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Introduction

The Ginzburg-Landau theory is a phenomenological and macroscopic model that
employs the thermodynamical formalism to describe continuous phase transi-
tions. An early, famous application was the conductive-superconductive transi-
tion, which had been observed at the beginning of the century but had not yet
been studied with a proper microscopic theory.

A remarkable result of the application of the Ginzburg-Landau theory to the
study of the magnetic properties of superconductors was the prediction of an
intermediate state (usually called mixed or vortex phase) in some materials that
matched the experimental observations: the magnetic field nucleates in local-
ized, isolated regions that serve as cores for vortices of superconductive current
whose flow annhilates the field outside. This was carried out at first by A.A.
Abrikosov in the work [2] (1957) and earned him the 2003 Nobel prize, along
with Ginzburg and Leggett, “for pioneering contributions to the theory of su-
perconductors and superfluids”.

In the first chapter of this thesis we are going to present the Ginzburg-

Landau theory for superconductivity for an axial-symmetric sample and we are
going to see how a mnatural classification of superconducting materials follows
from it.
In the second chapter we are going to describe the intermediate Abrikosov state
giving it a more precise mathematical setting, mainly following the works [23,
29, 28] by I.M. Sigal and T. Tzaneteas. At first we will introduce a description
of lattices and will exploit the dimensional reduction to define lattice shapes in a
very natural way, then we will introduce the concept of equivariance of a super-
conducting state wrt actions of the lattice translations and gauge group and we
will see a peculiar physical property that follows. Then, we will study the lin-
earized Ginzburg-Landau equations close to the normal-mixed phase transition
with a perturbative approach similar to the one introduced by Abrikosov. This
will allow to compute the critical field and the most stable configuration close
to it. At last, we are going to find an approximate expression for the critical
field that marks the mixed-superconductive transition.

Throughout this thesis we are going to use the CGS system in the equations
while the experimental measures will be given in SI units.
Vectors will be denoted with bold letters (e.g. ), scalars and complex num-



bers with ordinary letters (both latin and greek, ¢ is the imaginary unit). The
complex conjugate is expressed by starred characters. The gradient, divergence,
curl and Laplace operators are marked respectively with V, div, curl, A.
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Chapter 1

Ginzburg - Landau theory

1.1 Sketch to the phenomenology of supercon-
ductors in magnetic field

The superconductive state of matter was first observed at the beginning of the
XX century, its main feature being the vanishing of electrical resistivity when
the transition occurs, i.e. when the termperature of the sample is brought be-
low a certain critical value. The main difficulty in observing such state is that
the critical temperature is usually quite low (between 0 and 5K). Nevertheless,
in the last centuries much progress have been made in cooling techniques and,
consequently, in the experimential study of the superconducting state.

In particular, starting from the Thirties, important observations have been car-
ried out regarding the interaction of a superconductor with an external magnetic
field. We will focus our phenomenological description on these results.

Material Te [K] ©p [K] | Material T¢ [K] ©p [K]

Al 1.14 305 Sn 3.69 180
Cd 0.54 158 Ta 4.38 246
Ga 1.07 125 Th 1.32 200
Hg 4.12 69 Tl 2.38 100
In 3.37 150 U 1.25 141
Pb 7.26 86 A% 4.3 69
Re 0.95 283 Zn 0.79 230

Table 1.1: Critical temperature of some elements compared to the Debye tem-
perature.

1.1.1 Meissner effect

Chronologically, the first peculiar magnetic property of the superconductive
phase is the so called Meissner effect, observed by Meissner and Ochsenfeld in



6 CHAPTER 1. GINZBURG - LANDAU THEORY

1933.

First of all they noticed that, for a given material, the temperature alone does
not determine its state uniquely as the normal phase can occur below T when
an external magnetic field is switched on with a magnitude Hy > Ho(T'). On
the contrary, above T no external field can induce the transition (i.e. Ho =0
for all T > T¢).

Furthermore, they realized that when the material “enters” the superconduc-
tive phase, the external field starts being repelled, i.e. except for a thin surface
layer, the field in the bulk of the sample is zero. This phenomenon is completely
memory-free: if one lets the magnitude of the magnetic field oscillate around
He, regardless of what has happened before the superconductor will repel all
fields below the critical one and let all the other soak through. Hence a super-
conductor is not only a perfect conductor but also a perfect diamagnet.

The physical reason for a shielding of the field inside the superconductor is, of
course, a generation of another field of opposite orientation and equal magni-
tude by some current that is somehow generated inside the superconductor.

Actually, a more precise analysis brought to the conclusion that the dimen-
sion of the region in the superconductor in which the field has still perceivable
magnitude strongly depends on the geometrical properties of the material. As
a consequence, we call hard superconductors (or of type I) those for which the
penetration depth of the magnetic field is particularly mild.

Type | Type ll
H L .
| H. Normal He Normal
"~ Phase Phase
Mixed state
(Aux lines lattice)
Superconducting H
Phase Y —1 \
\ Meissner T |
| state \
Te T T. T

Figure 1.1: Schematic phase diagrams for the two kinds of superconducting
materials.

1.1.2 Vortex state

However, an extremely different response to an applied field has been observed
and has led to the conclusion that there exists a different class of supercondc-
tors, called of type II.

In such materials, at fixed temperature, two transitions occur at two different
values for the magntiude of the external field, namely Hoy < Heo (both func-
tions of T" as in Figure .

For fields H < H¢, the superconductor behaves roughly as we have so far
described, even though typically the penetration depth of the field is much
broader, while for H > Hco the material behaves like an usual conductor. The
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Figure 1.2: One of the first
vortex lattice images in a sam-
ple of Pb with 4% In at 1.1K
with a field of 5 x 1072 T.
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Figure 1.3: Lattice images for increasing magnetic field (from left to right:
1.8T,2.3T,2.5T,2.7T and 3.3T) in a sample of doped Co (0.4% Co).
Copyright (2008) by The American Physical Society

huge difference lies in the intermediate region H € (He1, Hoo) where the mate-
rial “lets” some of the magnetic field soak through, even though the penetration
is not thorough because the superconductive properties have not been yet de-
stroyed. Hence the sample exhibits a mixed state in which the field gathers in
some confined and discretized regions and the superconductive currents “tries”
not to let it leak by flowing around such areas thus generating an opposing
field. In other words, the nonzero-field regions (which are, by any mean, areas
in which the material is in the normal conductive phase) behave like cores of
vortices of superconductive current. For this reason, the mixed state is some-
times called vortex phase.

The aim of this thesis is the study of such peculiar state within the macroscopic
Ginzburg-Landau theory, following the work by Abrikosov 2] who first predicted
its existence in the Fifties. We will see that the cores of the vortices tend not to
arrange themselves in random fashion but form periodic lattices. We will study
the energetic stability of such lattices and see which configuration is energet-
ically favourable. Firts of all we are going to introduce the Ginzburg-Landau
theory for the description of superconductors.
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Figure 1.4: Vortex core struc-
tures of 2 H—NbSey, for a field of
0.15T.

