex line. For all object
potentials laminar flow evolves smoothly into the encircling ring solution. Finally,
we study flows parallel to a plane and illustrate the effect of surface roughness on
the critical velocity, which may have important implications for the threshold of

dissipation in superfluids [67].

All results presented below are calculated by numerically solving the time-indepen-

dent Gross-Pitaevskii equation,

1 .
(r) = | =5 VE+ V(r) +1g(r)" +iU - V| 4(r) , (3.1)
where ¢(r) is the wavefunction in the fluid rest frame written in terms of the object

frame coordinates, see Appendix 1.

3.2 Motion of a sphere

The free ring solutions discussed in chapter 2 are modified by the presence of an
object or surface. In this section, we present results for a spherical object with
radius R = 3.3 and potential V, i. e. V(r) =1 (r < R) and V(r) = 0 (r > R)
moving with velocity U. Fig. 3.1 shows surface density images of the three possible
solutions: leminar flow; the pinned ring or vortez loop; and the encircling ring (the
corresponding 2D solutions: laminar flow; a free and a bound vortex, and a vortex
pair, were studied by Huepe and Brachet [66]). Fig. 3.2 shows a section of the
velocity field pattern around the obstacle for each case. As the velocity increases,
the ring shrinks in a manner similar to that of a free vortex ring (see Fig. 2.6 (left)).
Close to the critical velocity, the vortex core merges into the surface of the object

and the flow patterns converge (Fig. 3.2 lower).

The pinned ring solution merges into the encircling ring solution far below the critical

velocity as illustrated in Fig. 3.3. The left and the middle figure show the core of
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Figure 3.1: Surfaces of constant density (|¢|°> = 0.25) showing the three steady-state
solutions associated with motion of a spherical object: from left to right, laminar
flow; pinned ring; encircling ring.
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Figure 3.2: The velocity field pattern in the equatorial plane of a spherical object
with radius R = 3.3 for U = 0.3 (above) and U = 0.56 (below) (the critical velocity,
U. = 0.71). The three columns correspond to laminar flow (left), the pinned ring
(middle), and the encircling ring (right). Note the circulation around the object in
the pinned ring solution. Only one quarter of actual grid points are shown.

vortex rings at U = 0.4 and U = 0.54, respectively and the object pinned to it.
At low velocities, the vortex tube runs through the centre of the object whereas for
vortex rings that are of the size of the object, the object moves towards the centre
of the ring. The position of the vortex core relative to the centre of the object is
plotted in Fig. 3.3 (right). At U = 0.58, the ‘pinned’ ring solution (broken line)
disappears. With increasing velocity, the ring shrinks further but still has a finite

size at the critical velocity.

The solid line in Fig. 3.3 that is zero for velocities U < 0.70 corresponds to the
laminar flow solution. A small vortex ring forms at velocities close to U,. This
point highlights the gradually nature of the transition from laminar flow to flows
containing vortices. The conservation of circulation (Kelvin’s theorem) requires that

vortex lines are created in pairs or as rings which emerge from a point [68], or at
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Figure 3.3: The density plots illustrate the steady transition from the pinned to the
encircling ring solution. At U = 0.4 (left) the vortex line goes through the centre of
the object. For a smaller ring (middle, U = 0.54), however, a location fully inside
the object becomes energetically favourable. The right graph shows the position of
the ¢ = 0 lines with respect to the centre of the sphere for the different solutions:
pinned ring (broken line), encircling ring (solid line) and laminar flow (joining into
the encircling ring solution at U, = 0.71). Apparent is the emergence of a vortex
ring at the centre of the sphere in the laminar flow branch just below the critical
velocity.

boundaries [57]. The laminar flow solution converges to the encircling ring solution
at U.. In this and indeed all the following plots, the two solutions appear as two
parts of the same continuous graph, the transition between the laminar flow and the

vortex flow is smooth.

3.3 Energy of the flow

The energy as a function of velocity for different obstacle heights is shown in Fig. 3.4.
For a free ring (V = 0), Fig. 3.4 (a), the energy and momentum decrease with
increasing velocity, reaching a minimum at U = 0.93, which corresponds to the cusp
in the dispersion curve (see inset). For U > 0.93, the collapsed ring leaves a lower
density, higher velocity region (see Section 2.5.3) with energy E ~ cP. Inserting
E = cP in Eq. (2.28), one finds that as v decreases, |¢|?> must also decrease, but
this becomes impossible when |¢|? = 0, so the rarefaction pulse is replaced by a
vortex ring. The process of supersonic flow creating a localised sound wave which
evolves into a vortex ring (or pair in 2D) appears to be central to the mechanism of

vortex nucleation in dilute quantum fluids (see e.g. Fig. 4 in Ref. {68]). For V > 0,
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Figure 3.4: The energy of the stationary solutions of the NLSE as a function of the
flow velocity. With no obstacle (a), free ring solutions are found up to the speed of
sound U = 1.0, however, the ring collapses at U = 0.88 leaving a localised solitary
wave with energy, E ~ cP (see inset). For V > 0 (R = 3.3) (b)-(d) there are three
branches: (1) laminar flow; (2) the pinned ring; and (3) the encircling ring. The
encircling and pinned solutions merge below the critical velocity, see (d) inset.

Fig. 3.4 (b), the energy of the laminar flow solution (1) is no longer zero, and the
ring solution bifurcates into two branches corresponding to the pinned ring (2) and
the encircling ring (3). For low velocities (large radii), the energy of the encircling
ring is higher than the pinned ring by an amount corresponding to the energy of
the ring segment excluded by the object. Note that the pinned and encircling ring

solutions always merge below the critical velocity, Fig. 3.4 (d) inset.

3.4 The critical velocity

The critical velocity for the breakdown of superfluidity is often expressed in terms
of the Landau condition [56], U, = (€/p)min, where € and p are the energy and

momentum of elementary excitations in the ﬁuid, and U, is the flow velocity in the
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Figure 3.5: Sketch of streamlines around a sphere for an incompressible fluid,
Eq. (3.2). The flow velocity at the equator of the sphere (r = R and § = ) is
enhanced by a factor of % The compressibility of the quantum fluid further en-
hances the local velocity there because the fluid has to go faster in regions of lower
density in order to satisfy the continuity equation.

fluid bulk. In the dilute Bose gas, the long wavelength elementary excitations are
sound waves and the Landau criterion predicts that U, = ¢. However, for flow past
an object, the local velocity near the obstacle, v, can become supersonic even when
the flow velocity, U, is sub-sonic. Consequently, the critical flow velocity, U,., where

laminar flow becomes unstable occurs at a fraction of the sound speed.

Fig. 3.5 sketches the streamlines of a flow past a sphere. The flow speed is highest
at the equatorial plane of the sphere. To calculate the flow velocity, consider the
continuity equation, 0 = V(pVS), where S is the phase and v = VS the local

velocity. For an incompressible fluid (p = const) the stream function S is

3
S(r,0) = Urcos 0 + %%R— . (3.2)

This corresponds to a laminar flow past a sphere with the correct boundary condition

at infinity. As expected, the maximum flow velocity occurs at the equatorial plane,

1 0S8 3
== == = U. 3.3
e = R 90 r=Rg=r/2 2 (3:3)
However, the NLSE describes a compressible fluid and the local density in regions

of high velocity is reduced according to Bernoulli’s equation (2.14) (neglecting the
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quantum pressure),
1 o 1,
1+ §U = p(v) + SV (3.4)

This leads to a further enhancement of the local velocity near the obstacle. The
correction can be expressed in a series expansion involving higher order terms of the

flow speed at infinity (37]:

Vequ = ;U +0.313U% 4 0.392U0° + ... . (3.5)

In the limit of large radius, R — oo (where one can neglect the boundary layer and
hence the quantum pressure term), one can predict the critical velocity analytically
using this asymptotic expansion for the speed at the equator. The solution becomes
unstable when the flow velocity becomes equal to the sound speed, v = |/p, Eq. (2.9).
Combining these results (including terms up to U'!) gives U, = 0.53004 for R — oo.

To illustrate the behaviour of the exact solutions near the critical velocity, we solve
equation (3.1) in 3D for an impenetrable sphere with radius R = 50. The wavefunc-
tion, velocity and quantum pressure term near the object are shown in Fig. 3.6. Note
that these parameters are related via the Bernoulli equation (2.14). The intersection
of the velocity v and wavefunction amplitude (|1|) curves defines the position where
the velocity is equal to the ‘bulk’ sound speed (2.9). Note that close to the object the
effective sound speed is increased due to the quantum pressure term, (2.8), therefore
even though the density is low the flow is not ‘supersonic’. The critical velocity is
reached when flow velocity exceeds the speed of sound in the bulk of the fluid, i.e.,
when the intersection between the velocity and wavefunction curves moves into the

region where the quantum pressure term is close to zero, see Fig. 3.6 (right).

For R = 50 we find a critical velocity of U, = 0.53285 in good agreement with
the value obtained from the analysis of the laminar flow around a large sphere.
The critical velocity decreases with increasing R tending asymptotically towards

the R = oo value of U, = 0.53004, see Fig. 3.8.
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Figure 3.6: Laminar flow past a sphere with radius R = 50 for two flow velocities
(a) U = 0.2 and (b) U = 0.53285. The three curves show, (1) the ‘bulk’ sound speed
c = /n = ||, (2) the velocity, v, and (3) the quantum pressure, V?|¢|/2[¢|, as a
function of position. Note that at the critical velocity U, = 0.53285 (b), the fluid
velocity is equal to the sound speed where the quantum pressure is exactly zero.

3.5 Flow adjacent to a plane boundary

Two classes of solution may be distinguished for flow adjacent to a plane boundary:
laminar flow and vortex loops. The loop behaves similarly to a free ring, i.e., the
radius decreases with increasing velocity, and merges into the plane at a critical
velocity, U = 1. To comment on the flow of superfluids in real systems, we consider
the effect of a surface bump. In this case, the vortex loop can either encircle or
pih to the bump (again the pinned loop has a lower energy). The key effect of the
bump is to reduce the critical velocity, U, see Fig. 3.8. In the limit of large radius,

R = 10%, the critical velocity tends to ~ 0.53 for both surface and volume defects.

Figure 3.7: Surfaces of constant density illustrating the stationary vortex structures
near a bump on a plane surface: vortex loops pinned (left) or encircling the bump
(right).
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Figure 3.8: The critical velocity as a function of the defect radius, R, for an impen-
etrable hemisphere on a plane and sphere in the bulk. For large radii, U, — 0.53.

As U, coincides with the appearance of drag in superfluids, one may conclude that
surface roughness is a significant factor in determining the dissipation at low flow

velocities.

3.6 Summary

We have investigated the flow of a quantum fluid around a moving sphere and find
three classes of solutions. Ordered according to their energy, these are laminar flow,
encircling ring solutions and pinned ring solutions. Both laminar flow and vortex
solutions become unstable at a critical velocity. The critical velocity is equal to the
speed of sound for an unbounded flow or adjacent to a wall, but decreases near an
object or surface bump. As the critical velocity corresponds to a transition between
normal and drag-free flow, this dependence indicates how impurities and surface

roughness can produce a marked effect on the flow of superfluids.



Chapter 4

Motion of an object subject to
an external force

We simulate the motion of a massive object through o dilute Bose-Einstein conden-
sate by numerical solution of the Gross-Pitaevskii equation coupled to an equation
of motion for the object. Under a constant applied force, the object accelerates up to
a mazimum velocity where a vortex ring is formed which slows the object down. If
the applied force is less than a critical value, the object becomes trapped within the
vorter core. We show that the motion follows the time-independent solutions, and

use these solutions to predict the conditions required for vorter detachment.

4.1 Introduction

One of the most elementary questions that can be asked about a fluid is how will
an object move through it? In quantum fluids, it is expected that the object moves
without resistance at velocities, U, up to a critical value, U,, where energy and
momentum conservation allow excitations. Experiments on the motion of small
objects in superfluid helium (He-II) suggest that the appearance of drag is often
associated with the formation of vortices [7]. For example, ions dragged through He-
II nucleate vortex rings and become trapped within the vortex core [7, 58]. However,
it is not known whether the rings emerge via quantum transition, where the ion

creates an encircling ring and subsequently attaches itself to the vortex core; or

40
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peeling, where the ion creates a vortex loop which grows to form a pinned ring [6, 7).

Here, we study the general case of the motion of an object with finite mass moving
through a dilute Bose-Einstein condensate and include the fluid back-action on the
object. The time-evolution is found by solving the GP equation coupled to an
equation of motion for the object. The grid contains 140 points in each dimension
and we use a time step dt = 0.02. For the object we choose a penetrable sphere
with mass M = 200 and radius R = 3.3 (V = 1.0 for |r| < 3.3 and 0 elsewhere).
For He-1I, these parameters correspond to 25 helium atoms with radius 0.6 nm (see
Section 2.2), similar to the ‘snowball’ that surrounds a positive ion [7]. For an
atomic condensate our object would correspond to a small cluster or condensate of

impurity atoms in a sphere with a diameter of a few microns.

4.2 Evolution of the object velocity

An important result is that the time-dependent evolution of the object velocity is
found to follow the time-independent stationary solutions, ¥ (r',t) = $(r')el#, of
the uniform flow equation, (3.1). For an object velocity below the critical velocity,
one finds three solutions, which in order of increasing energy correspond to laminar
flow, a vortex ring pinned to the object, and a vortex ring encircling the object (see
chapter 3). The velocity vs. momentum for these solutions for a spherical object
with mass M = 200 and radius R = 3.3 are plotted as thin lines in Fig. 4.1. The
laminar, encircling ring, and pinned ring branches are labelled (1), (2), and (3),

respectively.

The time-dependent evolution of the object velocity due to a constant applied force,
F| is plotted as a bold line in Fig. 41 With increasing momentum, P = F't, the
object velocity increases along the laminar flow branch, (1). Even though there is
no drag, momentum is transferred from the object to the fluid. This momentum
transfer can be described in terms of an increase in the effective or hydro-dynamical
mass of the object, meg = (8U/OP)~L. The effective mass becomes infinite at the

critical velocity, U, = 0.68, and then negative as the object begins to slow down.
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Figure 4.1: The evolution of the object velocity due to a constant applied force,
F. The velocity is plotted (bold line) against the total momentum P = F't for
(a) F = 0.05, (b) F =2 and (¢) F = 4. The other curves, (1) to (3), show the
time-independent solutions of the uniform flow equation, (3.1). The dotted line in
(a) shows the velocity vs. momentum curve for a free vortex ring. The dots in
(b) and (c) correspond to the times of the isosurface plots shown in Fig. 4.2. In
each case, we begin with a laminar flow state with velocity U = 0.5. The applied
force accelerates the object along the laminar flow solution (1) up to a peak velocity,
U, = 0.68, where an encircling vortex ring emerges and begins to slow the object
down. In (a), an abrupt decrease in velocity occurs when the object moves into the
vortex core, i.e., when the time-dependent curve switches from the encircling ring
solution (2) to the pinned ring solution (3). This jump excites vibrations of the
ring leading to large oscillations of the object velocity (inset). The oscillations are
damped as the vortex ring grows. When the ring radius is large the object velocity
tends to the velocity of a free vortex ring, indicated by the dotted line in (a). In (c),
the force is sufficient to detach the object from the ring and the cycle repeats.

Close to the peak velocity, U,, a vortex ring emerges encircling the object. The
encircling vortex ring is apparent in frame 2 of Fig. 4.2 (a) which shows an isosurface
of constant fluid density. The object is weakly bound in the direction of motion,

therefore as the ring grows, it decelerates the object.

When the vortex core begins to separate from the object boundary, the encircling
ring configuration, corresponding to the stationary solution (2), becomes unstable
with respect to transverse motion, and stochastic fluctuations induce a transition
to a pinned ring solution (3), where the object is bound within the vortex core as
in frame 4 of Fig. 4.2 (a). In our simulations, defining the external force, F, at

a slight angle to the numerical grid axis is sufficient to induce the transition. On
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Figure 4.2: Sequence of surface contour plots of the fluid density for (a) F = 2 and
(b) F = 4. The motion is from left to right, and the real space deflection due to the
attraction of the vortex core is indicated by the transverse position. The momentum
(or time) of each frame is indicated by a dot in Fig. 4.1 (b) and (c), except for the
last frame in (a), where P = 1562. Note that after detachment, (b), the ring size
remains constant and the object and ring move at different velocities.

time —

moving into the core, the object acquires a transverse velocity thereby deflecting its
trajectory (Fig. 4.2). The deflection angle is a few degrees, so this effect could be
observable in experiments. Because the object slows down in the direction of the
force but keeps a constant velocity in the transverse direction, the trajectory is bent

(Fig. 4.3) and the deflection angle increases steadily.

If the ring detaches, a second ring forms and the object is pulled back in the opposite
direction. Consequently, vortices are emitted on alternating sides of the object,

similar to the vortex shedding behaviour observed in classical fluids.

The jump into the core also leads to the excitation of oscillatory modes of the
vortex ring Fig. 4.2 (a). One mode of oscillation dominates [69] and the frequency
is independent of the applied force. As the fluid is compressible, an accelerating

object creates sound waves which damp the motion. This damping is apparent
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Figure 4.3: The trajectory of an ion for M = 200 and F' = 0.05. On hopping into
the core, the ion acquires a transverse momentum and moves with constant velocity
in the transverse direction. The trajectory is bent because the system slows down
in forward direction under the influence of a constant force.

in the oscillations of the object velocity in Fig. 4.1 (a) inset. If the applied force
is maintained the vortex radius continues to increase and eventually the motion
becomes indistinguishable from that of a free vortex ring, indicated by the dotted

line in Fig. 4.1 (a).

From Fig. 4.1 (a) it follows that, excluding the ring excitations, the motion closely
follows the time-independent solutions, therefore these solutions may be used to
predict the motion of more complicated objects. To test whether a spherical object
favours the encircling vortex ring configuration, we performed calculations on a
sphere (R = 3.3) with a hemispherical surface bump (R = 1.5). The largest effect
occurs when the bump lies in the equatorial plane. In this case, the critical velocity
is reduced from 0.68 to 0.65, and the vortex ring emerges asymmetrically with its
axis pulled towards the bump. However, the initial ring radius is still similar to the
no bump case. Subsequently, the object or ring rotate such that the vortex core is

pinned to the bump.
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Figure 4.4: Uniform flow solutions for a sphere (R = 3.3) with a bump (R =
1.5). Left: The velocity-momentum dependence of the laminar and four vortex
solutions. Right: Cross sections showing the fluid density (dark corresponds to low
density around the object) for the four allowed vortex configurations: (1) Vortex ring
encircling the object and bump; (2) pinned to the object; (3) encircling the bump;
and (4) pinned to the bump. Note that laminar flow evolves continuously into a
vortex ring encircling the bump, solution (3). Subsequently, the system evolves to
the lowest energy state (4).

4.3 Oscillations in the vortex core

As is apparent in Fig. 4.3, large amplitude oscillations of the object in the transverse
direction decay rapidly whereas small oscillations in the direction of motion can
persist for hundreds of cycles before they decay into sound waves, see Fig. 4.1 (a).
To study these oscillations, we prepare a time-independent solution for U = 0.3
which corresponds to a vortex ring with radius B = 6.0 and elongate the object
with a short impulse of P = 10. The subsequent oscillation is shown in Fig. 4.5 (a).
The amplitude is smaller than the healing length in this case. An object trapped in
the core (bold line) oscillates about twice as fast as an object at the centre of the
ring (thin line) due to a stronger coupling. The Fourier spectrum of the oscillation

in the core are plotted for different masses, M = 30, M = 60, and M = 200 in
Fig. 4.5 (b).
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Figure 4.5: (a) Oscillations of an object of M=200 in the vortex core (bold line) and
in the centre of the ring (thin line) after a small kick of momentum P = 10. The
frequency of the oscillation in the core is higher due to a stronger binding. (b) The
frequency spectra are shown for oscillations in the core for different masses

The frequency spectra are sharply peaked which suggests a simple oscillation of two

linearly coupled masses with a frequency,

1 /k Mm

— , where M:M+m'

= on\/ (4.1)

f

Here M is the mass of the object and m the mass of a part of the fluid. From the
simulations, we find m = 1400 and a coupling constant of k = 2.7. Apparently, the
long-lasting oscillations do not involve the entire vortex ring because its mass my,
is negative (which can be seen from the negative curvature of the dispersion curve,

Fig. 3.4 (a) inset).

4.4 Vortex detachment

If the applied force is sufficient, the object can detach from the vortex ring as
in Fig 4.2 (b). After detachment the size of the ring remains constant, and the
object can accelerate again up to the critical velocity where another ring forms.
This process repeats. The beginning of this repetitive cycle is apparent in the time
evolution shown in Fig. 4.1 (c). If detachment occurs, the initial encircling ring

system evolves into an object and a free vortex ring which moves more slowly as in
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Figure 4.6: Energy and momentum conservation during vortex formation and de-
tachment. The allowed energy and momentum states of a moving object with mass
M = 200 (1-3) and a free vortex ring (4) determined from the time-independent
solutions of the uniform flow equation, Eq. (3.1). Under a constant force, the object
moves up the laminar flow branch of the dispersion curve (1) passing through the
critical point where a vortex ring is formed, then continues along or just above the
encircling ring branch (2). When the system reaches the shaded region, it is possible
for the bound object-vortex ring (A) to decay into an object dressed by a laminar
flow (B) and a free vortex ring (C). If, before detachment, the object moves into
the core, the energy tends towards the pinned ring branch (3), and detachment is
forbidden. The grey scale indicates the radius of the scattered vortex ring (darker
is smaller). The velocity is determined by the slope of the dispersion curves.

Fig. 4.2 (b). One can regard this as a ‘decay’ of an encircling ring state into a free
vortex ring and a new laminar flow state. In Fig. 4.6, we plot the dispersion curves
for a moving object and a free vortex ring [63] obtained from the time-independent
solutions of Eq. (3.1). The shaded region indicates the range of initial energies and
momenta where vortex detachment may occur, i.e., for which there exists final vortex
ring and laminar states which satisfy the conservation laws. In a time-dependent
simulation with a constant external force, the object moves up the dispersion curve
passing through the critical point where a vortex is formed and then continues along
the encircling ring branch (2). When the system enters the shaded region, (point
A in Fig. 4.6), energy and momentum conservation permit ‘decay’ into an object

dressed by laminar flow (B) and a free vortex ring (C). Note that the energy at point
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A is higher than the time-independent value because the object is dragged out of
the plane of the ring (see Fig 4.2). If the applied force is low, the object moves into
the vortex core and the system relaxes towards the lower branch of the dispersion

curve (3) and detachment is forbidden.

4.5 Comparison with ions in He-II

As discussed in the Introduction, the GP equation cannot be expected to model the
dynamics of He-II correctly. However, it is interesting to note that the velocity vs.
momentum profile shown in Fig. 4.1 (a) is similar to the velocity vs. electric field
profiles observed for ions in He-II (see e.g. [70]). If we define the healing length,

1

¢ = 0.18 nm [58], we obtain a critical velocity U, ~ 60 ms™', in rough agreement

with experiments [70].

However, it should be noted that the situation in the He-II experiments is very differ-
ent to that modelled here due to the effects of roton and impurity (3He) scattering.
In the experiments, the ions are accelerated up to a constant velocity where the ex-
ternal force is equal to the drag force due to roton/impurity scattering. This would
correspond to sitting at a fixed point on the laminar flow branch of the velocity-
momentum curve (labelled (1) in Fig. 4.1). From there, the transition to higher
momentum (higher energy) pinned vortex state (labelled (3) in Fig. 4.1) is driven
by thermal or quantum fluctuations. For ions in He-II, there is strong experimental
evidence that vortex nucleation involves an energy barrier [71]. In the GP model
the energy barrier corresponds to the energy required to transfer from the laminar
flow (1) to the pinned ring solution (3). This energy decreases with increasing flow
velocity but remains finite at the critical velocity because the pinned ring branch
(3) joins the laminar-encircling ring curve (1) - (2) at an energy above the critical
point, as apparent in Fig. 4.6. The size of the energy barrier depends on the object
radius, mass, and penetrability. For an impenetrable sphere with radius R = 3.3, we
find an energy barrier of approximately 8Angcé2. For He-II, this would correspond
to ~ 3.8 K, similar to the value derived by Muirhead et al. using arguments based

on classical fluid mechanics (8].
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4.6 Summary

In summary, we have studied the motion of an object with finite mass through a
dilute quantum fluid. We include the back action of the fluid on the object and
show that under a constant applied force there is a continuous transition from lam-
inar flow to an encircling ring followed by a jump where the object moves into the
vortex core. This jump leads to a deflection of the object trajectory and excita-
tions of the vortex ring. If the object has a surface bump near the equator, the
encircling vortex emerges asymmetrically. If the applied force is large, the object
evades capture by the ring leading to periodic vortex shedding. We show that the
motion and the conditions required for vortex detachment can be predicted from
the allowed time-independent states. This approach could be extended to provide
useful insight into other complex problems in quantum fluid mechanics such as vor-
tex re-connections and sound emission. Finally, we consider the applicability of the

model to experiments on ions in He-II.




Chapter 5

Motion at constant velocity

Above the critical velocity, the motion of an object through a dilute Bose gas becomes
dissipative. In this chapter, we study the mechanism of energy transfer from the
object to the fluid for a cylinder moving at constant velocity. We observe vortex
emission at supercritical velocities and, in addition, the formation of bow waves at
supersonic velocities. We measure the drag force on the object and discuss the link
between vortex shedding and dissipation. We compare the drag law with that of an
ideal Bose gas, and show that interactions reduce the drag force. Also, we show that
the effective size of the obstacle is increased due to the healing length of the fluid,

and consequently the drag is non-zero even for point-like objects.

5.1 Introduction

A central issue in fluid flow concerns the origin of resistance or drag. In a viscous
fluid, shear stresses induced by friction at a surface lead to skin drag. In a superfluid,
the effects of shear stress vanish, but normal stresses induced by pressure gradients

across an obstacle still produce pressure drag.

One could envisage an experiment to measure the pressure drag in a dilute Bose-
Einstein condensate by studying the flow past an obstacle such as a far-detuned

laser beam [68] or a foreign condensate species [72, 73].

50
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A recent experiment at MIT [24] measured the heating effects of a far-detuned laser
beam that was swept back and forth at constant velocity within the central region
of an inhomogeneous condensate, where the density is approximately uniform. The
heating rate is directly proportional to the velocity, U, of the laser beam and the

drag force exerted on the fluid:

dE
E - Fdrag-U . (51)

At low velocities, no significant energy transfer could be measured. Above a critical
velocity, U, ~ 0.1 (in units of the sound speed), the drag force increases approx-
imately linearly with velocity. However, only a small range of velocities could be

studied.

In a previous numerical simulation [74], it was predicted that for a uniform system,
there is a critical velocity U, ~ 0.4 for the onset of drag, and that for velocities,
U > U, the drag force increases linearly. However, we find that the drag force
varies nearly quadratically with U, similar to an ideal Bose gas, i.e. a condensate of

non-interacting bosons.

5.2 The linear fluid

For non-interacting bosons, the drag law may be derived analytically. We scale
the units of time and space in the same way as for the weakly interacting Bose
gas (Section 2.2) to be able to compare the results directly. Consider the time-

independent Schrodinger equation
1o, 1.9
EV +§U -V ]y =0, (5.2)

where V is a potential used to model an object. The solutions to this equation
describe steady state flows of particles with momentum or velocity U and energy
U?/2. The particles scatter off the potential as sketched in Fig. 5.1. We assume an

infinitely high barrier V and pin the wavefunction to zero at » = R. In cylindrical
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Figure 5.1: Incoming plane waves scatter off the obstacle of radius R. We use
polar coordinates to solve the linear wave equation. The boundary condition at the
cylinder is chosen to be 1 = 0 which corresponds to an infinitely high potential.

coordinates, the Nabla-operator takes the form

9 10 18

=a2 i T e (5:3)

v2
We employ the following Ansatz to separate the wavefunction into a radial and an
angular part

. cosmf, m=0,+1,£2 ..
w(r,0) = f(r)g(6) with g(0) = { sinmf, m=0,+1,£2,.... (5-4)

In general, % is a linear combination of functions of the form f(r)g(6). As apparent
in Fig. 5.1, the flow solutions are symmetric about #. Therefore, the wavefunction
is only composed of the even functions cosmf. We substitute the Ansatz (5.4) into
the Schrédinger equation (5.2), to obtain
2% 10 m?
— 42 _ 4p? =0 5.5
<87‘2 + ror r? + f(r) ; (5.5)

2
i2 ((Ur)Qa(ng + (Ur)a(gr) + ((wr)? - m2)> fir) = 0. (5.6)
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This is Bessel’s differential equation. Its solutions are the so-called Hankel functions,
F(r) = HD(Ur) = Jp(Ur) + iNg (Ur). (5.7)

where J,, are Bessel functions and N, the Neumann functions of order m. The
Hankel functions Hr(,}) describe a complete set of solutions to the Bessel equation.
Alternatively, their complex conjugates H,(ﬁ) = H_(,,P may be used as a basis set for
the solution. The wavefunction around the cylinder is the superposition of incoming
plane waves 1y, and outgoing scattered waves 1oy;. We write down the plane wave

solutions as a series expansion involving Hankel functions:

ein — eiUrcos@ (58)
= Jo(Ur)+2 Z i™ cos(mb)Jp, (Ur) . (5.9)
m=1

Adding a general expression for the scattered wave leads to
o o0
P(r,0) = Jo(Ur) +2 Y i™cos(m8)J(Ur) + > Am cos(mf)HD (Ur).(5.10)
m=1 m=1

The coefficients A can be determined from the boundary condition at the obstacle

PY(r=R)=0:

Jo(UR
m=0: 0=—%

Hy (UR) (5.11)
m#0: Amz—%(UR).

Hrn'(UR)

We have found the explicit solution to equation (5.2) and are now able to calculate
the drag force analytically. In cylindrical coordinates and dropping the interaction

pressure, Eq. (2.10) becomes

(5.12)

27 81/) 2
F, —R/O de COSO‘E e

The slope of the wavefunction at the edge of the cylinder is given by

21U 1 >, 2i™ cos mb
- _ + - . (5.13)
=k T(UR) (Hg”(UR) mzzjl HMUR))

4
or
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Figure 5.2: The force on a cylinder in a linear fluid calculated from Eq. (5.14)
including all terms up to the 250" order. The limits for short and long wavelengths,
Eq. (5.15), are indicated by the dashed lines.

After some algebra we find the following expression for the drag force in flow direction

o Im(HWH®)
F, = 16U Z m( m+1) , (5.14)

~ n(UR) =, WHYHD BHY,

where all Hankel functions are evaluated at U R which is a dimensionless parameter
in our units. Fig. 5.2 shows the drag force on a cylinder together with its two

asymptotic functions given by

2
U pyr«i
F, ~ 1‘; (UR) (5.15)
§U2R UR>1.

For high velocity or large object size (UR >> 1), the force per unit length on an
impenetrable cylinder of radius R approaches its classical limit that can be found
by summing over all momenta transfered by massive particles colliding with the

cylinder per unit time. As apparent in figure 5.2, the drag force exerted on the
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cylinder by long wavelength particles can be many orders of magnitude larger than

one would expect from the classical calculation.

In summary, a steady state solution to the linear Schrodinger equation exists for all
values of U. In principle, time-dependent solutions leading to an additional drag
force may be superimposed to this solution. However, due to the infinite volume
of the system, they are expected to spread out or decay in the limit of long times.
The drag force is non-zero for all velocities U. This can be explained by asymmetry
of the solution given in (5.10) about the angle § = 7/2 which results is a pressure
difference across the object. In the following section we will see that the effects of
the nonlinear term are firstly to symmetrisise the solution at small velocities and
therefore cancel the pressure imbalance across the object and secondly to prohibit

time-independent solutions at larger velocities.

5.3 The nonlinear fluid

For a weakly-interacting condensate the drag force must be evaluated numerically.

We solve the time-dependent NLSE,
1
00 = =3V + Vo + 9y +iU - Ty, (5.16)

in two dimensions for both penetrable (V finite) and impenetrable (V infinite) cylin-

drical objects.

The calculations are performed using a time step, At = 0.01, in a box of 200x200
healing lengths, divided into 800x800 points (Appendix 2). In order to minimise the
reflection of sound waves from the edges of the box, the amplitude of waves within
an absorbing border of width A = 20 is reduced each time step by the replacement

Yo (l+ (|¢| —1)(6/A)3), where § is the distance to the edge of the box.