1.2 Ginzburg-Landau free energy functional

Ginzburg-Landau theory (G-L theory in the following) gives a macroscopical
description of the superconductive state based on Thermodynamics. The key
idea is to treat a superconductor as a thermodynamical system that can undergo
some phase transitions along certain critical lines in the plane T'— Hj.

In order to reach our aim, according to Landau theory for phase transitions,
we need to postulate the existence of a order parameter v which is zero in the
normal phase and non-zero in the conductive phase. The physical significance
of such parameter cannot be probed in such a macroscopic theory but there is a
need for a more fundamental description. This has been done: the microscopical
theory for superconductivity, named after Bardee, Cooper and Schrieffer (BCS
theory), which we won’t be going through here, interprets the squared modulus
of the order parameter as the density of charge carriers. In the superconductive
state such carriers are electrons in a coupled state which is found to be energet-
ically more convenient at low temperature (Cooper pairs).

Going back to G-L theory, as a consequence of it being a thermodynamical
theory, it is clear that it can describe only steady-states and that we need to
introduce a proper potential. The problem is thus transposed to its minimiza-
tion under certain experimental conditions (i.e. external constraints). A typical
choice is that of fixed temperature and it is well-known that in such condition
the equilibrum is found via minimization of the Helmholtz free energy. Our first
task is, therefore, to find an analytic expression for F'.

1.2.1 Landau expansion & Ginzburg kinetic term

An exact expression for F' is doomed to strongly depend on the microscopical
phenomenon that give rise to what we macroscopically detect as “superconduc-
tivity”. In other words, to make Termodynamics work we need to rely on some
other theory that tells us where to start from. Since at this point we are com-
pletely ignorant about what goes on at small scales, the idea of Landau is to
consider instead a series expansion of the free energy density f in terms of the
order parameter in a neighborhood of the critical point.
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If we are to interpret v as describing a density of superconductive corrent car-
riers, we expect the free energy to depend only on the observable quantity [].
Actually, since we postulated ¥ = 0 in the normal state and every neighborhood
of the critical point is bound to contain a infinite number of conductive-state
representatives, if we require analiticity of f, we cannot let it depend on odd
powers of |¢| (which are not differentiable when ¢ — 0).

The problem then turns to picking the order at which we should truncate the
expansion in order to have reasonable results. We immediately see that the first
order alone is not enough: if f = af¢|* (where o is a function of the other
thermodynamical coordinates, namely the temperature), then the only solution
for |¢| we find by minimization is 1) = 0, i.e. there exists no superconductive
state. Let us, then, add one more term:

2, B
f =g+ Sl
Such density has infinitely-many stationary points in the complex plane: the
origin ¢ = 0 and the circle {z € C: |z|2 = —%} An evaluation of the second

derivative of f wrt to |¢| on the two sets leads to the conclusions:
e 1 =0 is an energy minimizer iff o > 0.
. [y = —3 minimizes f iff o <0.

So it is clear that in the expansion the sign of the coefficient « of the first order
term determines whether the material is in the normal or in the superconductive
state. Since we expect the expansion for f to hold in a neighborhood of the
critical point, which is, in the given thermodynamical setting, only determined
by the critical temperature T, we may write:

o)=L 1] v Z 1)’

where oy is a positive constant (a(T¢) = 0 because we require continuity).

Note that, since the superconductive state is never observed in ordinary
conductors, we can infer that it is not allowed even as a maximum of f (i.e. an
unstable equilibrium). This is true iff, for T > T¢, ¥ = 0 is the only stationary
point for f, i.e. B > 0 (since we already established that o > 0 in such
region). Since S must be positive even for T < T, its leading order in the ex-
pansion is the zeroth, i.e. 8(T) ~ B(T¢) > 0 neglecting terms of order (T—T¢)?.

Now, since none of the coefficients of the expansion is a function of the position
in the superconductor, there is a one-to-one correspondence between the tem-
perature and a value of 1 constant in 2. We want a model that can take into
account the case in which the order parameter may vary from point to point.
In order to do that it is necessary to add to the free energy density a term that
depends on the gradient of ¢. If we want the above conditions to still hold, the
lowest order term is proportional to |Vz/1|2, ie.

£ = alyf + 2 plt + AV
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The interpretation of ¥ as a wavefunction suggests that we may identify the
h2
2m*

term proportional to the gradient as a sort of kinetic energy term, i.e. v =
for some effective mass m*.

As a consequence, the free energy for a superconductor in a magnetic field with
vector potential A is obtained via the usual sostitution p — p + %A for some
effective charge e*. The energy density of the magnetic field should also be
added.

All in all, let © € R? be the volume of the superconductor, than the Helmholtz
free energy is given as a functional over the order parameter ¢ and the vector
potential A:

Fh[}a A] ::Fsc[w> A] + ch[A}

3 2, B4 1 2 d3z 9
= | &z|F+algl” + S+ 5= [Dav[*| + | ——|curl A
(1.1)

where D 41 := ihVY + %wA. Notice that f is over the sample volume 2 while
the field-density is distributed in the whole space (as it should because in the
usual experimental setting one generates the field outside the superconductor).

Remark 1. The addition of the magnetic field energy density sets the physical
dimensions of the order parameter: [|1h|°] = [¢]~3 enforcing the interpretation as
a wavefunction (its squared-modulus has the dimensions of a volume density).

1.2.2 Gibbs free energy

Perhaps a more natural approach to Ginzburg-Landau theory comes from con-
sidering the Gibbs free-energy G instead of the Helmholtz potential. Being
the Gibbs free energy (in this context) the Legendre transform of the internal
energy wrto the entropy and the magnetization, the natural extension of the
extremuum principle for U to G is: the equilibrum state for a system held at
fixed temperature and magnetic field minimizes the Gibbs free energy. This is
of course the most natural experimental setting one sets up in order to probe
into the properties of a superconductor.

Carrying out the computation yields:

1

D 2
2m*| A7 |+

Glu, A1 = [ &g+ alul + Glul' +
Q
d3
+/ 0 cwlA — Hy|?
R3 8
where H| is the applied field.

1.2.3 A more natural system of units

First of all we wish to group the constants in the expression for the Helmholtz
free-energy in order to identify the typical dimensions of the system. It has



1.2. GINZBURG-LANDAU FREE ENERGY FUNCTIONAL 11

the clear aesthatical advantage of polishing out the integral (which immedi-
ately corresponds to the mathematical advantage of not having to carry lots of
costants through), but it is also physically relevant because it outlines the scales
we should expect to be able to peer into in order to detect such phenomenon.
As for the typical dimension of the order parameter, it is natural to use the
equilibrum value without the field, i.e.:

2 _ o
ol = 5 (1.3)
The only other quantity we need to properly rescale is the vector potential, so
we need to find the typical magnetic field and the characteristic length of the
system.
As for the length, we can again make use of the mandatory homogenity of the
last two terms in the expression for the free energy, which immediately yields:

ﬂa (1.4)

7T|1/)0

As for the magnetic field, since a|y|* and |curl A|> = |H|? must have the same

dimensions, we ge
2 ™
He =2y wlal[¢o|” = 2[af 3 (1.5)

We, now, have all it takes to properly rescale the functional. If we let:

[ |(2") := [ (Az") /1o
(1.6)
A'(z) == A(\2')/(V2Hc )
then a substitution into the functional yields:
FZV/A3{F+"(W'+%<>WTH+
Q B
)‘3 ‘a| 3,./ ih m* 101
o B d V P+ \/2m*|a| ATy
+ )\3/ di)’gc'&kurl/A'{2
R3 47
2

2 .