As we have seen in the previous chapters, the solutions to (5.16) relax to time-
independent flow solutions below a critical velocity which depends on the geometry

of the object. This section is concerned with the dynamics above the critical velocity.
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5.3.1 Vortex formation

The critical velocity for an infinitely long cylinder of radius R = 3 is approximately
U. = 0.45. For higher velocities there are no steady-state flow solutions. Instead,
vortices are emitted almost periodically at the poles of the cylinder. The motion
of the vortices is complex: the first pair may be overtaken by subsequent pairs and
becomes ‘trapped’ for a while behind the obstacle. A snapshot of the superfluid

density is shown in Fig. 5.3.

In the frame of the object, the background flow is from right to left in Fig. 5.3 and
the vortex - anti-vortex pairs generate a flow which opposes the background flow.

Consequently, the two vortex trails create a stationary wake behind the object.

For supersonic velocities (U > 1), standing waves are formed in the front of the
object similar to those arising in a non-interacting Bose gas. For very large velocities
(U > 3), steep sound waves are emitted around the object which eventually decay
into vortex pairs of opposite sign. A similar behaviour has been found for grey

solitons [75].

Fig. 5.4 shows a comparison between the time-averaged density distribution for a
nonlinear (interacting) quantum fluid (left) and a linear (non-interacting) quantum
fluid (right). One sees that the finite compressibility of the nonlinear fluid tends

to suppress large density fluctuations leading to a smoothing of the standing wave
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Figure 5.3: Cylinder moving through the condensate at a velocity U = 0.6. At the
poles of the disk vortex pairs are nucleated which drop back as the obstacle moves
faster than a pair of vortices separated by the diameter of the object.
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Figure 5.4: The time-averaged density distribution for U = 2.0 with (left) and
without (right) interactions. The obstacle is an impenetrable cylinder with radius
R = 3 centred at the origin and moving upward. The repulsive particle interactions
tend to smooth density variations, thereby reducing the pressure experienced by the
obstacle. For the nonlinear fluid (left), the dark line in the wake, close to the axis
of symmetry, corresponds to the vortex ‘street’.

in front of the obstacle. This smoothing reduces the pressure experienced by the

obstacle.

The direction of the bow waves approaches the Mach angle, o = sin~!(c/U) [54],
whereas for the non-interacting fluid Fig. 5.4 (right), ¢ = 0 and a = 0, i.e., the bow
waves run adjacent to the geometric shadow behind the obstacle. In the nonlinear
fluid, the ‘shadow’ is far less pronounced: the dark streaks in the wake, close to the
axis of symmetry, correspond to sound waves emitted by interacting vortices. As a
pair of vortex lines loses energy they move closer together and eventually annihilate.
Far downstream, a significant fraction of the vortex energy is converted into sound.
This conversion of vortex energy into sound due to vortex motion and re-connections

is an important contributory process in the the decay of superfluid turbulence [76].

5.3.2 Vortex shedding frequency

The vortices separate an almost stationary wake behind the object from the back-

ground flow. The vortex shedding frequency follows from the phase-slip between
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Figure 5.5: The vortex shedding frequency, f, as a function of the object velocity, U.
The numerical results lie between the dashed lines, U? /47w and (U? + 2)/4w, which
correspond to the upper and lower bounds predicted by considering the phase-slip
between the main flow and a stationary wake. The error bars reflect the fluctuations
in the vortex shedding frequency. At sub-critical velocity, the shedding frequency
drops to zero.

the two regions. The wavefunctions for the flow and the wake may be written as
p = e I(IHU?/Dte=iUy gang o = pl/2eint respectively, where n is the mean density
behind the obstacle (0 < n < 1, decreasing at higher velocity). A vortex pair is
emitted each time the phase difference accumulates to 27, giving a shedding fre-
quency, f = (1+U?/2—n)/2r. Fig. 5.5 shows a comparison between the numerical
results and the phase-slip model. As expected, the shedding frequency is close to
the lower bound (corresponding to maximum wake density, n = 1) at low velocity,

and approaches the upper bound at higher velocity as the wake density decreases.

Small fluctuations as indicated by the error bars in Fig. 5.5 in the vortex shedding
frequency occur because as the vortices move downstream they interact with each

other creating fluctuations in the flow pattern around the object.
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5.3.3 Drag force

In principle, the instantaneous drag force can be determined by numerical integra-
tion of the stress tensor at the surface of the obstacle, Eq. (2.10). However, for
penetrable objects, this procedure is complicated because the fluid-object boundary
is ill-defined. For impenetrable objects, the finite grid size introduces errors in the
differencing approximations. At the boundary of an impenetrable object, ¥ = 0,
however, the product 1*8;;9 # 0. If these terms are neglected in the calculation of
the drag force, the numerical results reported in Ref. [74] are obtained. The numer-
ical integration can be greatly simplified by recognising that the time-averaged drag

force must be equal to the back-action on the fluid, i.e., the instantaneous force,

/ ds; Tou(t [ / dA Jit ] (5.17)

where 92 defines the outer border of a simply-connected region of fluid, €2, encircling
the object. The second term corresponds to the rate of change of the fluid momentum
within © and averages to zero if the flow velocity remains constant. Eq. (5.17) may

be used to calculate the drag for both penetrable and impenetrable objects.

Fig. 5.6 shows a plot of the instantaneous drag, Fy(t), on an impenetrable cylinder
with radius R = 3 moving with velocity U = 1.5. Initially, the force is dominated
by transients which depend on how the flow is turned on. For an instantaneous
turn-on, reflections from the obstacle produce sound waves, which are subsequently
absorbed at the edges of the box. However, for longer times the time-averaged drag
is independent of the initial conditions. Also, the time-averaged force is independent
of the integration path 02, and for barrier height V' > 1, only weakly dependent on
the penetrability of the obstacle.

The oscillatory behaviour of the instantaneous drag is produced by the periodic
emission of vortex pairs, therefore the data shown in Fig. 5.6 (right) correspond
to an average over many vortex emission cycles. The error bars correspond to the
residual fluctuations after averaging. The drag curve for an ideal Bose gas (linear

fluid), Eq. (5.14), is shown as a dashed line. One sees that the main effect of the
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Figure 5.6: The instantaneous force (left), F, in units of Angcé?, on an obstacle
placed in a nonlinear quantum flow with velocity U = 1.5, as a function of the
time t. The two curves correspond to switching on the flow gradually (solid) or
instantaneously (dashed). The oscillations are produced by the periodic emission
of vortex pairs. The time-averaged drag (right) does not depend on the initial
conditions. It is plotted as a function of flow velocity U, for an impenetrable cylinder
with radius R = 3. The error bars indicate the magnitude of residual fluctuations
in the time-averaged drag. The drag law for a non-interacting fluid is indicated
by the dashed line. The effect of the nonlinearity is to reduce the drag which can
be understood in terms of collisional screening of the object. The reduced drag
predicted for a screened object is indicated by the dotted line. The force as a
function of the object size for U = 1.5 is shown inset. Note that the drag is non-zero
even for objects much smaller then the healing length.

repulsive particle interactions is to reduce the drag. For the weakly-interacting fluid,
below a critical velocity, U,, the shedding frequency (Fig. 5.5) and the drag (Fig. 5.6)

fall to zero.

Above the critical velocity, a pressure drag appears with a velocity dependence
similar to an ideal Bose gas. In fact, the force can be predicted accurately by a

semi-classical modification of the ideal gas drag law, i. e.

F= gR’U’Q , (5.18)

where R’ and U’ are an effective object radius and flow velocity, respectively. A plot
of the drag force as a function of object size, Fig. 5.6 (right, inset), indicates that

the effective object size is extended by the healing length of the fluid. For U = 1.5
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we find that R’ = R+ 0.6. An important consequence of this result is that the force

does not vanish for small objects, R < 1.

The effective flow velocity, U’, may be estimated by considering how the flow is mod-
ified by the collisional mean-field. Above the critical velocity, incoming waves are
reflected by the obstacle producing a standing wave or bow wave [54] (see Fig. 5.4),
with a density 0 < || < 2. The resulting interaction potential Ei,, = [|? varies
in the range from 0 to 4. In a semi-classical treatment, an oscillatory potential
slows incoming particles by an amount corresponding to half the maximum barrier
height above the background level, i. e. (Eiy; — 1)/2, and therefore the effective flow
velocity, U’ is given by U?/2 = U?/2 — (Einp, — 1)/2. The dotted line in Fig. 5.6
is a plot of Eq. (5.18) using values of Fji,; obtained from the numerical solution.
This ‘collisional screening’ model is only accurate at high velocity, U > 2, where a

semi-classical particle treatment is valid.
5.3.4 Vortex shedding, sound radiation, and drag

The main significance of the critical velocity is that it marks the threshold for the
breakdown of superfluidity and the on-set of dissipation. The motion of objects at
supercritical velocities, U > U, results in periodic vortex shedding. The energy and

momentum transfer to the fluid leads to a drag force on the object.

The contribution of vortex shedding to the total drag force can be estimated by

considering the momentum transfer due to vortex emission, i. e.

va = prpr ) (5'19)

where fy; is the vortex shedding frequency and p,,, is the momentum of a vortex
pair as it is created in the equatorial plane. The momentum p,, is given by 27d,

where d is the separation of the vortices [63].

The comparison between the measured drag force and (5.19) shown in Fig. 5.7
suggests that for U < ¢, (¢ = 1), vortex shedding is the dominant dissipation

mechanism, whereas for U > ¢, an increasingly significant contribution arises from
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Figure 5.7: The time-averaged drag force as a function of velocity for an impenetrable
cylinder with radius R = 3. The open circles indicates the contribution due to vortex
shedding. The error bars indicate the residual fluctuations in the time-averaged drag.

sound waves. For U > c, the reflected matter waves create a standing wave pattern

in front of the object as shown in the time-averaged density images of Fig. 5.8.

5.3.5 The critical velocity in inhomogeneous condensates

Experiments on moving laser beams in trapped atomic condensates suggest a crit-
ical velocity of U, ~ 0.1 [24, 77], much lower than the homogeneous value for an
cylindrical object U, ~ 0.4. Vortex stretching [78] and enhanced phonon excitation
at low velocity due to the spatial inhomogeneity [79] have been proposed as possible
mechanisms for this reduction. Numerical simulations of trapped atomic conden-
sates in three dimensions indicate that U, ~ 0.1 — 0.2 [25] in rough agreement with
experiment. It is suggested that the lower critical velocity is mainly due to formation

of vortices where the object intersects lower density regions of the condensate [25].

The inhomogeneous density profile and finite size of trapped condensates means that
a steady, uniform flow is difficult to achieve. The MIT experiment [24] partially

overcame this problem by sweeping the object back and forth at constant velocity
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Figure 5.8: Time-averaged density of the wavefunction around a moving cylinder
(radius R = 3) for speeds of 0.9 (left) and 1.2 (right). For supersonic flow a standing
wave pattern appears in front of the object. The area shown has a dimension of
100 x 100 healing length whereas the computational box is 200 x 200 healing length.

within the central region of the condensate, where the density is approximately
uniform. In this case, the object moves through its own low-density wake, and

consequently the drag law is different from the uniform flow case discussed above.

5.4 Summary

The motion of an object through a dilute Bose-Einstein condensate provides an ideal
system to study the fundamental problem of the onset of dissipation in superfluids.
We have explained the role of vortex shedding and sound emission in energy transfer
between the object and the condensate. No energy transfer is observed under the
condition of uniform, steady flow at speeds below a critical velocity. Above the
critical velocity vortices are emitted leading to a drag force and energy transfer to
the fluid. Vortex shedding dominates the energy transfer for intermediate velocities,
while sound emission becomes increasingly important for supersonic motion. The
drag force is proportional to the screened energy of the flow, and to the object

cross-section extended by the effect of fluid healing.




Chapter 6

The rotating Bose gas

In this chapter we study the dynamics of a superfluid under rotation. The circulation
of the fluid is quantised and given by the number of vortices. In the lowest energy
state vortices of equal sign are arranged in regular arrays so that the averaged density
of circulation equals its classical value. The effect of a centrifugal potential on a
superfluid is very similar to the effect of a magnetic field on a superconductor as will

be seen in the next chapter.

6.1 Introduction

The description of the superfluid by a macroscopic wave function, ¥ = /nexp(iS),
leads to a straightforward definition for the superfluid velocity, v, Eq. (2.2). The

circulation of the fluid is usually defined as
n:%v-dl:%VSdl. (6.1)
r r

Since the superfluid wavefunction is single-valued, going around a closed contour
I' must leave it unchanged, with the result that the change in the phase S can be
only an integral multiple of 27 or zero. Therefore, the circulation is fully contained

within the zeros of ¥ and is quantised in units of 27.

64
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The quantised character of the superfluid circulation has been proved in many ex-
periments with He II [6]. For equilibrium rotation, hexagonal vortex arrays have
been predicted theoretically [6, 80] and have been observed in experiments [81].
Theoretical (82, 83] and experimental [22, 23] work has also been done to investigate
vortex arrays and vortex nucleation in trapped atomic condensates under rotation.
Here, stable vortex arrays are presented as solutions to the Gross-Pitaevskii equa-
tion for a flat-bottom potential (rotating bucket). It is known that these solutions
minimise the free energy and are, therefore, stable. However, in the case of dilute
Bose condensates, no dissipation occurs and it cannot be expected that dynamically
produced vortices arrange in these stable patterns by relaxation. The rotation of

the container is modelled by an additional centrifugal term in the NLSE:
1
0 = =5V + WY + Vi + wlop (62)

where L, is the angular momentum operator (in Cartesian coordinates L, = i(y0; —
z0y)) and w the angular frequency. The geometry of an infinitely long cylinder is

modelled by adding the following potential term:

0 ifr<R,
V(T):{ o ifr>R. (6.3)

6.2 Vortex arrays

Hexagonal arrays of vortices are found by solving the time-independent NLSE:

ptp = =V [+ Ve L) (6.4

Here, the chemical potential g depends on the particular solution and has to be
chosen in such a way that the average particle density is conserved and equal to 1

in dimensionless units. Eq. (6.4) is solved by Newton’s method (see Appendix 1).

Fig. 6.1 (left) shows an array of K = 56 vortices in the rotating cylinder. The average

density at the axis of rotation is suppressed due to the centrifugal force. Such arrays
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Figure 6.1: A stable array of K = 56 vortices in a container with R = 29 rotating
with w = 0.08. The density of the fluid between the vortex cores clearly shows a
meniscus (left). The circulation of the entire fluid in the bucket is given by the
sum of the circulations of each single vortex as can be seen from the phase pattern
(right).

of vortices exist only in confined geometries because each vortex is balanced by an
image vortex behind the wall of the container. In an infinite system, two or more

equally charged vortices repel each other [84].

Fig. 6.1 (right) shows the phase pattern of a large vortex array. The number of
phase slips of 27 at the edge of the cylinder equals the number of vortices. The
velocity at the edge is fairly constant with an average value of 27 K/2nR = K/R.
This velocity and the actual velocity of the container wall wR differ by not more
than a critical velocity which gives a range for the number of vortices depending on

the rotation speed,
RwR-U,) < K< R(wR+U,) . (6.5)

The critical velocity U, is close to one for a flat wall and lower for a rough surface.
The equilibrium value for which the fluid velocity matches that of the wall is K =
R?w. This picture suggest that monotonic acceleration from rest always produces
a state with fewer vortices than the equilibrium state and similarly deceleration
produces states with more vortices. This hysteresis behaviour has been found in

experiments [81].
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The meniscus in the density profile along the radius of the cylinder arises as a result
of the balance between the centrifugal and the interaction pressure. For a time-
independent solution in the rotating frame, the mass density performs a solid body
rotation in the rest frame, i.e. all mass elements revolve around the axis of the
container with a velocity w x r. Therefore, the circulation per unit area, which is
proportional to the number of vortices per unit area, is constant. Neglecting the
density holes around the vortex cores one obtains for the centrifugal force of a ring

with radius r and width dr:
dF = 27nr dr n(r)w’r , (6.6)

where n(r) is the number density of the Bose gas at a distance r from the axis
of rotation. The effect of the interaction pressure is proportional to the number

density,

dF = 27rdp=27r lan(r)

2
= 2nr n(r)n/(r) dr . (6.7)
In equilibrium, the two forces balance, w?r = n/(r), giving
2,.2 2R2 2,.2
n(r) =no+ S5 =1- o+ . (6.8)

The constant ng is determined by the total number of particles in the cylinder of
radius R. -A comparison of this parabolic profile to the actual density profile in a
bucket containing 137 vortices is shown in Fig. 6.2. Apart from the density dips that
correspond to seven concentric circles of vortices, the two shapes agree very well. At
very large angular velocities, if w > 2/R, or expressed by the equilibrium number of
vortices, if K > 2R, single vortices merge to form multiply charged vortices in the

centre of the container, forming a ‘giant vortex’ state.

The chemical potential in Eq. (6.4) can be estimated with a similar approach. The

solid body rotation suggests a wavefunction of the form 9 (r, ¢) = \/n(r) exp(ik(r)y).

From the simulation it can be seen that the vortices lie on concentric circles. The
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Figure 6.2: This figure shows the meniscus of the particle density in a bucket of
radius R = 99, rotating with an angular frequency of w = 0.019. The particle
density n is averaged over all angles . The~density minima correspond to 137
vortices arranged in concentric circles. The numerical result (thick line) is in good
agreement with the theoretical profile (thin line) which follows from the assumption
of a constant density of vorticity.

number of vortices k(r) enclosed in a circle with radius r increases in steps with
increasing r. However, we assume a smooth quadratical increase of k(r) that cor-
responds to a classical solid body rotation and should give good estimates for large
numbers of vortices. With K being the total number of vortices within the radius

R of the cylinder, an approximate wave function in the rotating frame is given by
. (. Kr?
P(r,p) = Vnexp <lﬁw> : (6.9)

For the chemical potential we then have

2
p=n(r)+ I;—z (% - w) . (6.10)

Replacing K by the equilibrium number of vortices, R?w, and using the approxi-

mated density profile Eq. (6.8), we find

=1——. A1
p=1 iR (6.11)

The chemical potential becomes zero when multiple charged vortices start to form

and is negative for higher speeds of rotation.
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6.3 Spin up of a superfluid

An array of vortices having all the same sign of rotation as the wall corresponds to
the ground state of the system (except for very special cases, where the geometry
plays a role, see [85]). The question is whether the vortex arrays can be formed
in a rotating bucket-type of experiment, i. e. by a rotating the wall. In a time-
dependent simulation, a stirrer is used to transfer angular momentum to the fluid.
Below a critical angular velocity, the fluid flows in a laminar way around the stirrer
and remains irrotational. At higher speeds, a number of vortices of equal sign are
nucleated which increase the angular momentum of the fluid until the fluid velocity at
the edge roughly matches the velocity of the stirrer. However, the vortices keep close
to the edge of the container and do not arrange in stable patterns (see Fig. 6.3). Note,
that one vortex of opposite sign has formed in Fig. 6.3 that has paired up with one of
the other vortices and moves with constant velocity across the bucket. The state of
lowest energy is not found using dynamic creation of vortices because no mechanism
of dissipation is contained in the Gross-Pitaevskii equations. However, dissipation
can easily be incorporated in the GP model by propagating the wavefunction in

‘complex’ time:
10 — DOyp = —%v%p 120 + Vi + whoth — b (6.12)

The imaginary part of the time changes the character of the equation from a wave-
equation to a diffusion equation. Here D denotes the diffusion constant. The system
is ldriven towards the ground state. The chemical potential i is subtracted to avoid a
relaxation to the state 1) = 0. For large values of D, the vortices quickly arrange into
hexagonal arrays. This corresponds to the scenario observed for superconducting

disks in a magnetic field (see next Chapter).
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Figure 6.3: Density plot of a time-dependent solution after the stirrer has moved
along the edge of the bucket with a velocity of v = 0.5 for ¢ = 1100. The obstacle sets
the fluid into rotation by nucleating single vortices of equal sign of circulation. The
subsequent motion of the vortices is complex. Two equally charged vortices rotate
around the centre of symmetry with a frequency of about 4/d? (d is the distance
between the vortices), whereas a vortex close to the edge of the container moves
along the wall with a velocity of about 1/d (d is the distance to the wall), following
the stirrer. If a vortex comes very close to the edge it reaches high velocities and
eventually hits the stirrer. In the above simulation, such an event nucleated a vortex
of opposite sign which combined with one of the other vortices to form a vortex pair.
This pair moves with a constant velocity through the bucket.

6.4 Summary

Above a critical angular velocity, circulation enters the superfluid along vortices.
Effectively the superfluid is set into rotation although the superfluid velocity is still
irrotational. At equilibrium the average circulation of the fluid matches the angular
rotation of the wall. The lowest energy state corresponds to a stable array of vortices
all having the same sign. As we will see in the following chapter, the effect of an
external magnetic field on charged particles is very similar to the effects of rotation

on a neutral Bose gases.




Chapter 7

The Ginzburg-Landau Model

The time-dependent Ginzburg-Landau (TDGL) equations are obtained from the free
energy functional by assuming that the order parameter relazes towards an energy
minimum with a rate proportional to the gradient of the free energy. It follows that
the dynamics of a superconductor is driven by a diffusion of particles in contrast
to the convection-type dynamics we have seen in superfluids. For the ground state,
the order parameter obeys the same equation as the wave function of a superfluid
except that it can interact with external electric and magnetic fields. In the following
chapter, general properties of the solutions to the GL equations are discussed and

the magnetisation of a thin disk in an external field is studied as an ezample.

7.1 The time-dependent Ginzburg-Landau equations

In the Ginzburg-Landau model, a superconductor is characterised by a complex
order parameter . The local density of superconducting electrons is represented by
[4|>. The theory postulates that close to the critical temperature, the free energy

can be expanded in a series of the form

h2 2

2m,

<v - ie—sA) "

1
F(, Ve, A,V x A) = aly]* + Sblyl" + -

. (7.1)
+ |V x A= poHP,
2p0
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where a and b are phenomenological constants which depend on external parameters
such as temperature; A denotes the vector potential; H an external magnetic field;
and e; and m; are the effective charge and the effective mass of the Cooper pairs.

Below the transition temperature T, a becomes negative, whereas b > 0 for all T'.

The equations of motion for the order parameter and the vector potential are the

Euler-Lagrange equations of the free energy functional,

_n <at + ie—scb) Y = il (v - i%sA)?z/; + |ajip — bl % (7.2)

2mgD h 2m;

1
IVX(VXA_p'OH) = Js+.7n (73)

0

where

= T gy gy - S jgpa (7.4
Js = 2mgi M '
Jn = o(-V®-5§A). (7.5)

D is a phenomenological diffusion constant, and @ is the electric potential, included
to retain the gauge invariance of the equations. Equation (7.3) is the Maxwell equa-
tion for the magnetic field, where the displacement current €0 E has been neglected
[86]. The total current is given by the sum of the supercurrent, j,, and the normal

current, j,,, which obeys Ohm’s law.

7.2 Dimensionless units

We scale length in multiples of the coherence length, £ = A/+/2m/a[; time in 7 =
¢2/D; the wavefunction in 1 = \/[a|/b; the vector potential in Ay = V2kH,E;
where H, = uo|a|?/b; the electric potential in ®¢ = (£/7)Ap; and resistivity in units
of the normal resistivity o9 = 1/k2Dpg. The so-called Ginzburg-Landau parameter
is given by 2 = 2m?b/e?h%uy. The characteristic length scale for variations of
the magnetic field is A = k€ and V x A measures the magnetic field in units of

\/iff'Hc = He.
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Metals that undergo a superconducting phase transition, e. g. Ga, Al, Sn, Hg, Pb
and Nb, have a critical temperature of T, < 10 K, a critical field of H, in the
range 0.01 to 0.1 T and the coherence length ¢ and London penetration depth A
range between 30 and 160 nm, and 10 and 40 nm, respectively. Commercially
used metallic compounds (such as NbTi, Nb3Sn, Nb3Ge, V3Ga); high-temperature
superconductors (e.g. YBayCu307); and the recently discovered MgB, [41] have a
T. > 10 K and show a much larger critical field, typically He > 15 T, a shorter
coherence length, £ = 2 nm to £ = 5 nm and a larger penetration depth, A = 100

nm to A = 300 nm.

In scaled units equations (7.2) and (7.3) become

(B +i®)yp = (V—-i4)¢+¢ - [y (7.6)
KV xVxA = (VS —VA)|¢L2+\(—V<I>V— 8,A)+£°V x H , (7.7)
js jn jezt

where S denotes the phase of 9. The last term in equation (7.7) can be understood
as an external current j,,, with V5, = 0 and can be used to model external fields
or magnetic impurities in the material. In dimensionless units, the dynamics of the

superconductor depends on the dimensionless Ginzburg-Landau parameter « only.

7.3 Charged BEC

The main difference between the first Ginzburg-Landau equation, Eq. (7.6), and the
NLSE for superfluids, Eq. (2.16), is the missing imaginary constant in front of the
time derivative. Let us replace the time ¢ in (7.6) by —it and the electric potential
by i® to retain the general gauge invariance of the equations (see Section 7.4). The

consequernces of this substitution are discussed below. Eq. (7.6) becomes-
0 = —(V —iA) % + ([$|> — 1 + ®)ep . (7.8)

With this replacement, we obtain an equation that is very similar to the NLSE

and we can employ the Madelung transformation as discussed in Section 2.1. The
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continuity equation n+Vj = 0 is satisfied if we define n = |1/|? as the number density
and j = 2(VS — A)}¥|? as the current density. The local velocity is identified as
v = 2(VS — A). Following the same steps as in Section 2.1, Eq (7.8) becomes

1
nat'v = —Vp - inVQ) - 2n8tA s (79)
where
p=-nVinn+n?. (7.10)

As in the superfluid, the dependence of the pressure p on the particle density is given

by a non-local and non-linear expression. Simplifying further, one obtains
-
v =-Vw - §Vv —2V® - 26,A (7.11)

where w = —V?n1/2/2n1/24-2n. With help of the relation Vv? = (vV)v+vxV xwv,

one arrives at the Euler equation with an additional force term due to the Lorentz

force:
Ow+ (vVw=-Vw-2v0xVxVS+2(E+vxB). (7.12)
N - _ ——
Euler fluid ' Lorentz force

Here E = —V®—098,A, B = Vx A. The term vxV x VS is zero everywhere except in
the vortex core where it acts in the radial direction pushing particles away from the
vortex line. Clearly, equation (7.12) describes a Bose-Einstein condensate of charged
particles. This agrees with the picture that the Cooper pairs in a superconductor are

condensed to form a macroscopic wavefunction just like the bosons in dilute alkali

condensates.

However, the dynamics is greatly changed due to the ‘imaginary time’ derivative
in' the TDGL equations. The flow of superelectrons does not necessarily conserve
energy and momentum as suggested from the above analysis. Instead the super-

electrons constantly exchange energy with the lattice of the superconductor thereby
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minimising the free energy. The lattice acts at a heat bath for the Cooper pairs.
Therefore, the TDGL equations model a constant temperature! whereas the NLSE
describes the motion of bosons under the assumption that the energy is conserved.
As mentioned in the Introduction, the phenomenological diffusion constant in (7.2)
must be chosen to be a complex number to account for the small Hall effect ob-
served in superconductors [53]. Therefore, the dynamics of supercurrents may be
understood as the motion of charged bosons in the limit of strong damping towards

the ground state.

7.4 Gauge transformation

The measurable quantities E, B, |¢|?, and j are invariant under the transformation

A 5 A+ VA
P —mpei/\' (7.13)
® -d-A,

where A is an arbitrary scalar field. We choose the zero potential gauge, A(r,t) =
J dt®(r,t), in other words, ®(r) = 0 at all times. For this choice, equations (7.6)
and (7.7) become

Oy = (V-id)ly¢+¢— [y (7.14)
O A (VS —A)Y]? -’V x (VxA-H) . (7.15)

In Appendix C, we suggest a fast and reliable numerical method to find an approx-

imate solution to these equations.

7.5 The depairing current

Within the zero potential gauge it is possible to write down the TDGL equations

using only measurable quantities. We write the order parameter as a product of the

'From the microscopic theory it can be shown that T/Tc =1 — 34/ J‘;—' (9]
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superelectron density and a phase factor, ¥ = \/nexp(iS), and separate Eq. (7.14)

into real and imaginary parts,

Svn = VZ\/ﬁ—i—(l—n—jQ/n?)\/ﬁ (7.16)
ndS = -VE (7.17)
HA = j—k’Vx(B-H). (7.18)

In this gauge, E = —0;A, B=V x A and j = (VS — A)|¢|?, and clearly the time
derivative of the phase must be interpreted as a local charge. From the first equation
it can be seen that in equilibrium and in homogeneous regions, the superelectron

2 _ n3. Thus, the supercurrent reaches

density and supercurrent are related: j? =n
a maximum for n = 2/3, in other words j < jp = %, where jp is known as the
depairing current, an upper limit for the critical current density in superconductors

characteristic for every material.

7.6 Energy

The free energy in dimensionless units reads
1 2
E:/JW“V—MWP+§O—WM-HﬂVxA—Hﬂ, (7.19)

where the different contributions to the energy can be understood as the kinetic
energy of particles in an external field, the condensation energy, and an energy
related to the difference of the magnetic field inside and outside the superconducting

sample. In analogy to Eq. (2.26), the kinetic term may be written in the form

2)2 '
(v -iapp =GR+ s - ape (7.20)
(Vn)? 1
™ + Zv2n , (7.21)

where v = 2(VS — A). As for superfluids, the kinetic energy is made up of a term

arising from density variations and a classical term.
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The possibly unexpected appearance of factors of 2 and % in the local velocity and
kinetic energy are due to the choice of dimensionless units, namely the coherence

length which differs by a factor of /2 from the healing length defined in Section 2.2.

7.7 Boundary conditions

For a superfluid wavefunction we choose the boundary condition near objects and
walls to be ¢ = 0. This boundary condition is not appropriate for the order pa-
rameter as it wrongly predicts a zero current through wires that are thinner than
a couple of coherence lengths [87]. Using the microscopic theory, de Gennes [88]
has shown that for a metal-superconductor interface with no current, the following

boundary condition for the order parameter must be used

) i
(V —iA)h = 10, (7.22)
where b is a real constant ranging from zero for a magnetic material to infinity for
an insulator. In the following, we model a superconductor - vacuum interface and

set the supercurrent across the boundary to zero, (V —i1A4)y|, = 0.

7.8 GL vortices

The simplest property of a superconductor is its ability to conduct an electrical
current, if it is small enough, without any resistance. In other words, the existence
of persistent currents. In a superfluid, stable vortices demonstrate the presence of
persistent currents. The GL equations also exhibit vortex solutions characterised
by a circular flow pattern with a central core. In cylindrical coordinates, the wave-
function can be put in the form 3 = ¢'/2(r)e"™¥, where ¢(r) is real-valued and m, is
restricted to integer numbers. The phase gradient of the order parameter combined
with the vector potential determine the direction of the supercurrent. For a circular
flow pattern we set A = (0, A,(r),0). The magnetic field is then parallel to the
vortex line, B = (0,0, %% (rAw)). Thus, the time-independent GL equations for
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Figure 7.1: Density (left) and magnetic field (right) around a vortex line of unit
circulation (|m| = 1) for different values of the Ginzburg-Landau parameter,
k = 0.1,0.5,1,2,5,00. For small k the the magnetic flux is confined in a narrow
tube, whereas for large x the magnetic field becomes more homogeneous. Note, that
in the limit ¥ — oo, the shape of the vortex core tends to the profile of a super-
fluid vortex (left, bold line). The magnetic flux carried by a vortex is quantised as
2r [[2,r drB,(r) = 2nm. The peak value of the magnetic field in the vortex core
is given by B,(0) ~ 0.63025~ 1444,

an isolated vortex line are

0 = %% (r%) - <% —A¢>2 +d—¢° (7.23)
0 = (% - A<p> &+ 52%%% (rA,) . (7.24)

The profiles of the density and magnetic field are shown in Fig. 7.1. Note, that in
the limit of large x, the solutions to the GL equation converge to the solutions of
the Gross-Pitaevskii equation, i. e. the magnetic field and the vector potential tend
to zero everywhere and the current density is given by r—1. For finite &, the current
density drops faster which leads to a reduced centrifugal force. In effect, the vortex

core is narrower for finite x (see Fig. 7.1).

At large distances form the vortex line, the order parameter can be approximated

by unity and Eq. (7.24) may be solved analytically:

Jsve % — Ay(r) =mHD(r/K) , (7.25)
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where H{Y is the Hankel function (see Section 5.2). The supercurrent js , encircling
the vortex line drops to zero exponentially as 7 — oo and thereby faster than in a
superfluid vortex. Therefore, the total flux through a circle of radius R < & is

quantised as

- .

27r/ r drB,(r) = / ds- A(r) =2mm . (7.26)
r=0 r=R

If a vortex is located near the surface of a superconductor, the magnetic flux may

be less than 27m as the integral in Eq. (7.26) does not extend to infinity.