1 h

=3l [ B sl g+ | o A
Q

2
+)\3ﬂ/ ’curl’A’|2d3x’
B Jrs

IThe dimensionless factors are, of course, completely arbitrary. Here we introduce the
commonely-used convention. In H¢ there’s actually a /2 missing but it is immediately
restored underneath.
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It is, then, natural to introduce a further length:

h
v 2m*|al

The free energy only depends on the dimensionless ratio x : = \/&.
Furthermore, since it is obvious that the transformation S +— S leaves the
extremum of the action S invariant for all ;4 > 0, we can equivalently consider
(dropping the primes):

&= (1.7)

Flv, 4] =/Qd3a: [F + 5 (14 san(@)[pf*)? + ‘iw A

2
I

+ lcurl A*d®z
R3

where F, := F), — 1 (still a dimensionless constant). As for the sign of «, we
have already noticed that a < 0 in the superconductive phase and a > 0 in
the normal phase. Since we are particularly interested in the former, we take
sgn(a) = —1.

To abide by the standard notation we introduce a further rescaling of the vector
potential A +— kA, which finally leads to (suppressing a scaling factor x~2):

2

Flo Al = [ ol fu G010+ pavl| + [ ot aPes ()

where the rescaled D4 is Dty = iV + P A.
The physical significance of || is clear while we will return on the role of
¢, N\, He and k in Ginzburg-Landau theory.

The rescaled version of the Gibbs free energy is obtained by analogous substi-

tutions in Eq. (1.2):

2
K
Gl A] :/ d*e [gn + 5 (1= [0*)* + [Day | +
@ (1.10)
+/ lcurlA — ho|*d®x
]Rii

where hg 1= %g—g.

1.3 Reduction to R?

A thorough study of the three-dimensional model is far too complicated and no
analytic solution to the problem has been obtained thus far, even though some
estimations have been made by means of asymptotical analysis (see e.g. [|11]).
Hence, we wish to reduce the dimension of the problem to two, and that is done
by assuming a particular symmetric shape for the superconducting sample that
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allows us neglect one dimension. Specifically we assume that the volume Q%)
occupied by the sample in 3-space may be written as the product Q) = Q) xR
where Q) is a bounded, smooth and simply-connected domain of R2.

We further assume that such symmetry is reflected in our solution (¢, A) to the
minimization problem for the free energy , i.e. translational invariance
along the “axis” of the “generalised cylinder” Q) and reflection invariance
through a plane perpendicular to such axis. As a consequence, let e, be the
unit vector in the direction of the axis, then neither 1) nor A can depend on the
z coordinate and A - e, = 0. As a further simplification we take hg = hge..
Under these assumptions, the Gibbs free energy per unit length (i.e. on each
plane perpendicular to e,) in natural units (dropping the subscripts Q := Q(z))
is given by:

2 K 2\2 2 2 12
Gy, A :/Qd x[gn—i—Q(l—?p )2+ | Dav| } +/Rz|cur1A—ho| d®z (1.11)

Let us now focus for a moment on the question of well-definiteness of the func-
tional G: the integral exists iff 1), A and their first order derivatives are square-
integrable functions. The set of such functions has a precise name: Sobolev
spaces. Given U C R? we deﬁn

HYUV):={u:U—V, wdwuecl?*U) Ya=1,...,d}

The significance of such set is that it can very easily be given the structure of a
Hilbert space because there it is canonically isomorphic to @f;l L?(U) via the
map u — (u, 1, ...,0qu). The inner product in H(U,V) is then simply the
one induced to the direct-sum space by the products on each of the “original”
spaces:
d
(u, U)Hl(U,V) = (u, ’U)Lz(U) + Z (6au, aaU)L2(U)

a=1
Just like for the spaces LP, H' is just a special case of the sets H* (for k €
N) of functions whose derivatives up to the k-th order are square-integrable
in the given set. Each of these spaces is of course canonically isomorphic to
k
@?2# L2(U) (where U C R?) and can thus be given the structure of a Hilbert
space.

With such definition, the most natural setting for the variational problem of G
is the functional space:

X :={(y,A) € H(Q,C) x HL (R* R?), (curl A — hg) € L*(R?)}

where H (U, V) is the space of functions u : U — V such that u|a€ H'(A,V)
for every A compact subset of U.

2Actually dnu is required to exist only in the weak sense, which is an integral notion of
derivative resembling that of regular distributions. For the details see [9].
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1.3.1 Symmetries

It is important to ask whether there exists one or more groups whose action on
(1, A) leave the free energy (Eq. [L.11)) invariant. It is easy to see that:

1. Due to the translational invariance of the Lebesgue measure, G is un-
changed under the action of the abelian translation group, i.e. if for all
r € R? we let (Tyu)(x) := u(zx + r), then Gy, A, Q] = G[T,, T, A, T,Q)]
(the set should of course also be translated: 7,Q := {x € R* : z—r € Q}).

2. Due to the invariance of the modulus under rotation, G is left invariant by
the action of O(2), i.e. for all R € O(2), G[¢, A, Q] = G[Ugy, UrA,UgrQ)
where the actions are (Ugu)(z) := u(R™ '), (Urv)(z) := Rv(R~'z) and
UrQ:={x cR*: R~z € Q}.

There is a further group which is not as immediate and are the so-called gauge
transformations.

First of all it is clear that the magnetic field energy density term is invariant
under the transformation A — A + V. As for v, since the first two terms in
the superconductive energy density depend only on its modulus, it follows that
they are invariant under the transformation ¢ — 1e?X. The relation between A
and y can be found by computing the coupling term:

D) =eX [iVY — VX + A+ VA

So, in order to have |Day| = |Dasy)'|, A and x must satisfy VA = Vx. Wlog
we can choose \ = y.

Theorem 1 (Gauge invariance of the G-L free energy). The Ginzburg-Landau
free energy (@ 1s invariant under the transformation:

(1, A) = (G, Gy A) == (Ye'X, A+ V) (1.12)
for any x € HI%C(RQ,R),

Remark 2. If Q is connected, any solution of Vy = VA can be found as y = A+C
for C' € R. Suppose we choose C' # 0, then our gauge transformation would be
(¥, A) = (1pe'X*C) | A4V )\). This transformation is obviously the composition
of two gauge maps with y; = A and xo2 = C. This is what we meant when we said
we could always pick C' =0 (i.e. A = x): any other choice is gauge-equivalent.

As usual, fixing x is called making a gauge choice. A popular choice is the
following:

Lemma 1 (Coulomb gauge). Let (¢, A) satisfy the G-L equations. There al-
ways exists x such that:

{div(gXA) =0 zeq 113)

(GyA) n=0 xcd
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Proof. A substitution of Gy A = A + Vx gives the Neumann problem for the
Poisson equation:

Ax = —(div A)
Ox=—-An xcdfd

in the set 2. The source and the boundary data clearly satisfy the compatibility
condition [,(divA)d®z = [, (A - n)dl, so a solution x for the problem exists.
O

Remark 3. Note that the Coulomb-gauge condition does not determine (1), A)
uniquely: it sets no constraints on ¢ and even A is specified up to the gradient
of an harmonic function. The remaning freedom will allow us to prescribe some
additional conditions when required.

1.3.2 Reduction to (2

The functional space X is not the best choice to pick our couple (¢, A) from:
it is both physically redundant (we are particularly interested in the magnetic
field outside the superconductor) and it involves mathematical technicalities we
wish to avoid. We would rather choose (1, A) € H'(Q,C) x H'(,R?) =: X
but we first need to check that the two settings for the problem are physically
equivalent, i.e. the minimizers for the restricted functional:
K2 22 2 21 42

Galt. Al = [ [g.+ 51— WP+ [Davl + owtd — ol |0 (110
in X are in a one-to-one correspondence with those of G in X
First of all let us notice that for all (¢, A) € X we have (¢, A|q) € Xq and,
since the magnetic field free energy density is positive, Go[¥, Alq] < G[v, A].
Moreover:

Lemma 2. Let (¢, A) € Xq. Then A can be extended to A’ € H} (R* R?) in
such a way that Gqly, A] = Gy, A'].

Proof. As a first step let us construct a vector field A € H, lloc(R2, RQ) satisfying
the minumum requirements:

1. The (gauge-invariant) curl of the two vector fields coincides in the super-
conductor: (curl A)|q= curl A.

2. A necessary condition for the difference between the two functionals eval-
uated respectively in (¢, A) and (¢, A) to be zero is G, A] —Gqly, A] =

Jr2 o |curlA — h0’2d2x = 0, hence we choose (curl A)|gz o= ho.

This can be easily done by means of a function ¢ satisfying:

Ap=curlA x €
A¢ = hyg x € R?\Q
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Then, if we let A := (—y, d), it follows curl A = ¢ + ¢y = A

However, the first requirement does not suffice to have A|Q: A because, since
Q) is simply-connected, by standard vector-potential theory the two vector fields
may differ for the gradient of a function y € H?(Q,R?), i.e. Alo= A + Vy.
In order to get rid of x, we need to construct a suitable gauge transformation.
First of all let us notice that, as a consequence, thanks the requirement for the

curl of A outside Q, Gqo[ih, A] = Ga[veX, Alg] = G[peX, A]. Then we only

need to arbitrarily extend x to a function x € HIQOC(Rz7 ]RQ) and gauge transform

(ex, A) by —x to have A’|g:= (A — VY)|a= A + Vx — (VY)|a= A and to
keep the identity Gy, A] = Gy, A']. O

As a consequence we get:
Proposition 1. Fach of the following holds:
1. miny G = miny, Gq.
2. FEach minimizer (¢, A) € Xq of Gq can be extended to a minimizer of G.

3. Each minimizer (¥, A) € X of G can be restricted to a minimizer of Gg.

Proof. The crucial remark here is that a necessary condition for (¢, A) € X
to be a minimizer of G is (curl A)|gz o= ho (see next section), thus it can be
obtained by a minimizer of G in Xq through the construction described in the
Lemma. The converse follows from the inequality Go[v, A|q] < G[v¢, A]. O

1.4 Ginzburg-Landau equations

According to standard Thermodynamics, the equilibrum condition is found via
minimization of the free energy. The more common experimental condition is,
as we already noticed, that of fixed temperature and external field, so the right
free energy to minimize is Gibbs’.

Before doing that, let us prove the following useful identities:

Lemma 3. Let Q C R? be a reqular open set. The:

(f, curlX) r2(q r) =/ f(nAX)ds+ (Curlea X)LZ(Q,R2) (1.15)
o0

(€, Vu) 20,02 :/agu (€, m)ds — (div, u) 20,0 (1.16)

where curl’ f := (fy,—fz)-

3L2(Q, (CQ) is to be interpreted as the space of square-integrable vector fields X : Q — C2,
i.e. those whose squared standard hermitian norm has finite integral over 2. The inner
product is clearly (X,Y) := fg (X,Y)d%x where (-,-) is the canonical scalar product. The

same goes for L?(Q, R?) by substitution of the hermitian product with the Euclidian one.
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Proof. Both are a rather straightforward application of the integration-by-parts

formula: 9 of
9 id d
f dx:/ fgnida—/g d%z 1.17
/Q Ox; 00 o O0r; (1.17)

for d = 2, where n is the outgoing normal unit vector to 9. O

Remark 4. We highlighted the formulas in the previous Lemma because they
have a clear geometrical interpretation:

1. The operator curl’ is the formal adjoint of the curl over the set of vector
fields satisfying n A X = 0 on 0f), i.e. those orthogonal to the boundary
of  (or, conversely, curl is the formal adjoint of curl” when restricted to
functions such that f = 0 on 02).

2. The divergence is the formal adjoint of the gradient over the domain of
vector fields satisfying (€,n) = 0 on 012, i.e. those parallel to the boundary
of © (or the converse just like above).

Theorem 2 (Ginzburg-Landau equations for the Gibbs free energy). A neces-
sary condition for (¥, A) € Xq to be a minimizer of the Gibbs free energy in
natural units Gg given by Eq. is that it satisfies the system of PDFEs:

Aay+ K2 (Y = 1) =0 zeQ

curl’ (curl A — ho) + Re{¢*Datp} =0 € Q (1.18)
(Dayp,m) =0 x €00 '
curl A = hyg x € 0f)

where N\ 4 1= Dg oDy and DQ X :=idivX + (A, X) being the formal adjoint
of D4 on the domain of functions satisfying the first b.c.

Proof. For clarity’s sake, we consider the variation of the free energy density g
wrt to d1p and 6 A term by term (let us also drop the subscript in gq).

1. From the variation of g 1, containing the even powers of |¢|, we get:
8gsca = (I + 301" = 1) = (" = 1) =
= (o = 1+ 2Re{(50)"v})" = (j = 1)" + O(|ovl*)
—4Re{ (69)"(j4* = 1)} + O(Iov )

2. As for the kinetic term ggc 2 = DA%
0gse2 =[iV (1 + 59) + (A + GA) (¢ + 69)[* — [Day?
=[Daw+Da 60 + BOAP — [Daul* + O(|6v], 10w 54l |5
=2Re{(Da(60) + 34, Dav)} + O(I6ul’, |60 6], |5A]°)
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3. The variation of the magnetic field energy-density is a straightforward
calculation: dgem = 2(curl A — hg) curl(§A) + O(|6A\2).