7.9 The Meissner effect

The second fundamental property of a superconductor was discovered by Meissner
and Ochselfeld in 1933 and consists of the complete exclusion of magnetic flux from
the specimen for applied fields H less than a critical value H,. More precisely, the
magnetic field drops from its value at the surface of the superconductor to zero over
a distance A = x¢, called the London penetration depth. Figure 7.2 shows a one-
dimensional scenario of a superconductor placed in an external H field perpendicular

to the surface. Both the vector potential and the magnetic field drop to zero as

exp(—l|z|/k).

The Meissner effect is due to surface currents that exactly cancel the external mag-
netic field. Figure 7.2 also shows the current density j, which peaks just below
its theoretical limit of jp = 0.385. Note that the current along the surface is not

associated with a phase gradient of the order parameter in this particular gauge.

The simplest argument for the existence of the Meissner state, i. e. |¢)] = 1 and
A = 0 in the bulk, is that, up to a critical field, it has a lower energy than the
normal state, i. e. a zero order parameter and V x A = H. According to Eq. (7.19),
the energy of the Meissner state and normal state for a volume Q2 is £3s = x? H2Q and

En = %Q, respectively. Thus, the Meissner state becomes energetically favourable

when H < H, = 1//2k.
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Figure 7.2: Meissner effect for a one-dimensional superconductor with kK = 5. The
vector potential A = (0, A(z),0) that is associated with a magnetic field H, gener-
ates a persistent supercurrent j, along the the superconductor that exactly cancels
the external magnetic field. The external field is just below H, = 1/v/2k.

The value of H, is changed in small samples with more complicated geometry. Con-
sider firstly a cylinder of radius R in an longitudinal field H = (0,0, H,). To min-
imise the energy, the superelectrons will create surface currents going around the
cylinder. Unless the radius is much larger than k, the magnetic flux at the axis of
the cylinder is non-zero and the surface currents do not completely cancel the exter-
nal field. For a given external field, the current density in a thin cylinder is smaller
than in the 1D case discussed above and the critical current density is reached at a
higher value of the external field. Therefore, the curvature of the cylinder increases

H, as shown in Figure 7.3 (left).

As a second example of how the curvature of a superconducting sample influ-
ences the Meissner critical field, consider a cylinder in a circular external field
H = (0,H,(R)R/r,0), where H,(R) is the magnetic field strength at the surface of
the cylinder. The induced surface currents now run parallel to the axis or the cylin-
der. This models a superconducting wire with a transport current I = 27ar2H(p(R).
In this case, the total current is restricted by the depairing current, I < 7R?jp which
for the magnetic field means H,(R) < Rjp/2x*. Fig. 7.3 (right) shows the exact
behaviour of the Meissner critical field on a current carrying wire as well as the

upper limit set by the depairing current (bold line at 1/R = 0.1).
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Figure 7.3: Meissner critical fields for a cylinder of radius R placed in a field parallel
to the axis of the cylinder (left) and in a circular field (right). For large radius,
1/R — 0, the critical field converges to its 1D value H, = 1/v/2k. A finite radius
increases the critical field parallel to the wire but decreases the circular critical field.
The bold line at 1/R = 0.1 in the right plot indicates an upper estimate for the
critical field, H,(R) < Rjp/2x?, where jp is the depairing current.

In summary, the critical magnetic field can always be related to a critical current

density which corresponds to the critical velocity in superfluids.

7.10 The mixed state

For certain values of the Ginzburg-Landau parameter  and the external field H, the
presence of a vortex line lowers the free energy given in Eq. (7.19) compared to the
Meissner state. Figure 7.4 (left) shows the energy difference, AE, between a vortex
line solution and Meissner state for different values of the external field. For zero
field, the currents and density variations of the vortex constitute a higher energy
than the homogeneous Meissner state for all k. However, if the magnetic field of
the vortex is aligned with some non-zero external field, the last term in Eq. (7.19)
is lowered locally so that A€ changes sign for a certain value of x. The bold line
shows the energy difference for H = 1 which becomes zero at x = 1/+/2. For higher
fields, no Meissner state exists for x > 1/v2H and A€ > 0 for all other .
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Figure 7.4: Left: Energy difference between a vortex and a homogeneous solution
for external fields H = 0,0.2,0.4,0.6,0.8,1,1.4,1.8. The vortex solution becomes
energetically favourable from some value of x that depends on the external field.
The bold line shows the energy for H = 1 which becomes zero at k£ = 1/ V2. For
higher fields, no Meissner state exists for H > 1/v/2x and vortex solutions always
have higher energy than the Meissner state. Right: Phase diagram showing the
lowest energy state for given external field and Ginzburg-Landau parameter. The
Meissner critical field H, = 1/4/2x is higher than the field H.; at which the mixed
state becomes energetically favourable. The first critical field may be approximated
by Ha ~ (Ink + 0.116)/2x2 (dashed line) for large & [46]. The density of the order
parameter falls to zero in the mixed state at Hep = 1 [46].

For a given value of x > 1/v/2, vortices have a lower energy than the Meissner
state for H > H;, the value at which A&(k, H) becomes negative. For those fields,
the superconductor fills up with vortices and the magnetic flux runs through the
sample in the form of flux tubes. This so-called mixed state is an intermediate
state between the Meissner and the normal state. The average density of the order
parameter goes to zero as H — H, = 1 [46], which marks the transition from
the mixed to the normal state. The complete phase diagram for superconductors
with different x is shown in Fig. 7.4 (right). In general, one distinguishes between
type-I superconductors for 0 < xk < 1/ V2 and type-II superconductors for larger
values of the Ginzburg-Landau parameter. Most metals such as Ga, Al, Sn, Hg
and Pb are type-I superconductors whereas all compounds and high temperature

superconductors show a mixed state.




Chapter 7. The Ginzburg-Landau Model 83

The vortices in the mixed state are arranged in triangular arrays which were first
studied by Abrikosov [89]. The density of the vortices increases with increasing
external magnetic field. In equilibrium, the average internal field matches the applied

external field.

7.11 Magnetisation of a disk

As an example, we study the magnetisation of a thin disk placed in a magnetic field
perpendicular to its cross-section. The order parameter is expected to be homoge-
neous along the height of the disk and the field lines are approximately parallel so
that the problem is equivalent to that of an infinitely long superconducting cylinder
with a longitudinal magnetic field. This geometry has been studied experimentally
[90] and theoretically [91, 92]. A type-I superconductor is found in the Meissner
state up to the critical field H, where the order parameter vanishes abruptly. Here,
we present some results for a type-II superconductor (k = 5) and a disk radius of

R =10.

Fig. 7.5 shows the the density of the order parameter in the Meissner state and in
mixed states with up to nine vortices. The mean density decreases with increasing
field and goes to zero at H = H., = 1. Each vortex carries a magnetic flux of
27 so that the field partially penetrates the superconductor. Outside the disk or
the cylinder the field is constant. Because the value of x is large compared to the
separation of the vortices, the magnetic field inside the cylinder can be approximated
to be homogeneous, B = (0,0, B;). In Cartesian coordinates, a possible choice for
the vector potential is given by A = %A(—y,:v,O). With this choice, the time-

independent GL equation (7.14) reads,
2, B. 2, .2 2
0=-V @[)_Bsz"/”*'T(m +y )b — b+ [P, (7.27)

where L, = i(y0; — zd) is the angular momentum operator. Comparing this equa-
tion to Eq. (6.2) which described a superfluid in a rotating frame, one can see that

a homogeneous magnetic field has exactly the same effect on the order parameter
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Figure 7.5: Vortex states in a small disc of radius R = 10 and x = 5 at different
applied fields (H = 0---0.6). Shown is the density of the order parameter from
white (|| = 0) to black (]1)|* = 1) The average density decreases with increasing
field and reaches zero at H = H 9 = 1 independent of the vortex configuration.

as a centrifugal potential. In a superfluid, a meniscus forms in the density profile
due to rotation. However, the additional quadratic potential term, %‘(1:2 + y?),
in the above equation suppresses the meniscus and leads to array of vortices in a

homogeneous background density.

The states shown in Fig. 7.5 are solutions to the time-independent GL equations.
The dynamics modelled by the TDGL is expected to drive the system to the lowest
energy solution. We plot the energy (compared to the normal state) for each of the
states shown in Fig. 7.5 versus the applied field, Fig. 7.6 (left). At very small fields,
the Meissner state has lowest energy. As expected for a type-II superconductor,
vortex solutions become energetically favourable for intermediate fields. First one
vortex enters, then a second one and so on. With increasing field, there is a sequence
of numbers of vortices characterising the lowest energy state that for our parameters

is given by
0122932425236 7T2382T7T236211—21321—1,

where a subscript m stands for vortices with a circulation m > 1. Multiple vortices

at the axis of the disk are often called giant vortez states.

The right plot in Fig. 7.6 shows the magnetisation of the disk in the different states,
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Figure 7.6: Energy of different vortex states in a small disk (R = 10) versus external
field (left) and the according magnetisation curves (right). At small fields, the Meiss-
ner state with no vortex is the ground state and the disk shows perfect diamagnetic
behaviour. If the system follows the path of lowest energy solutions (bold line), the
first vortex enters at H = 0.097 reducing the magnetisation. Further vortices enter
one by one if the field is increased further. For external fields close to the upper
critical field Hp = 1, giant vortex states, i. e. states with a multiply charged vortex
at the axis of the disk become energetically favourable.

where magnetisation is simply defined as the difference of internal and external
magnetic field multiplied by the (two-dimensional) volume. The bold line indicates

the lowest energy solution for each field.

In practise, the magnetisation curve of a disk in a varying field may not follow
the path of lowest energy states because there is an energy barrier for vortices to
enter or leave the disk [93]. This nucleation barrier was first proposed by Bean and
Livingston [94] and depends very strongly on the surface curvature and roughness

[51].

In figure 7.7 we plot a complete cycle of the magnetisation curve for a larger disk,
R = 40, that is found by integrating the TDGL (see Appendix 3). For this size of
the disk, the jumps in the magnetisation curve are far less pronounced. Like in the
rotating bucket experiment, we observe a hysteresis in the magnetisation, i. e. the
disk contains fewer vortices when the external field is ramped up than in the case

of a decreasing field.
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Figure 7.7: Magnetisation curve for a larger disk, R = 40 and x = 5. This curve
has been obtained by integrating the TDGL equations. The magnetisation does not
follow the sequence of lowest energy states. For example, the magnetisation is non-
zero even if the external field is zero (remanent magnetisation). Some vortices remain
in the disk and their sign depends on the history of the magnetisation process. The
area enclosed is determined by the energy barrier and the mobility of the vortices
inside.

Starting from the Meissner state (at the origin of the plot 7.7) one still observes a
perfect diamagnetic behaviour of the superconductor. The field at which vortices

start overcoming the nucleation barrier and penetrating the disk is called the third

critical field, H 3 and can be as high as Hez = 1.695H [9, 95].

7.12 Summary

We have reviewed the properties of the Ginzburg-Landau equations of superconduc-
tivity and shown the connection between the various phases that can be observed to
internal and external parameters. As an example, we have presented results on the

magnetisation of a mesoscopic type-II superconductor subjected to external fields.



Chapter 8

Vortex dynamics, pinning, and
critical currents

The dynamics of vortices in a type-II superconductor with defects are studied by
solving the time-dependent Ginzburg-Landau equations in two and three dimensions.
We show that vortex fluz tubes are trapped by volume defects up to a critical current
density where they begin to jump between pinning sites along static flow channels.
We study the dependence of the critical current on the pinning distribution and find
for random distributions a mazimum critical current equal to a few percent of the
depairing current at a pinning density three times larger than the vortez line density.
Conversely, for a reqular triangular pinning array, the critical current is significantly

larger when the pinning density matches the vortex line density.

8.1 Introduction

In a type-II superconductor dissipation is associated with the motion of the vortex
lattice [9, 86, 96]. Consider a slab of superconductor in a transverse magnetic field,
Fig. 8.1. Above H,, an Abrikosov vortex lattice forms so that, in equilibrium, the
internal magnetic field matches the external field (B = H). If a current is passed

through the sample in the z-direction, a gradient of the magnetic field builds up,

0B,
ay _]IC'

(8.1)

K‘,2
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Figure 8.1: Schematic representation of a flux flow state in a slab of type-II super-
conductor. A sufficiently strong external magnetic field passes through the material
along vortex tubes (black in this density plot). A current in the x-direction generates
a field gradient in transverse direction. A Lorentz force arises that leads to motion
of the flux lattice.

We have assumed a homogeneous current density. Across the slab, the magnetic field,
B,(y), varies from BY + AB, to B? and the total current is given by I = x’AB,.
The energy density associated with the magnetic field is k2B2(y), Eq. (7.19). Its

gradient, the Lorentz force density, Eq. (7.12) or the magnetic pressure, is given by

Ry = £ (@ B2) = 28,5 = 28,4, )
and pushes the vortices in the y-direction. Consequently, vortices enter the sample
at the underside (see figure 8.1), move across and leave the specimen on the upper
side, thereby transporting magnetic flux from a region of high magnetic field to a
region of lower magnetic field. Because the energy density is given by the square
of the magnetic field strength, this transport releases energy that is converted into
a voltage along the slab. The local density of the vortices is proportional to the
local magnetic field, B(y). Therefore, the velocity of the vortices is related to the
local field by vy (y) = a/B;(y). To determine the coefficient & we relate the energy
released from the relaxing magnetic field to the electrical energy, —AE = VI At,
where V = El is the voltage along the slab and [ its length. A magnetic flux

vy(y) At B,(y) enters and leaves the superconductor, and we can write for the total
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dissipated energy per time unit At:

AE = 1At (1,;233 -

o 2 2
= FAE" (B0+AB)) . (8.3)

Under the simplest assumption that the electric field does not depend on y (no local

charges) we find for the velocity of the vortices

v(y) = : (8.4)

The above analysis is also correct if |BY| < |AB,|, in other words, if B,(y) = 0 on
some line. In this case, vortices of opposite sign enter from both sides of the sample

and annihilate where B,(y) = 0.

This dissipation associated with the flux flow is reduced by the presence of defects,
which pin the vortex lattice up to a critical current density where depinning oc-
curs. In many applications, such as superconducting magnets, one is interested in
optimising the vortex pinning to achieve the maximum critical current. However,
the details of the depinning transition are complex, involving the non-equilibrium
dynamics of an elastic lattice in a disordered medium. Theoretical studies based on
molecular dynamics simulations suggest the existence of various dynamical phases of
vortex motion including plastic flow, uncoupled static channels and coupled channels
[10, 11, 98]. It is also possible to simulate vortex dynamics by solving the TDGL
equations [51, 99, 100], where the vortex-vortex interaction is completely charac-
terised by the GL parameter, k. However, previous studies are restricted to two
dimensions and often the limit K — oo and they do not show the effect of pinning
of a sliding vortex lattice. To solve the three-dimensional equations for finite % is
computationally intensive, in part because the standart explicit integration methods

require very small time-steps.

We have developed a semi-implicit method to solve the time-dependent Ginzburg-
Landau equations in three dimensions (see Appendix 3). For intermediate values of
%, the semi-implicit method is two orders of magnitude faster than explicit meth-

ods, making it feasible to study dynamical vortex phases, depinning, and the de-
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pendence of the critical current on the density and distribution of pinning sites.
Although pinning may arise due to magnetic defects, dislocations, grain boundaries,
and correlated disorder such as twin planes in high-7, superconductors, we restrict

the current study to volume defects which exclude the supercurrent.

The time-dependent Ginzburg-Landau equations (7.14) and (7.15) are discretised
using a grid of 51 x 51 x 51 points with a grid spacing h = 0.4. A current flow
along z is induced by imposing a magnetic field difference, AB,, between the upper
(y = 10) and lower (y = —10) boundaries. The supercurrent across the boundary
is set to zero. We impose periodic boundary conditions at x = +10 and z = +10.
The average current density is given by j = k2AB,/d, where d is the width of the

superconductor.

8.2 Three dimensional vortex flow

A pinning array is produced by adding a potential term to equation (7.14) consisting
of a random distribution of cubic potential steps with side length a = 1.2 and height
Vo = 5.0. In agreement with other studies [101], we find that the pinning strength
increases with a for a < &, and saturates for a > €. A more sophisticated pinning
model would be needed to account for the larger pinning forces observed for small

defects [102].