As for the total free energy G = [, gd®z, it is convenient to group the terms
according to the variation that appears in each of them. Using the Lemma:

e For those containing d1):

6G1 =2Re{ k2 (30, ([0 = 1) g0 + (Da(09). Da®) oy )}
=2Re{ (30, R2(|" = )¢ + i divDav + (4, Dat)) a0}

+2Im [ (6¢)"(n,Dae)do
o0

=2 Re{(&/z, RE(17 = 1)y + Lav) a0 — i/aﬂ(5¢)*<n,DA¢> da}

Since §v is arbitrary, setting 6G; = 0 gives the first G-L equation and
boundary condition.

e As for the terms containing the variation §A:

6G> =2Re{ (V3 A, Davy) +2(curl(5A), curl A — hy)

Lz(Q,(C2)} L2(Q,R)

:2/ (n ANdA)(curl A — hy) do +
o0

+2(0A, curl’(curl A — ho) + Re{¢* Davh}) (Q.B?)

which yields the second equation and b.c. if set to zero.

O

Remark 5 (Minimization of the other functionals). Very little changes if one
considers the other functionals:

1. The minimization of G instead of G extends the condition curl A = hg
on the entire R% <.

2. Evaluating the variation of the Helmholtz free energy gives curl A = 0
on R%\Q, which is not what one would “physically” expect (unless the
applied field is zero, but then there would be no difference between the
expressions for the Helmholtz and the Gibbs free energies).

Both Ginzburg-Landau equations very much resemble well-known PDE of “stan-
dard” Mathematical Physics:

1. If we neglect the non-linear term proportional to the squared modulus of
the order parameter, the first equation is equivalent to the Schrédinger
equation for a point-like particle of energy x? and unit mass and charge
moving in an electromagnetic field described by the potentials (p = 0, A).
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2. If we let B := curl A, then one immediately recognizes the fourth Maxwell
equation in the second PDE of our system with source given by:

Jsc = — Re{¢* Db} = Im{y*Vop} — [4]* A (1.19)

The first term is not very surprising because it is the usual probability
current from non-relativistic Quantum Mechanics times the charge e* (if
one restores physical units, i.e. inverse tranforming via Eq. plus
dividing the vector potential by k). The second term is non-linear in v,
so it should be expected as well since the first equation is Schrodinger-like
only up to non-linear terms.

1.5 Classification of superconductors

We have seen that one could distinguish two types of superconductive materials
based on the existence of an intermediate state (and, consequently, of two df-
ferent critical fields). Energetically, the difference must lie in the fact that it is
more convenient for a superconductor of the second kind, under some condition
of temperature and applied field, to let some of it get through its surface, while
for a superconductor of the first kind the field is still repelled. It has, thus,
something to do with the region in which the field is annhilated by the Meissner
effect. Furthermore, since the only parameter on which the free energy depends
on after our reduction to normal units is &, it is fair to expect that such number
can somehow distinguish between the two behaviours.

To give some better understanding of our conjecture, we need to introduce the
so called surface energy density o, i.e. the difference between the free energy in
the bulk of the superconductor and in the outside region.

1.5.1 One dimensional problem

Unfortunately, a two-dimensional approach to this problem can only be dis-
cussed via numerical simulations (see e.g. [3]), so we are “forced” to further
reduce the number of dimensions of our problem to one, i.e. we introduce a
further translational invariance in a given direction (and we may call the unit
vector that identifies such line e,) in each section of our superconductor. As a
consequence, all physical quantities can only depend on the coordinate of the
position & orthogonal to y, which we are going to call x.

We will work in the Coulomb gauge because the condition divA = % =0
forces A; to be constant (and we can always set such value to zero). All
the freedom that’s left in the vector potential, then, lies in a single function
A(x) := As(z).

With such choices, the G-L system becomes:

"+ A2+ k2P~ 1) =0

Im{*¢'} =0 (1.20)
—A"+ [YPA=0
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As for the b.c., the translational invariance in the y-direction prescribes the
“shape” of £ which must be something like I x R for some connected interval
I CR. As a consequence n is parallel (or anti-parallel) to e, so:

W(af) = {O} (1 21)
ANOI) = {ho} .

The second equation in tells us that 1)*1’ is a real number, and that can
hold iff both 1)’ and 1* are either real or imaginary. Neither of the remaining
equations can distinguish between the two cases (i.e. if ¢ solves both of them,
so does 1)), so we can take ) € R wlog. The system is thus reduced to:

" .2 2_1 AQ

plus the b.c. The fact that neither ¢’ nor A’ show up in the ODEs gives us an

obvious integral of motion that can be computed by multiplying both sides of
the first equation by 2¢)’ and both sides of the second by 2A":

()2 = w2 (29 = 1)9?]" + A2(42)
((A")2) = p2(A2)

Summing up the equations and using Leibniz rule:

2 /
0= | p - (G- e )| e

i.e. £ is an integral of motion ﬂ

As a consequence, the “trajectories” of the solutions in the (i, A) plane are

(pieces of) the level curves of £.

1.5.2 Infinite transition region

For reasons that will become clear, we are particularly interested in the situation
of a very broad transition region between the superconductive and the normal
phases. To model such situation with the help of the one-dimensional problem
described above, we suppose the superconductor to be infinitely-outstretched in
the x direction and with the following b.c.:
lim A(z) =0 lim ¢(z) =1
Tr—r— 00 r—r—00

lim A'(z) =ho lim (z) =0

T—r+00 Tr—r+00

(1.23)

i.e. the system is asimptotically in the superconductive-bulk phase at x — —o0
and in the normal phase as  — +o00. The transition region is, thus, smoothly

41t is not extremely surprising because £ is basically, up to some harmless constant, the
Jacobi integral for a system with Lagrangian density given by the Gibbs free energy density.
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stretched across the entire x axis.

Such choice of boundary conditions selects a trajectory in the (i, A) plane, i.e.
a value of £. The value of £ can be evaluated by imposing e.g. the asymptotic
behaviour as * — —oo, which give &= %2 The trajectory is, thus, described
by the condition:

()2 + (A0 = (1= )+ (a? (124

Provided that 1 decays quickly enough as x — 400 to guarantee A — 0 (i.e.
faster than linearly, since A’ has finite limit), then such tells us that there exists
only one value for the applied magnetic field compatible with such configura-
tion: hg = \%, which corresponds to Hy = H¢ if one restores the physical units.

An important result is the following:

Proposition 2. There exists a unique solution (1, A) of the G-L equations

with b.c. and it satisfies the following properties:

1. v is a monotonically decreasing function of z, i.e. ¥'(R) C (—00,0) and
P(R) < [0,1].

2. A is a monotonically increasing function of x, i.e. A'(R) C (0, +00).
Proof. See [6]. O

Before going on to finally introduce the classification of superconductors in such
picture, it is necessary to at least determine the asymptotic behavious of the
solutions to such problem as |z| — co.

1. As x — —oo we set ¥ — 1, so the leading term can be found by setting
¥ =14 f; since A — 0 in the same limit, then the leading terms can
be found by linearization around the solutions f = A = 0 of the system

(1.22
f// — 21%2]0
A=A
This gives:
Y(x)—1 ~ Ve
r—r—00
(1.25)
A(z) ~ ¢€°
r—r—00

2. As x — +o0, since A’ — %, A has linear behaviour: A ~ x% Substi-
tuting into the first equation of the system ((1.22)) and linearizing around
P =0:

K2z?

2

50bviously, if f : R — R is a differentiable function which has finite limit as  — oo, then
f'— 0asx — oco.

wl/ —

(G
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The equation is not analytically solvable but that does not matter because
we only need an approximate solution as * — +oo, and that is clearly
given by = — exp[—r\”@xQ]:

. (1.26)
A ~ —
(1’) T—r+00 \/ix

Notice that the condition YA — 0 as z — 400 that we had naively as-
sumed is actually satisfied. Furthermore, since A” = 12A, then A" is
doomed to decay, as © — 400, at least as fast as a gaussian function. As
a consequence, all additional terms one may 2add to find a finer approxi-
mation of A as x — +oo are either O(e*KI ) for some K > 0, or have
second derivative equal to zero (which means they are constant, since the
linear term is known).

1.5.3 Surface energy

We are now in the condition to introduce and study the quantity upon which
our classification is based: the difference between the Gibbs free energy in the
superconductive and in the normal phase for the model just discussed:

7= [ 4 [gu(h) = gu(ho)] (1.27)
R ho=k/V2

= [ s [ S 0+ (w7 ) - Ve

o has clearly the dimensions of a surface energy density.
A careful usage of the integral of motion ([1.24]), the ODEs ([1.22)) and the asymp-
totical behaviours just evaluated allow us to rewrite the surface energy as:

o :2/Rdx [(w’ﬁ (A2 - \’/%A’}

) /R dz [(¢’)2 + (AA’ - \%A)/ - AA”]
=2 [ da [(0)? - (04Y] (1.28)

The classification of the superconductors in the G-L theory is basically founded
on this result:

Proposition 3. The sign of the surface energy o is entirely determined by the
parameter k. Precisely:

o 0>0 when V2k < 1.
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e 0 =0 when V2x = 1.
o 0 <0 when V2k > 1.
Proof. According to Eq. (1.28)), the surface energy can be written as:

U:Q/Rdx(d/erA)(zp’—wA)

Since ¢’ < 0,9 > 0 and A > 0, the second factor in the integrand is always
negative. Hence the sign of ¢ is uniquely determined by F := v’ + ¢ A.

First of all let us notice that, thanks to Eq. (L.24), we can equivalently rewrite
the integrand as:

(¥)? = (WA =5 (1= %)% = (4)?
(1—9?) + A’} [

K KR

V2 V2

Since ¢ < 1 and A’ > 0, F has the same sign of the term G := A’ — %(1 —1p?).
Using the characteristic system of ODEs (|1.22)), we have:

(W' —YAF = (1—9%) - A

F’=¢”+’¢/A+’¢A/
=P = 1) + YA + A+ P A’
=p[A" - *(1—¢?)] + AF

G':A//Jr\/ilﬂbl//*AN:1/J(Aw+\[21ﬂ/1/)

Let us fix 2k < 1, then, as ¢’ < 0, we have the following inequalities:

2
NG
G >Y(WA+ ) = ¢F

F' >yp|A — —=(1—¢?)| + AF = G + AF

We want to show that, in such case, F' < 0 (and, as a consequence, G < 0). Let
us, then, suppose there exists zo € R such that F(xzg) > 0. Then G(z¢) > 0
and, from the above inequalities, F’(xg), G'(xo) > 0. As x increases above g,
two things can happen: F’ and G’ can either maintain their sign or change it.
However, neither is possible.

If the latter is true, i.e. there exists at least one & > x( such that G'(z) = 0;
let x1 be the first of such values. Then F(x;) < 0 by the second of the above
inequalities, but this implies G(x1) < 0 as well since F' and G share their sign
point by point. But as a consequence of the continuity of G’, there is some
x2 € (xg,z1) such that G'(z2) is still positive, hence G(z2) > G(zo) > G(z1).
By the intermediate value Theorem there must be some 23 € (22, 21) such that
G(z3) = G(x0) and, by Rolle’s Theorem, x4 € (zg,x3) such that G'(z4) = 0.
This is a contradiction because we had chosen z; to be the first point after
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xo such that G'(z1) = 0, but x4 has the same property and, by construction,
ry < 7.

If G’ does not change sign, then G — 400 as * — +oo but this is absurd
because such limit can be evaluated thanks to the b.c. and is zero.
Hence there is no o € R such that G(z) > 0 and the Proposition is proved.
For the cases v/2x > 1, one just has to change the inequalities involving F’, G', F
and G. O

The Proposition gives us a reasonable value of k that allows us to distinguish
between different types of superconductors:

Definition 1.1 (Type I and type II superconductors). In the G-L theory, we
classify superconductors into two families, according to the Ginzburg-Landau
parameter K:

1. If 2k < 1, we say that the superconductor is of type I.

2. If v/2k > 1 we call the superconductor of type II.

1.6 Interpretation of the scaling factors

We have now developed enough information to give a physical interpretation to
the remaining scaling factors introduced in .

As for the G-L parameter k, we have just seen that it determines the type of
the superconductor.

Given the aim of this section, the arguments we will bring forth are rather
heuristic and neither completely satisfactory nor beyond any criticism for we
will try to simplify the problems as much as we can in order to be left with
functions that only depend parametrically with the scaling factor we want to
highlight. This might of course lead to an abrupt drop in some of the so far
blindly-assumed regularities of the functions.

1.6.1 Penetration depth

To give an interpretation to the penetration length let us consider the one
dimensional problem introduced in . In the bulk region (i.e., if we consider
the b.c. the limit # — —o0), we have seen that A ~ e*. Restoring units
this becomes:

A(x) ~ V2HpEe™ (1.29)
r—r— 00
This equation gives the physical interpretation for A: it defines the typical
variation-rate for the vector potential (and consequently for the magnetic field)
in the bulk region of the superconductor. In other words, the Meissner effect
gets more and more abrupt as A increases.
For this reason A is called penetration depth.
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1.6.2 Coherence length

The significance of the other length ¢ defined in Eq. can be easily inferred
in the one-dimensional model we have introduced. Let us fix, for the sake of
symplicity, a type I superconductor, i.e. we expect that as soon as ¢ > 0, A =0
due to Meissner effect. This of course breaks the continuity of A, so we should
expect ¥ not to be as regular as we may naively wish.