Fig. 8.2 shows a sequence of images illustrating the motion of the vortex lattice
through the pinning array. In frame 1, six flux tubes are visible. By comparing
frames 1, 2 and 3, one sees that the central flux tubes are moving whereas the two
pairs on either side are pinned. However, between frames 4 and 5 the flux tubes on
the left and right jump to the next pinning site. This differential motion between
neighbouring planes in the vortex lattice plays an important role in the voltage-
current characteristic (see Section 8.4). After frame 6, a similar but not identical
sequence recurs. For the simulations presented in Fig. 8.2, the bending of the vortex
lines is increased by the choice of a larger value of x and strong pinning. However, no

entangling of vortex lines is observed. For smaller &, the vortex lines become more
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Figure 8.2: A sequence of three dimensional images showing the motion of a Kk = §
vortex lattice through a random pinning array. The axes are shown inset in frame
6. The current flows along z, the external magnetic field is along z, and the vortices
move in the —y direction. Each frame shows a region with dimensions 9 x 7 x 20
coherence lengths containing 12 pinning sites (shown in black, not to scale). The
external magnetic field and current are Bey; = 0.4 and j = 5x1073, respectively. The
grey flux tubes corresponds to surfaces of constant supercurrent density, |1|> = 0.05.
The time interval between successive frames is 100.

rigid, and the behaviour of the three dimensional system and a two dimensional cross
section are qualitatively very similar. For high-T, superconductors, a comparison
between the two and three dimensional dynamics should consider possible effects of

the layered structure [103].
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8.3 Two dimensional vortex flow

We use two dimensional simulations to study the effect of pinning on the voltage-
current characteristic or V — I curve of a superconductor with x = 3, where three
dimensional effects are suppressed. In addition, we reduce the size and strength
of the pinning sites to ¢ = 0.8 and Vj = 2.0, respectively. In Fig. 8.3 we present
contour plots illustrating the vortex lattice in two dimensions. Fig. 8.3 (a) shows the
instantaneous vortex distribution for a perfect superconductor (no pinning). The
vortex density is proportional to the magnetic field which decreases linearly from
the bottom to the top. The vortices move upwards with a speed v = E/B, where
B is the local magnetic field and the electric field, F, is constant throughout the
sample. Consequently, the vortex flow obeys a Bernoulli-like equation where the
flow is faster in regions of lower density (lower magnetic field) and the dissipation

can be thought of as a relaxation of the magnetic flux lattice.

Adding defects transforms the triangular lattice into an irregular vortex glass, see
Fig. 8.3 (b). For low driving fields, the vortex glass is frozen. As the current is
increased, individual vortices begin to jump between pinning sites. As in the three
dimensional simulations, Fig. 8.2, this motion begins along channels. The existence
of static channels confirms the results of molecular dynamics simulations [10, 11].
In the Ginzburg-Landau model channels can merge or divide at intermediate drive
currents, as shown in Fig. 8.3 (c). At larger currents, all the vortices are moving

but the channels are still evident, Fig. 8.3 (d).
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Figure 8.3: Contour plots of the supercurrent density for a section of a supercon-
ductor with dimensions 60 x 20 coherence lengths, and k = 3, subject to an external
magnetic field in the z direction, Bexy = 0.4. The current flows in the z direction
and the vortices move in the y direction. (a) For a current 5 = 0.06 and no pinning,
the vortices form a triangular lattice with lattice spacing proportional to the local
magnetic field. (b) The addition of pinning (density 0.056 £~2) creates a vortex
glass, which at low currents, j = 0.004, is pinned. (c) At intermediate currents,
i = 0.005, vortex motion begins along channels, indicated by the grey scale image
of the local electric field, superimposed on a time-averaged contour plot of the su-
percurrent density. (d) At larger currents, j = 0.011, all the vortices are moving
and the electric field is non-zero everywhere, however, the channels, where vortex
motion mainly occurs, are still visible. (e) A regular array of volume defects pins
the vortex lattice more effectively. Here, the density of vortices is three times the
density of pinning sites and j = 0.005.
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8.4 V-I curve

The on-set of vortex motion coincides with the on-set of dissipation or breakdown
of superconductivity. In Fig. 8.4 we plot the V — I curve for a two-dimensional thin
film for different defect densities. The voltage is measured by decreasing the current
at a very slow rate of 8;5 = —1.2 x 1077, and the V — I curves is obtained from a
200 point moving average. As our sample size is relatively small, surface effects tend
to dominate. The critical current due to the Bean-Livingston barrier for vortices
entering and leaving the calculation region [51] is the same order of magnitude as
the pinning effect. In order to study pinning only we remove the surface effects by
adding a boundary layer of width 9 £ on either side of a calculation region with width
30 £. Within the boundary layer, a linear ramp potential reduces the supercurrent
density gradually to zero. The current density and the voltage are measured within

the calculation region (|y| < 15) only.

x 107
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Figure 8.4: The V — I curves for a two dimensional section of superconductor with
pinning densities (from the right) 0.14, 0.28, 0.39, and 0.56 £~2 (at these relatively
high densities, the critical current decreases with increasing pinning density). The
thin black line corresponds to the V — I curve without pinning, and the dotted line
shows the normal resistance, £ = j. Note that at large currents the slope of the
V-— I curves is similar to the normal resistance curve.
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The shape of the V — I curve is dependent on the details of the vortex dynamics.
The characteristic ‘curved foot’ can be explained by the combination of an increase
in the number of vortex flow channels and increased flow along each active channel,
as illustrated in Fig. 8.3 (c) and (d). The V' — I curve becomes linear when all the
vortices start to move. The ratio between the V —I curves and the normal resistance
(the dotted line in Fig. 8.4) gives the dimensionless resistivity, which measures the

fraction of current carried by normal electrons.

8.5 Ciritical current density

As the current is decreased the voltagé becomes zero, i.e., all the vortices become
pinned, at some finite current which we define as the critical current density, j.. In
the absence of finite temperature induced fluctuations or vortex creep, the value of
Je is well defined. However the critical current is sensitive to the exact distribution
of pinning sites, therefore we average over six random distributions with the same
density. Fig. 8.5 shows a plot of the average value of j. against pinning density. The
maximum critical current density is about 2 % of the depairing current, jp. For
comparison, the optimum critical current density of Nb-Ti alloy is ~ 3 % of jp. The
maximum value of j, occurs at a pinning density about three times larger than the

vortex line density (indicated by the dotted line in Fig. 8.5).

The dependence of the critical current on the defect density fits reasonably well to a
function of the form Az exp(—Bz). The linear increase at low pinning denéity follows
from the linear dependence of the critical current on the pinning force. However,
at large pinning densities the effect of supercurrent depletion by defects leads to
the exponential decrease. The shape of the curve and the relatively high optimum
pinning density also agree qualitatively with experimental results on silver doped

high-T, superconductors [104].

For certain random distributions one finds persistence static channels which can
dramatically reduce the critical current. This is illustrated in Fig. 8.5 (inset), where

the curve with lower dissipation at large currents has a much lower critical current.
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Figure 8.5: The critical current density as a function of the defect density (in units
of £72) for both random distributions (/) and regular triangular arrays (e). The
data points are determined from an average of six random distributions. The error
bars (shown for the high density distribution only) indicate the standard deviation.
An example illustrating the effect of the distribution on the V — I curves is shown
in the inset. The bold curve is a fit using the function Az exp(—Bz), where A and
B are fit parameters. The critical current density for a regular triangular array is
a maximum when the pinning density is equal to vortex line density (indicated by
the dotted line).

One approach to increase the critical current is to introduce a regular pinning array
by nanostructuring [105, 106, 107]. In Fig. 8.5 we show that a regular triangular
array increases the critical currents by more than a factor of two, however, the
optimum pinning density is sharply peaked around the vortex line density. Conse-
quently, the enhancement is only obtained within a narrow range of the external
magnetic field. This agrees with experimental studies where a sharp enhancement
peak is obtained at matching magnetic field values [107]. There are two additional
critical current peaks, one at one third the vortex line density where every third
vortex is trapped (see Fig. 8.3 (e)), and one at half the vortex line density, which
is weaker because the matching only occurs on alternate planes. For small pinning
sites (a = 0.8 compared to the vortex cores size of 2) the maximum critical current
is about 5 % of the depairing current, jp. For a = 2 we obtain j. = 0.0747p, which

suggests that other pinning mechanisms may be needed to obtain j. ~ jp.
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8.6 Summary

We have studied vortex dynamics and pinning in a three dimensional superconduc-
tor by solving the time-dependent Ginzburg-Landau equations. We find that above
a critical current density vortex flux tubes jump between pinning sites following spe-
cific channels. The main features of the dynamics are reproduced by two dimensional
simulations. We study the effect of pinning on the voltage-current characteristic of
the superconductor, and show that the breakdown of superconductivity is associated
with the appearance of channelled vortex flow. The characteristic curved foot in the
V — I curve arises due to the combination of the formation of more channels and
faster vortex flow along each channel. For a random pinning array we find a max-
imum critical current equal to 2 % of the depairing current occurring at a pinning
density of about three times the vortex line density. Finally, we study the critical
currents produced by vortex matching pinning arrays. The results suggest that time-
dependent Ginzburg-Landau simulations are ideally suited to provide quantitative

predictions of critical currents in type-II superconductors.




Conclusion

In this thesis we have studied the dynamical properties of quantum fluids by numer-

ically solving nonlinear equations of motion.

The Gross-Pitaevskii equation, which is a form of the non-linear Schrodinger equa-
tion, describes a gas of weakly interacting bosons under the assumption that energy
is conserved. The dilute Bose gas is an Euler fluid that differs from a classical fluid
only by the restriction to quantised vorticity and a non-linear and non-local depen-
dence of the pressure on the particle density. The excitation spectrum has a finite
slope in the limit of long wavelength for repulsive inter-particle interactions. This
fact, and the lack of a viscosity term, are the essential ingredients to superfluidity.
According to the Landau criterion, the system energy cannot be lowered by creating
an elementary excitation when the flow velocity is smaller then the speed of sound.
We have studied stable vortex and vortex ring solutions in the vicinity of a moving

object.

If the object is subject to a small external force, it accelerates up to the critical
velocity where a vortex ring forms that slows the object down. We observe a smooth
transition from laminar flow to a state where a vortex ring encircles the object.
A small perturbation drives the object towards the vortex core where it becomes
trapped. The hopping of the object into the core excites oscillations that decay
rapidly. Apart from the transition between the encircling ring and the pinned ring
state, the dynamics closely follows a sequence of time-independent states which
indicates that the entire energy transfered to the fluid is stored in the vortex ring

and that the process is reversible. Above a critical force, a succession of vortex

98
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rings may detach from the object. We consider the vortex ring as an elementary
excitation of the fluid and extend the Landau criterion to objects with finite mass.
At very large forces, when the object velocity exceeds the speed of sound, energy
is also transfered into sound waves and the drag force on the object approaches its

classical limit.

Our simulations of objects moving through a dilute Bose gas agree surprisingly well
with experimental results on ions in superfluid helium. In particular, the observa-
tions that the motion of ions is governed by the nucleated vortex ring and that the
energy transferred to the system is fully contained in the ring suggest that the Gross-
Pitaevskii model does not miss any essential physics as long as only hydro-dynamical
properties of helium are probed. The situation becomes more complicated if rotons,
normal fluid or 3He are present in He-II. Extensions to the GP model that include
a more detailed description of the inter-particle interactions and finite temperature
effects are discussed in the Introduction and may be able to explain experimental re-
sults that indicate a stochastic tunnelling during vortex formation. The description
of a quantum fluid as a macroscopic wavefunction is certainly superior to previ-
ously used semi-classical models in which quantum effects such as tunnelling and
the quantisation of circulation were introduced in an ad-hoc manner. In summary,
the GP model provides a relatively simple and accurate method for modelling dilute
Bose gases and gives new qualitative insight into the more complex dynamics of

superfluid helium.

The time-dependent Ginzburg-Landau equations describe a charged Bose gas under
the assumption that the temperature is held constant. We have developed a fast
algorithm for solving the TDGL equations by recognising that the time evolution is

dominated by a diffusion of the order parameter and vector potential.

We have studied the flow of an electrical current through a superconductor placed in
an external magnetic field transverse to the current and observed vortex motion due
to the Lorentz force in a clean superconductor. This flux flow can be suppressed up to
a critical current density by introducing a number of randomly distributed volume

defects in the sample. We have measured the voltage along the superconducting
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sample that is associated with the flux flow and explained the curved foot of the
V —1I curve that marks the onset of dissipation. We have also determined the density
of pinning sites at which optimum vortex pinning occurs. The critical current density
can be increased for a certain strength of the external magnetic field by arranging
the pinning sites in a regular triangular array so that each vortex is trapped by
one pinning site. However, even for perfect matching of the vortex lattice and the
pinning centres we find a critical current density of only about 5% of the depairing
current indicating that other pinning mechanisms (e. g. magnetic impurities) must

be applied to achieve current densities close to the theoretical limit.

The theoretical study of superconductors using the TDGL equations is computa-
tionally very expensive and has only very recently become feasible. However, it is
a very promising method especially because different boundary conditions; struc-

tures in the material; and finite temperature effects can be included very easily and

modelled accurately.

As discussed in the Introduction, Bose-Einstein condensation is of great importance
in many areas of modern physics. We have studied two very different systems in
which macroscopic quantum phenomena occur and have demonstrated that the di-
rect numerical solution of appropriate wave equations is a fruitful approach and can

provide new insight and answers to long standing questions.




Appendix A

Newton’s method

The following appendices give some details about the numerical methods that have
been applied in the simulations. Here, we describe a globally convergent method for
nonlinear systems of equations, known as the Newton-Raphson method [108]. It has
been used to find all time-independent solutions to the Gross-Pitaevskii and to the

Ginzburg-Landau equations.

A.1 Root finding in one dimension

Perhaps the most basic of tasks is to solve a given equation numerically. Moving all

terms of the equation to the left hand side, the problem can be written as
flx)=0. (A.1)

A very efficient root-finding routine is Newton’s method, also called the Newton-
Raphson method. Starting with an initial guess, (1), it approximates the function
f(z) locally by its tangent line at the current point () and uses the crossing point of
the tangent with the abscissa as the next guess z(Pt1) (see Fig. A.1). Algebraically,
the function f(z) is approximated by the first two terms of its Taylor series expan-

sion:

flz+6z) = f(z) + f'(z)éz . (A.2)




Appendiz A. Newton’s method 102

"]

Figure A.1: Newton’s method extrapolates the local derivative to find the next
estimate of the root.

In many cases, the method converges quadratically, i. e. near the root, the number
of significant digits approximately doubles with each step. However, the method can
fail, for example, if the approximations encounter a local extremum. In this case,
the tangent line is almost horizontal and a the next Newton step dz changes the
initial guess dramatically. A cure for this problem will be discussed later. Implicit
problems of the form (A.1) may have none or several solutions. Therefore, different
initial values might cause the algorithm to converge to different roots. For some

equations or initial values, the method might not converge at all.

A.2 Non-linear sets of equations
Newton’s method is readily generalised to an N-dimensional problem

where  denotes the vector {zy}y=1, .~ and f the vector of functions {fy}u=1,.. n.

The first derivative is now replaced by the Jacobian matrix. In the neighbourhood




Appendiz A. Newton’s method 103

of &, each component f, can be approximated by

N
fulz +62) = fu(z) + Z g—f:

=1

dz, =0. (A4)

For each Newton step, ™1 = z{P) + 6z, the N x N matrix J, given by

Ty, = Ofu (A.5)

v = 9
’ oz,

has to be inverted. The algorithm fails if the procedure runs into a local extremum,

i. e. the Jacobian matrix becomes singular.

As an example, we demonstrate how Newton’s method can be applied to find time-

independent solutions to the Gross-Pitaevskii equation in a moving frame,
0 = -3V + Vi + 92y + iU - Vo . (A.6)

Stationary flow solutions correspond to wavefunctions ¥(r,t) = e #¢(r) with a
chemical potential of 4 = 1. We discretise the equation on a three-dimensional
Cartesian grid and separate the wavefunction into real and imaginary parts, because
the term |4|%¢ cannot be differentiated unambiguously in the complex plane. The
spatial derivatives are then approximated by second order accurate finite difference
approximations. Defining @50 = Re(d(z;,y5, 2x)) and ¢ijr1 = Im(@(z5, 5, 2¢)), and
taking the flow direction to define the z-axis, Eq. (A.6) becomes

fiskr = = (Bimtjkr — 2Bijkr + Pitljksr) /202
— (Bij=1br — 2Bijksr + P+ 1kr) /2B
(Gijh—1,r — 205 jibr + Bijjr1r) /2R3
+ (Vi,j,k + kot Brikl — 1) Pijk,r
+ @2r = DU($ijk+11-r — Bijk-1,1-r)/2h: =0, (A7)
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where h is the grid spacing (values between % and % were used). The solution of

these equations is found using the linearisation

Bfiikr {r)

@) + 2 (#202 — 0l0.) | 3222 ]  o0, (48)
Imns lmns

where ¢(P*1) is determined from the approximation ¢(P) by solving Eq. (A.8) using

the bi-conjugate gradient method explained below. The iterative solution depends

on the initial guess ¢{1); for example, laminar flows are found by choosing ¢(1) = 1‘,

whereas vortex solutions are found by imposing the vortex phase pattern on ¢,

and then relaxing the imposed phase after a few iterations.