Let 29 € R such that ¢(z) > 0 forall © < zp and ¢¥(z) = 0 for z > zy. In the
region z < zo the system reduces to:

W= R2(% - 1)y
P(—0) =1 (1.30)
Y(z0) =0
This problem is exactly solvable, but it is easier to use the first integral of motion
Eq. (1.24) which gives a first-order ODE with the first b.c. identically satisfied

thanks to the way we fixed £.
Since A = 0 and 9’ < 0 in the region = < x:

{W—$w2n
P(x0) =0

The ODE is easily solved by separation of variables:
du
/'1/12 —].u1/)) /uz—lu:t;nhv_/dv_c_v

¥(z) = tanh [—ﬁx + C]

(1.31)

Hence:

V2

Imposing the b.c. at xg gives C = %xo.
In order to highlight how the expression depends on &, one needs to restore the
physical units:

¥(z) = 1o tanh (1.32)

]
V2¢
Hence, the physical significance of £ is clarified: it determines the variation-rate
of the order parameter in the transition region.

As a consequence, the G-L parameter k = A/ is an “measure” of the relative
order of magnitude between the variation-rates of the magnetic field and the
order parameter. In the classification we have introduced, we can qualitatively
say that the superconductor is of type I if the coherence length is much bigger
that the penetration length while it is of type II if the magnetic field is able to
soak through the supercondutor for a distance not negligeble if compared with
the typical size of variation of the order parameter.
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Element | ¢ [nm] A [nm] &

Sn 2300 34 0.015
Al 1600 16 0.010
Pb 83 37 0.446
Cd 760 110 0.145
Nb 38 35 0.921

Table 1.2: Coherence length and penetration length for some elements.

1.6.3 Ciritical field

Let us fix the temperature of the superconductor and vary the external field. As
a first approximation, if one neglects the fluctuations in the order parameter, i.e.
the kinetic term in the Gibbs free energy density, as we have seen the minimizers
are:

1. The bulk-superconductive solution ¢ = 1 and curl A = 0. The Gibbs free
energy density of such phase is, in natural units:

Gbsc = gn + h%

2. The normal solution ¢ = 0 and curl A = hq. Its Gibbs free energy density

1S:
/{2

gn = gn + 5
The only parameter is, of course, the external magnetic field and one immedi-
ately sees that the normal solution is energetically favoured (i.e. ¢gn < gbsc) as
long as v/2ho > K, i.e., restoring the units, Hy > Hc.
Thus, for every fixed temperature, Ho (itself a function of T', as its expression
depends on the parameters a and () is the value of the external field at which
the normal-superconductive transition occurs in a type-I superconductor.

Material  poHe [mT] ‘ Material poHe [mT]

Al 10.49 Sn 30.55
Cd 2.805 Ta 82.9
Ga 5.93 Th 16.0
Hg 41.1 Tl 17.65
In 28.15 U 10.0
Pb 80.34 A% 140
Re 20.1 Zn 5.41

Table 1.3: Critical field for some elements measured at 0 K.



Chapter 2

Abrikosov lattice solutions

From now on, unless specifically stated otherwise, we are going to consider the
case vV2k > 1 and Q = R? to avoid surface issues and difficulties due to the
shape of the superconductor.

We are going to carry out a general introduction to 2-dimensional lattices and
what we mean by invariance of a state (1, A) wrt a lattice. Then we will focus
on solutions of the GL equations for type-II superconductors near the critical
field Heo (whose expression we are going to derive). In this part we will review
the original results from Abrikosov [1} 2] in a more precise mathematical setting,
following the works (23} 29, 28|. Finally, we will find an approximate expression
for the lowest critical field Heoq.

Before moving on let us once again consider the operator curl” and notice
that it is equivalent to a linear operator acting on the gradient of a given function
f. In particular, since curl f := (fy, —fz) it is natural to introduce:

Definition 2.1. We call J : R? — R? the unique R-linear operator whose action
on the canonical basis {e1, es} is given by:

J(ey) :==—ey J(eq) :=€1 (2.1)
It is easy to check that:

Proposition 4. J is bijective, skew-symmetric and isometric (wrt the canonical
scalar product).

Furthermore, from the properties of the previous Proposition, it follows that
3(x) = —x:
z-y=73(x)I(y) = -3(x)-y
Since the equation must hold for all y € R?, then the statement is true.
The geometrical meaning of the operator J follows from the obvious identity
x-J(y) = (x ANy) - e3 where the vector product A is to be interpreted with the
non-canonical embedding of R? in R? (ze; + yes — wey + yes + Oes), hence

27
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x - J(y) is the signed area of the parallelogram spanned by the two vectors x, y.
Finally, from the property J%(x) = — it also follows that:

x-J(x) =3(z) - 7*(x) = —x - I(x)

Hence J(x) € (Span{m})l, as it could also be derived by observing that the
matrix that represents J in the canonical basis is the rotation matrix of —% (or

equivalenlty, if one identifies R? with C, J is simply the multiplication by —1).

2.1 2-dimensional lattices

Definition 2.2 (Lattice). A lattice A is a finitely-generated, free Z-submodule
of (R?,+), i.e. a set of the form:

A= {m1a1 + moas, (ml,mg) S ZQ}
for some linearly indipendent set {a1, a2} C R? called lattice basis.

The lattice basis is called positively (risp. negatively) oriented if the deter-
minant of the endomorphism that maps the canonical basis of R? to {a1, ay} is
positive (risp. negative).

We call a lattice cell a set of the kind:

L:={z+pX+qX, (p.q) €0,1]*}

for A\, A’ € A linearly indipendent. The area of the cell is defined in the obvious
way:

L] = A-T(N) = [3(A) - X

Each lattice A has a minimal cell of non-zero surface, we call its area |A|.

Obviously, for a fixed lattice, there exists more than one lattice basis. Namely,
if {(11, CLQ} is a lattice basis for A, then {bl :=br1a1+bi2as, by :=byra —|—b22(12}
is still a lattice basis iff for all ny,ne € Z, the vector v := n1b; + noby is still in
A. Plugging in the expression for by, bs wrt to the old basis vectors:

v = (n1b11 + nabai)ar + (n1biz + nobag)as

Hence all the coefficients b;; must be integers. This is, however, not enough
because we need the area of cell spanned by {a;,as} to be left invariant by
the transformation. Using the definition of J it is easy to se€E| that, if we let

M = [b“ b12] then the area tranforms as:
ba1 boa 1Y

|3(b1) - ba| = [det M|[T(a1) - az|

et a; = z;e1 +y;es for i = 1,2, then by, = (by121 +broza)er + (br1y1 +broyz)ea. Hence:
J(b1) - ba =(b11y1 + bi2yz2)(ba1z1 + baaxz) — (br121 + bi2y (b21y1 + bazyz)
=(b11b22 — bi2b21)(z2y1 — z1y2) = (det M) (a1 - I(a2))
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Hence we also require |det M| = 1.

At last, if we ask for the orientation of the basis to be preserved (the reason will
be clear in a second), we should restrict to matrices with positive determinant.
In other words, for a given lattice all its basis of a chosen orientation can be
computed from a starting one via action of the special linear group SL(2,Z).