A.3 Bi-conjugate gradient method

Newton’s method requires the solution of a linear system,
Jox =—f, (A.9)

where J is the Jacobian of the non-linear system of equations and éz the Newton
step. In our simulations, we use grid sizes up to 1003 points. The length of the
vectors  and f is 2 - 1003 because the complex wavefunction is represented by two
real-valued fields. That means the Jacobian matrix contains 4-10'? elements. There
are very few computers that could store this amount of data and even fewer that
can invert such a matrix within a reasonable time. Luckily, the Jacobian matrix
corresponding to Eq. (A.7) is very sparse; indeed, about 99.9995% of the matrix

elements are zero.

We employ the so-called bi-conjugate gradient method [108] to find a solution to
the matrix equation (A.9). The attractiveness of this method is that it references J
only through its multiplication of a vector or the multiplication of its transpose and

a vector, and J can be stored in a compact way making use of its sparseness.
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The idea is to minimise the value of the scalar function

1
g(az):in-J-w+f-:c. (A.10)
which is equivalent to solving (A.9). The minimisation is performed by creating
a succession of linearly independent search directions and going ‘downhill’ in each
direction. After N = dim J iterations, the algorithm arrives at the global minimum
of g(x) and therefore at the solution of (A.9). However, an approzimate solution of

the form
|Jox + P <alf*, a~1072%, (A.11)

which is often sufficient for the Newton method, is typically generated after fewer

than 103 iterations making it possible to solve very large sets of non-linear equations.

A.4 Truncated Newton steps

As discussed above, Newton’s method converges quadratically close to a simple root
of an equation but also has the tendency to jump away from the actual guess z®)
if it encounters any local extremum. Far away from the solution, it is not clear if
the linearised equation (A.4) is a good approximation to the the original set of the
equations. However, it is guaranteed that |f|? decreases initially as we move along
the direction of the Newton step. To ensure global convergence of the algorithm,
only a fraction of the calculated step is taken to update the approximation for the

root,
Pt =P L rxsz, 0<A<1. (A.12)

Close to a solution, A can be set to 1 and the algorithm will converge rapidly. For
the first couple of steps, a value of about 0.1 is often necessary to guide the Newton

steps along the N dimensional surface described by the system (A.3).
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A.5 Coordinate system and the choice of variables

Symmetries in the underlying geometry can reduce the expense of the calculations.
For example, if the potential V' is symmetric along the flow direction V(—2) = V (2),
then clearly ¢*(—2z) = ¢(z), and only half of the wavefunction needs to be modelled
if appropriate boundary conditions are applied at z = 0. Both the GP and the GL

equations have been solved using a number of different coordinate systems, namely

e Cartesian coordinates in one, two and three dimensions: z,y, 2,
e polar and cylindrical coordinates: p,, 2,
¢ spherical coordinates: 7, , 8, and

e ‘stretched’ coordinates: Z,4, 2 or 7.

The ‘stretched’ coordinates have been used to model very large box sizes by mapping
the axis to the interval [—1,1] using the transformation Z = z/(|z| + D), where D
is a constant which determines the scaling. A more sophisticated example is the
transformation

Dr3

. =00, (A.13)

r=R+

that allows to study the flow around very large spheres with radii up to R = 10000.
The non-linear transformation provides both sufficient point coverage of the healing

length and a good resolution of the flow at large distances from the sphere.

It is important to note that the Newton method in combination with the bi-conjugate
gradient method only finds simple zeros. For the time-independent Ginzburg-

Landau equations,

0 = (V—id)2y + (1 — [2)¢

(A.14)
0 = (VS-—A)W? K’V xVxA,

a whole class of solutions exists due to the gauge freedom (A — A + VA and

1 — 1e'd). There is one particular choice of gauge that removes all the phase
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gradients from the wavefunction. Writing ¢ = Re' and setting A = —S, the

equations (A.14) become

0 = VZR+(A?2+1-R?>R

(A.15)
0 = AR?+ K2V XV X A .

This set of equations is ideal for studying the Meissner state because all gauge
freedom has been removed. However, in this gauge, the vector potential A diverges
inside a vortex core so that a finite-difference approximation of the spatial derivatives
cannot be used. We therefore rewrite the equations (A.15) using the gauge-invariant

quantities: density, D = R?, and the supercurrent, j = ARZ:

1
0 = §V2D - Z(VD)2 +42+D*- D3
0 = D3 + k?(V xV x (D%) -3V x (DVD x j) (A.16)

—3VD x V x (Dj)+6VD x (VD x 7)) .

These equation have been used to calculate the vortex solutions in Chapter 7. Both
the density and the supercurrent are smooth functions inside a vortex core as shown

in Fig. A.2.
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Figure A.2: One component of the supercurrent, j;(z,y), around a vortex. The
vortex line is vertical in this plot and going through the middle. The supercurrent
is an ideal variable for Newton’s method: It is a gauge invariant and smooth.
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Crank-Nicholson method

Here we describe the method used to solve the time-dependent Gross-Pitaevskii equa-
tion numerically. The Crank-Nicholson algorithm is second accurate in space and

time and is renowned for its stability.

B.1 A semi-implicit finite difference scheme

The Crank-Nicholson algorithm [108, 109], is one of the standard routines for solving

the multi-dimensional Schrodinger type equation,

i%zj;(a:,t) = Hy(z,1) . (B.1)

The time evolution of the wavefunction is formally given by
P(x,t + At) = exp(—iAtH)p(z,t) . (B.2)

The operator exp(—iAtH) is replaced by a finite difference representation, called

Cayley’s form, which is second order accurate and uni-modular:

1
e—iOtH o 1 - 5iAtH

~ : B.3
1+ LiAtH (B:3)

108
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In other words,
(1 N %iAtH(wﬂ—l)) D = (1 _ %iAtH(”)) noN " (B.4)

where the superscript n denotes the time step. In the case of the NLSE, the Hamil-
tonian H depends on the wavefunction and is therefore time-dependent. It has been
shown [110] that a second order accuracy in time can be retained if the Hamiltonian
on the left hand side of the equation depends on the wavefunction at the new time
level, n+ 1, whereas the Hamiltonian on the right hand side depends on the previous
time level, n, as indicated in Eq. (B.4). The wavefunction at the new time level is

obtained by an iteration technique and we assume 91 = () initially.

In three dimensions, the kinetic energy part of the Hamiltonian contains derivatives
in all three directions. However, the operators can be split into three one-dimensional
operators within the second order accuracy [109]. This approzimate factorisation

allows fast matrix inversion routines to be employed.

B.2 The motion of a classical object in a quantum fluid

In chapter 4 we simulate the motion of a massive object through a quantum fluid.
The object is modelled by a potential term V (r —r(t)), where 7, marks the position
of the object. The dynamics of the quantum fluid is given by the NLSE while we

assume a classical trajectory for the object:

00 (r,0) = (~5 V2 + V(= rolt) + ir, ) ) (). (B:5)
The equation of motion of the object is given by

Mi,=F + /d3r %ld)(r,tﬂ? : (B.6)

where F is an external force and the second term is the force on the object due

to the fluid. The computation is simplified by transforming into the frame of the
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object, where Eq. (B.5) may be rewritten as
- 1 . -
0 (1) = (=372 4 V) + 1B, O +U- V) §0,0), (B.7)

where ¢ (r',t) = ¥(r,t) is the wavefunction in the fluid frame written in terms of the
object frame coordinates, »' = 7 —r,(t), and U is the object velocity at time t. The
system is prepared in a time-independent laminar flow state, ¥(r',t) = ¢(r')e',
where 4 is the chemical potential. From this initial state, the time evolution due
to an applied force, F, is evaluated by integrating Eq. (B.7) using a semi-implicit

Crank-Nicholson formula. The conservation of momentum
Po+ Ft = MU + - / &' [PVt — VY] (B.8)

where Py is the initial momentum, is used to calculate the velocity of the object at
each time step. The velocity at the new time level enters in H (n+1) on the left hand

side of Eq. (B.4) and is found by iteration.

For the simulations in Chapter 4, the equations (B.7) and (B.8) are discretised on a
three dimensional grid using the non-linear mapping £ = z/(D + |z|), where D = 12
is used as a scaling parameter, to map an infinite box onto the space [—1,1]. The

grid contains 140 points in each dimension and we use a time step dt = 0.02.

The accuracy of the solution is assessed by comparing it to known solutions for
special cases, and with solutions obtained using a much finer grid spacing and shorter
time steps. In addition, physical features of the time-dependent solution such as the
conservation of the number of particles, momentum, and energy can be considered

to check the code is working correctly.
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B.3 Imaginary time - The Gauss-Seidel method

The Crank-Nicholson formula can also be applied to find time-independent solutions

to the NLSE of the form
1
po= (=5 VP +V + P+ V) = Y, (B.9)

where p is the chemical potential, 4 = 1 for homogeneous systems, and the momen-
tum operator iU - V is incorporated to find soliton solutions around a moving object

represented by the potential term V.

Consider the diffusion equation
1_, 1
Op = pp — Hyp =: 5V — 5p, (B.10)

with a diffusion constant of % and a source term p. As t — oo, the initial wave-
function relaxes to an equilibrium solution, usually to the time-independent ground
state. This is known as the Gauss-Seidel method for solving the inhomogeneous
Laplace equation V¢ = p. The equation (B.10) is the NLSE where the time has
been replaced by a negative ‘imaginary’ time. Therefore, propagating the wave-
function in an Crank-Nicholson code using negative and imaginary time-steps At is
another way (besides the Newton method (Appendix 1)) of finding the ground state
of a system. The procedure fails to converge if no ground state exists, for example,
there are no time-independent solutions for flow around a sphere at supercritical

velocities.

A ‘complex time’, i. e. the time step At has a real and imaginary components, can
be used to incorporate dissipation into the Gross-Pitaevskii equations. Whereas the
real part of the time drives the convection of the fluid, the negative imaginary part
smoothes out excitations. However, care must be taken to conserve the number of

particles in the system.



Appendix C

Semi-Implicit Finite Difference
Method for the TDGL
Equations

Here we present the finite-difference algorithm used for solving the time-dependent
Ginzburg-Landau equation coupled to the appropriate Mazwell equation in this thesis.
The time derivatives are discretised using a second order semi-implicit scheme which,
for intermediate values of the Ginzburg-Landau parameter k, allows time-steps two
orders of magnitude larger than commonly used in explicit schemes. As an eztra
demonstration we use the method to solve a fully three-dimensional problem of a

current-carrying wire with longitudinal and transverse magnetic fields.

C.1 Numerical methods

The most popular approach to the solution of the TDGL equations, (7.14) and
(7.15), is a gauge-invariant discretisation that is second order accurate in space and
first order in time [99, 97, 111, 112, 113]. In addition, a number of other finite
difference [114, 115] and finite element methods [116, 117] have been developed. For
large values of x the magnetic field is nearly homogeneous and equation (7.15) can be
dropped. This case is often referred to as the London limit. The remaining equation
has been solved by a semi-implicit Fourier spectral method which is second order

)

112
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accurate in time [118]. Here, we modify the very robust and accurate semi-implicit
Crank-Nicholson algorithm discussed in Appendix 2 to include the equation for the

vector potential.

C.1.1 The U — v method

The widely used U — ¢ method is described in detail by Gropp et al. [111]. As
this method forms the basis of our algorithm we briefly review the main points here.
Complex link variables U*, UY and U~ are introduced to preserve the gauge invariant

properties of the discretised equations:

U®(z,y, 2) —exp< /A’“ z',y, 2 )

U¥(z,y,2) = exp( Ay( Y Z)dy’> (C.1)

U*(z,y,2) —eXP< /Azxy, )

where (z9,yo, 20) is an arbitrary reference point. The TDGL equations can then be
expressed as functions of 1 and these link variables. Both the order parameter and
the link variables are discretised on a three dimensional grid with grid spacing h,
hy, and h,, respectively. The mesh points for the link variables are half way between
the mesh points for the order parameter (see Fig. C.1). All spatial derivatives are
approximated by finite differences to second order accuracy. Denoting the complex

conjugate of U by U, the finite difference representations of the TDGL equations

read
P . Uf—l‘,j,ki/)i—u,k — 24k + U kz/),H,] k
gk = 2
Ug,j—l,k'wi,j—l,k — 2 i+ UY kWi
+ hg
U, jk-1%ijh-1 — 20k + U7 © Wik
+ hg
+ (L= [kl )i (C.2)
OV )k —iIm (fffj,k) Uljk » (C.3)
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where
T7% T7Y x Y 77T 77Y T Y
ro = 2 YioekUiinUinlUnnge = VigaUiio1iUis 1601510
i»jak =k h2
FFl x4 2 T T2 FTL z T
4R Ui+1,j,k—1Ui,j,k—lUi,j,k—lUi,j,k - Ui+1,j,kUi,j,kUi,j,kUi,j,Hl
h2
z

+ UL pigatbiriin -
Analogous expressions for Bth{j,k and U7, can be obtained by permutating the

coordinates and indices as follows:
(,9,2,%, 5, k) = (y, 2,35, k1) = (2,2,93k,%,5) = (2,9, 28,5, k) . (C4)
The standard method approximates the time evolution by a simple Euler step,

Yijk(t+ AL = k() + At O jx(t) + O(AL) (C.5)
UZin(t+ At = UZ(t) + At U (1) + O(AE) . (C.6)

)

To keep Uf; ; uni-modular, equation (C.6) is often modified to

UZ; 1t + At) = UF; 4 (t) exp (—iAt Im f,j,k) +0O(AE) . (C.7)

The Euler method is only first order accurate in time, i.e., the truncation error made
due to the finite difference approximation of the time derivative is proportional to
At?. However, the main problem is that the code becomes unstable if long time steps
are used. The cause of this instability is the diffusion-like character of the dynamics
described by the equations (C.2) and (C.3). Equation (C.2) can immediately be

written as a diffusion equation with an additional non-linear term
Oubijk = Lotijk + Lytige + Lotbige + F (C.8)

where f stands for (1 — [1; ;.|*)%; jx and Ly, Ly, and L, denote the weighted Lapla-

cian operators,

a'—1¢'—1,',k _ 2,(/}., + a 1 ik
Lz"l’i,j,k = : = };2] hatAla ) (Cg)
T
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with |a;—1] = |ai+1] = 1 in our case. The diffusion constant is 1 in dimensionless
units. Equation (C.3) is also dominated by diffusive terms as will become evident
in the next section. The diffusion constant for the vector potential is k2. This can
be seen by taking the curl of equation (7.15), B = k2V2B + V x j,. The one-step
forward Euler method is only stable as long as the time step is shorter than the
diffusion time across a cell of width h [108]. For example, using a grid spacing of
h = 0.5¢ and k = 4, the theoretical limit for the time step is

At < % = 20—5422 ~ 0.0078 . (C.10)
In practice, a time step of At = 0.0025 is used to ensure stability [111]. In contrast,
a semi-implicit two-step algorithm is unconditionally stable for diffusive problems

and enables much larger time-steps to be employed.

C.1.2 Semi-implicit algorithm

We propose a spatial discretisation of the equations very similar to the above U — 4
method. The link variables are uni-modular, |UZ; ;| = 1, and can be written as
the exponential of a phase, Uffj’k = exp(—iqﬁﬁ j,k). We use the real-valued variable
¢* instead of the complex-valued U®. The fields 1 and ¢ are represented on a
three-dimensional grid. The mesh points of the phase factors are placed between
the mesh points of the order parameter (see Fig. C.1). For the field ; 4, the grid
point indices are ¢ = 1..N; + 1, j = 1..Ny + 1, and kK = 1...N, + 1. For qSim)j,k, the

indices in the z direction range ¢ = 1...N; only, due to the relative displacement of

the grids. Similarly, j = 1...Ny for ¢{, and k = 1...N, for ¢ ,.

We now discretise the spatial derivatives in equations (7.14) and (7.15) using the

modified link variables ¢%, ¢Y, and ¢*. For equation (7.14), we can reuse the expan-
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Figure C.1: The evaluation points for the fields ¢ and ¢ in the z — y plane. A finite
difference approximation for the magnetic field B, is given in (C.27).

sion (C.2) except that U, , is replaced by exp(—i¢]; ,), etc,

exp(if_1 ;) Vi-1,5k — 25k + exXP(—187; )iv1,56

Oije = %)
T
exp(igy ;1 ) ij-1k — 25k + exp(—167; i1k
* h2 (C.11)
y .
N exp(igf ; x—1)¥ijh—1 — 2%k + exp(—igF ; )i j k41
hZ

+ (1= |9hi ikl )ik -

With help of the relation —V x V x A = V2A — V(V A), the second order accurate

finite difference representation of (7.15) is

2 2
K K
Odigr = 72(Oiae = 2005k + Oio1p) + h_g(('bim,j,k-i-l =206 + B je-1)
y
2
bl Y Y =Y
h2 i+1,5,k 1,7,k i+1,5—-1,k 1,7—1,k
)
EQ Z V4 2z Z
+ (= t ikt Pt k-1 — Pijk—1)

h
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+ Im (exp(~i¢iz,j,k)ai,j,k"/’i+l,j,k) : (C.12)

The expressions for Btd)f’j,k and 9;¢7 ; ;. are given by cyclic permutation (C.4).

Note, that the discretised equations are still invariant under the gauge transforma-

tion

Yijk — Yigreexp(idi k)
Tik Bk (Mg — Aijk) (©.13)
¢§,‘I,j,k - (ﬁ,j,k + (Aijr e — Ai,j,k) ’
Pik 05kt Nijker — Aijk) -

Retaining the gauge invariance at the discrete level is often equivalent to preserving
certain conservation laws and physical principles. It is crucial that the numerical
approximation does not depend on the particular choice of gauge. If, for example,
one studies the motion of a vortex lattice due to an applied electric field E., the
measurable quantities B, || and j oscillate in time (see Chapter 8). The system is
driven through a series of equivalent solutions and the dynamics is roughly described
by A = Egxt. This means that the phase gradients in the order parameter build
up in time and the phase difference between two neighbouring grid points eventu-
ally exceeds 2w. This is normally a problem as the finite difference approximation
becomes invalid. However, using the link variables U or ¢ these phase gradients are

exactly cancelled by the change in the vector potential.

We now want to introduce a new scheme to update the wavefunction 1(* and the
link variables ¢(® from the nth to the (n + 1)th step. The idea is to treat the
diffusive terms semi-implicitly whereas all other terms are still treated explicitly. In
this way we reduce the stability constraints associated with the simple Euler method
but avoid the expensive solution of non-linear equations. The technique is known as
the method of fractional steps {109]. A second-order accuracy in the time-step can

be achieved by a simple 3 step iteration.

As mentioned above, the diffusive character of equation (7.15) becomes apparent in

the new discretisation and both equation (C.11) and equation (C.12) can be written



Appendiz C. Semi-Implicit Finite Difference Method for the TDGL Equations 118

as a initial value problem of the form
Oy j o = D (Lgusjk + Ly jp + Lovige) + f (C.14)

where u stands for the fields 1 or ¢%, ¢¥ or ¢%, respectively, D is the diffusion
constant with D = 2 in (C.12) and f indicates all the other terms, (1—|7/1z',j,k|2)¢i,j,k
in (C.11) and the last three lines in equation (C.12). Note, that L; = 0 in (C.12).

The second derivatives are approximated in the usual way by an expression involving
three neighbouring grid points. For any pair (j,k) the action of L; on the vector

{5k }i=2...N,, can be represented by a tri-diagonal matrix 62,

2

_ _G1Ui-1 gk — 2Ui gkt Git1 Uit gk

Lxui,j,k = h—;ui’j,k = : ) }22‘7 L by . (015)
T T

As emphasised before, the instabilities of the Euler method have their origin in the

explicit treatment of the diffusive terms. We now discretise the time derivative in

equation (C.14) in the following way,

9 2
4 ) _y®  pg? (w4 ) 4 Ds, () 4 )

At ~ 22 2h2
i lhy (C.16)
Do; (1) o ) 1 L (fntD) 4 pm) 2
+ o (ulrD) 44 )+2(f + ™)+ 0(ar?) .

This discretisation is semi-implicit as the right hand side of the equation depends
on the fields at the old and the new time level. This mixing leads to an improved
accuracy and prevents the algorithm from developing instabilities. After rearranging

the equation we get

(1 on2 % 2h2 %~ o 52)“ =72 (£ + 1)

DAt ., DAt, DAt
1 ) 62 ) ulm) A3 .
(+2h%6z+2h§ y+2h2 21 u™ + O(A3)

(C.17)
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We now employ an approzimate factorisation [109],

2h2 = T oz v T R
DAt ,\ (, DAt,\ [ DAt )
(1 770 2) ( = 5y> ( = )+ o) .

The multidimensional operator is split into three operators that involve difference

(1_DAt5 _ DAt DAt(sz):
(C.18)

approximations in only one dimension. With the abbreviations

DAt DAt
Ag = (1 = 5me 52>, B, = (1 oh2 m) (C.19)

and considering (u(®*V) — (™) = O(At) equation (C.17) becomes
AszAzU(n+1) - BxBszu(n) + % (f(n-H) + f(n)) + O(AtS) ] (020)

The tri-diagonal matrices A and B are actually time dependent because the differ-
ential operators L in equation (C.11) depend on the link variables. In the above
equation, A is a function of ¢(®*1) whereas B depends on ¢(®. Consequently, the

equations are solved in the following step-wise manner

Au™/® = BB Bu™ + A; (£lntD) 4 fo0)
Aut29) =y mh1/9) (C.21)

A ) o 023

where the ‘fractional’ time levels indicate intermediate results. The explicit term
f™+1) as well as the matrix elements of A may depend on the values of the link
variables at the new time level and are unknown initially. We assume that w(**1) =
u(™ to start with. After the first iteration of equation (C.21) for all variables v
and ¢, the updated values at the new time level are used in the matrix elements
of A for the second iteration, and so on. The product BszBzu(") is a function of
known values at the previous time level and can be stored in an auxiliary variable
for subsequent iterations. As the matrices A are tri-diagonal, fast inversion routines

can be applied [108].
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The entire algorithm relies on the convergence of this iteration technique. To test
whether the procedure converges, we calculate a total update, S(m), of the fields
after m iterations by comparing all values at the time level (n + 1) to all values at

the previous time step, (n),

S(m) = b ((

where the three dots indicate the corresponding terms for the fields ¢¥ and ¢*.

m r(n 2
P, ) + (g - g)) +> (C.22)

,Jk

Fig. C.2 shows a typical evolution of the update for a time step of At = 0.5. After
as few as five iterations the approximated increment is very close to the exact value.
For smaller time steps, the procedure converges faster. We find an optimum trade-
off between accuracy and performance for three iterations. We further check, if the

correction between two successive iterations,

n+lm 2
|

T(m) = z;c (( _ ¢(3;1m 1)|2)2

(C.23)
T (g2l grlnatmob)® )
1’]’ 17]7 o ’

converges to zero. Fig. C.2 (inset) confirms an exponential convergence.

The accuracy of the method is assessed by comparing the solution to simulations
using the Euler method with a much smaller time step, At = 0.0025. Up to a
time step of At = 0.5, no significant deviations could be observed. The program
runs about 40 times faster than the Euler method for these parameters. For the
calculations below we use a finer grid (h = 0.4) and a slightly larger Ginzburg-

Landau parameter (k = 5). The speed-up for these values is about 100.

Our implicit method is less memory intensive than the standard U — v method
because it uses real-valued link variables rather than complex-valued ones that must
be represented by two real numbers. For a grid of N3 points, the Euler method
uses an equivalent of 22V3 real-valued variables (the complex wavefunction and the
three complex link variables at two time levels plus three complex fields W, see

[111]) whereas the implicit method requires the storage of a total of 19N* variables
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Figure C.2: The modification to the solution after one time step (total update) versus
the number of iterations. For smaller time-steps, the solution converges faster. We
find an optimum of speed and accuracy for a combination of three iterations and a
time-step of At = 0.5. The correction between iterations, T'(m) is shown inset.

(the complex wavefunction and the three real link variables at two time levels, the

products B; B, B,u™ in (C.21) plus four auxiliary fields).

C.1.3 Boundary conditions

The correct implementation of the boundary conditions requires great care because
of the relative displacement of the grids. The matrices A, and B; only act on
the interior points, i = 2...Ng, of the vectors ¢;, ¢¢, and ¢7 for all j = 1..N, +
1,k = 1..N, + 1. Note, that A, = B, = 1 in the case u = ¢*. The end points
i =1and i = N; + 1 are computed for book-keeping purposes. Similarly, the
operators By and B, do not aufomatically include information on the end points
at j = 1,Ny +1 and k = 1, N, + 1, respectively. In addition, there are different

boundary conditions, namely periodic, Dirichlet and Neumann boundary conditions,

that require an adaption of the matrix elements on the first and last row [108].

Another complication is that the phys'ica.l boundary conditions that apply for the

vectors (™ and vV in equation (C.21) do not necessarily apply for the interme-
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diate results u("*1/3) and u(®*+2/3), When, for example, solving the second equation

of the system (C.21),

Ayu(n+2/3) = o (n+1/3) (C.24)

a correct treatment of the boundary condition for u(®*2/3) = A,u(*1) must be
implemented into A,. The matrices A;, Ay, and A, commute as they act in different
directions. It is therefore advisable to solve (C.21) starting in the direction with the
simplest boundary condition. For a periodic boundary condition, for example, the

relations u4; = uy and uy4+i = ug hold at all time levels, including ‘fractional’ ones.

The boundary conditions depend on the geometry of the problem. We choose a
system with a periodic boundary condition in the z-direction. At the interfaces in
the z- and the y-direction, boundary conditions for the magnetic field and the order
parameter are applied. For the order parameter, 1; ;;, conditions are needed for
all values at the faces of the three-dimensional box. The grid representation of the

periodic boundary condition reads

Yiga = Vian VN = Vg (C.25)
iij’l - i)jaNz ’ 1;.7:Nz+1 - laj)2 :

In the y and z direction we set the supercurrent across the boundary to zero [111),

1. e,

1,5k = 12,5k exp(—idT ; ;)

PNot1k = YN,k €XP(HIBF, k) (C.26)
Vi1 k = thiokexp(—igf, ;) ‘
YiN+1k = i,N, & eXP(+Hid] y 1) -

Expressions for the end points of the link variables can be found by incorporating
information of the magnetic field at the boundaries of the box. The three compo-

nents of the magnetic field are given by the following second order finite-difference

approximations.

1
Bz;fj,k = hyh,

(¢$’j,k - ¢i’j,j,lc+1 - ¢f,j,lc + ¢f,j+1,k)
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1
Bljk = q($ak — Flrisn = biget blipen) (C.27)
g
Bijh = gy Glik = Fjuns = din + $hisn)

From these expressions, appropriate boundary conditions can be obtained. For
example, the field ¢7 k18 unknown at 7 = 1, and we use the last equation to relate

the values of ¢7; , to known values

tik = —Biishahy + $ak + Ok — Briiag - (C.28)

Equation (C.11), (C.12) and (C.21) combined with the boundary conditions (C.25),
(C.26), and (C.28) provide all the information needed to solve a three-dimensional

problem.

C.2 Example 1: Wire with longitudinal field

As an example, we model an infinite cylindrical wire in three dimensions with an
external magnetic field, H,, applied along its axis. Such a configuration has been
studied in [115, 119, 120]. Experiments have shown that the magnetic field can

increase the critical current down the wire [121].

In a type-II superconductor, a sufficiently strong magnetic field, H,, will enter the
cylinder and become trapped in vortex tubes aligned parallel to the axis of the
cylinder. A current I along the wire induces an additional circular field Hy(r)
such that I = 2mpx?H,(p) at a distance p from the axis of the wire. The vortex
tubes corresponding to the current- induced H,, field are rings coaxial with the wire.
Above a critical current, these vortex rings enter at the edge of the cylinder and
shrink until they annihilate on the axis of the cylinder. This process repeats and
leads to dissipation. There is no stable mixed state associated with a H,, field unless
the vortex rings are pinned by impurities in the material. Blackburn et al. [115]
have argued, that by entangling the vortex rings with vortex lines due to a strong
longitudinal field, the rings can be prevented from shrinking and thereby increase

the critical current in the wire.
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Figure C.3: Time-independent arrangement of spiral vortices in a cylinder of radius
12¢, kK = 5. Five vortex lines are entangled with two rings. The applied fields are
H, =0.2 and H, = 1.5/p, respectively. The tubes show the density of the order at
the level 1|2 = 0.3. The left slice shows the magnetic field component parallel to
the wire, H,, dark regions indicate a high field. The black lines mark the boundaries
of the wire.

We model a cylindrical shape of the wire in a rectangular box by adding a potential
term Vi with V = 5 to equation (7.14) at all grid points outside a cylindrical region
with radius R = 12£. The density of the order parameter outside the cylinder de-
creases rapidly to zero. An array of longitudinal vortex tubes is created by imposing
boundary conditions for an external magnetic field parallel to the wire. A current
is ramped up by slowly increasing a circular field (B; and By) around the box until
vortices enter. The Bean-Livingston surface barrier was lowered by adding a weak
sinusoidal potential at the surface of the cylinder. Fig. C.3 shows a time-independent
state that arises after two vortex rings have entered the cylinder and entangled with
the vortex lines. The critical current is dominated by the surface barrier as expected
for small samples. Consequently, we do not observe any improvement in the critical
current due to the presence of a longitudinal field. However, the effect could become

more significant for larger sample sizes or if the surface effects are suppressed.
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C.3 Example 2: Wire with transverse field

In superconducting magnets, the external magnetic field is typically aligned perpen-
dicular to the wire (B, for example). In the mixed state, an array of vortex lines
fills the superconductor (see Fig. C.4). Any current carried by the wire superim-
poses a circular field onto this applied field. As a result, a gradient of the magnetic
field develops that can be associated with a Lorentz force on the vortices. In most
applications, different pinning mechanisms balance this Lorentz force and freeze the
flux lattice up to a critical current density. For larger currents, the Lorentz force
exceeds the pinning force and vortices start moving (Chapter 8). The motion of the

flux lattice coincides with the breakdown of superconductivity.

Figure C.4: Array of vortices in a wire exposed to a perpendicular magnetic field
B; = 0.4. The vortex tubes enter end exit the surface of the superconductor nor-
mally. The Ginzburg-Landau parameter is k = 5, the radius of the wire R = 8¢.

>In this geometry the magnetic field at the boundary of the computational box
strongly depends on the currents inside unless the box size is much larger than
the radius R of the cylinder. In the Meissner state, for example, no flux lines pen-
etrate the wire and supercurrents in the surface of the superconductor cancel the
external field in the bulk of the wire. The field lines of these surface currents also ex-
tend outside the sample at length scales of order R. In the mixed state, the induced

field is smaller and can be regarded as a small correction. To find a self-consistent
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solution, the fields induced by both the supercurrents and normal currents have to
be added to the applied field and included in the boundary conditions at each time
step. We calculate the induced field H;,g(r) using the Biot-Savart law, which in

our units has the form,

H; md

/ a3 r-r_ (C.29)

47(52 |r — 7"[3

This calculation is computationally expensive. The integral is approximated by
summing over all grid points for each boundary point requiring a total of O(N?)
calculations, whereas a time step takes O(N?) calculations for a box of N3 grid
points. With periodic boundary conditions, the integration must also be extended
to regions outside the box. The effect of including H,4 is to bend the vortex lines,
especially near the top and the bottom of the sample as apparent in Fig. C.4. To
model the motion of flux lines, a fully self-consistent time-dependent solution can be
found by iterating the boundary conditions at each time-step. However, in practice
the study of the motion of vortices above the critical current does not seem to be
feasible. Possible ways around this problem are to increase the box size so that
the induced currents can be neglected, to cut-off the integral in (C.29) at a certain
distance from the boundary, {r — /| < R, or to update Hinq(r) only in larger
intervals rather than every time step. The latter approach is especially suitable for

finding time-independent solutions.
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