Intuitively, a key concept in the study of lattices is the shape. Having reduced
the problem to two dimension allows us to treat such notion extremely easy
thanks to the fact that R? is isomorphic to C (we will use the non-canonical
mapping € = z1e1 +2x9ey — z(x) = x := x1 +ixz). The complex moltiplication
does, indeed, represent the operations that we expect the lattice shape to be
invariant underneath: rotation of the basis vector and rescaling. In other words,
given a lattice A, for every complex number X intuition tells us that the rescaled
and rotated lattice AA := {z7!(\v), v € A} has the same “shape” of A. As a
consequence, a necessary condition for a number 7 € C to represent the shape
of the lattice A is it being blind to complex multiplication (i.e. 7(A) = 7(AA)
for all A € C). Since, of course, given a basis {a1,as} of A, the corresponding
basis vectors of AA are rotated by arg A and rescaled of |\| (or, in the complex
plane, they result from the moltiplication of a1, as by M), then it is customary
to take: a5

7= o (2.2)

However, this is not a good definition because it is strongly basis-dependent:
1. First of all, its imaginary part depends on the orientation:

ag1 +iaze  a11a21 + G12a22 | .A11G22 — Q120921

air +taq2 |a| |a]

In particular, {a1, as} is positively-oriented iff Im 7 > 0. This is custom-
arily solved by restricting to positively-oriented basis, hence we take the
mapping A — 7 to have value in the upper half-plane H.

2. Even if restricted to basis of a given orientation, 7 is not well-defined
because given two basis {a1,as} and {by, ba} of the same lattice, then it
is easy to see that:

) = e

where [Z;i g;ﬂ € SL(2,Z) is the basis change matrix. Hence, the two 7-s
are related through a Mébius map with integer coefficients.

Introducing, thus, an action of SL(2,7Z) on H in the following fashiorEIt

_az+b
T cez+4d

2Actually, since Mz = (—M)z for all z € H, then the action should be defined of the
quotient group SL(2,Z)/{+£1}. It is easy to check that, for all z € H, Mz € H and (MN)z =
M(Nz), hence the action is well-defined.

M= { ﬂ € SL(2,7) (2.3)
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According to our definitions, for every lattice A, the image 7(A) is a whole orbit
in the upper half-complex plane H of the newly-introduced action of SL(2,7Z).
Such action is neither fretﬂ nor transitiveEl(had the action been transitive, there
would have been only one lattice shape) but it is faithfuﬂ .This makes the search
for a fundamental domain (a connected subset of H that containes one and only
one point from each orbit) a non-trivial task. It can be shown (see e.g. [4]) that
a fundamental domain for the action of SL(2,Z) on H is given by:

F:={zeH: 2| >1, 2Reze[-1,1]} (2.4)

For our purposes, this tells us that we can wlog choose a basis for any lattice A
such that 7(A) € F.

Two useful examples of lattice shapes are the square and triangular lattices.
The former is generated e.g. by the basis {e;,es}, hence 7oy = i = ¢'™/2. As for
the latter, we can pick as a lattice basis {el, %el + @ez}, hence 1, = %—H@ =

e'™/3. In both cases the “natural” basis choice also guarantees Tyq, Tty € F.

2.2 Abrikosov lattice states

With this ideas in mind, we are now going on to introduce lattice-periodic
solutions of the GL equations. A first rough attempt would be the requirement
of “exact” periodicity of both functions (i), A) on the lattice A (sometimes
called double periodicity), i.e. for all X € A, ¥(x+ X) = ¢(x) (the same goes for
A). This is, however, too strong a requirement for we only need the physical
quantities to be blind to lattice translations, hence we can allow for a change in
(1, A) provided that it leads to gauge-equivalent state:

Definition 2.3 (Abrikosov lattice states). Let A be a lattice. We say that
(¥, A) € X is an Abrikosov A-lattice state iff there exists a group homomorphism
(A, +) 2 X = xx € (H*(Q,R),+) such that the actions of the two groups on
(1, A) are equivariant wrt such homomorphism, i.e.:

{mw(m) = (G V) (@)

(TAA)(@) = (G, A)(x) (25)

for all z € R2.

It is easy to see that the gauge, lattice translation-equivariance is not only
sufficient to preserve the physical quantities but it is also necessary (from the
conservation of the magnetic field and the superconductive current one gets the

3The equation Mz = z for fixed M has, in general, at least one solution.

4E.g. no matrix can send i to a point w with Imw > 1, since Im{Mi} = (¢? +d?)~! < 1.

5Thanks to the identity of polynomials, the only way for the equation Mz = z to hold for
all z € H is to choose ¢ = b = 0 and a = ¢; futhermore, the requirement det M = 1 fixes
c=a"!, hence a = £1 because they are the only integers to have multplicative inverse in Z.
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same conditions).
Notice also that the same transformations on the functions that leave the Gibbs
free energy invariant map Abrikosov states to Abrikosov states. In particular:

1. The gauge and translational symmetries map A-lattice states to A-lattice
states.

2. The rotation matrix R € O(2) maps A-lattice states to UrA-lattice states.

Notice that, although the lattice may change due to the application of a sym-
metry transformation, the shape is invariant in each of the three cases.

On a given Abrikosov state, due to the periodicity of the physical quantities,
their integral over the whole superconductive volume (which we have chosen to
be the whole ]R2) diverges. However, it is more natural to focus on the following
quantities:

Definition 2.4 (Average over a lattice). Let A be a lattice. For every function
f : R?* — R periodic wrto the given lattice, we define its average over A the
integral:

()= |Z|/Lf(m)d2x (2.6)

where L is a A-lattice cell.

Notice that we named the integral “average over the lattice” and not “over
the lattice cell” because it is completely indipendent of the choice of £. Indeed,
it is clear that the area of each cell is a multiple of |A| (say |£]| = k|A]) and, since
f is doubly periodic, the integral can also be written as a sum of k integrals on
the k£ minimal cells contained in £, hence:

(fon=—k [ )
= — x)d“x
AR,
only depends on the values of f in the minimal cell £y (which is a property of
the lattice).

An obvious and useful example is the average Gibbs free energy:

2
Galb. A= (104wl + (1= [P+ fewld = hal')  (21)
A

2.2.1 Quantization of the magnetic flux

An important feature of the Abrikosov lattice states is the so-called quantization
of the magnetic flux. In order to see what one means by that, let us fix a cell
L:={x+pA+qXN, p,qe]0,1]} and let us compute:

B(L) = /ﬁ (curlA)(z)d2z = / (A-7)dl

oL
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Now, the boundary of £ is of course made up of the four segments one gets by
fixing p € {0,1}, letting ¢ vary and then doing the converse. The orientations
of the two curves with the same parameter fixed is of course oppsite, hence we
have two terms of the following kind:

!

X

/

! A
/ dgA(x 4+ qXN) - ——
0

1
Iq:/ dgA(x+AX+qX)- -
0 Al

=/ dqi:-(VXA)(erqx\’) =xx(z+X)—xa(z)
o IV

Furthermore, the curve with ¢ = 0 has the same orientation as the curve with
p =1 and vice versa, hence:

D(L) =xalx+XN)—xa(x) — xn (T + A) + xu (@) (2.8)

Thanks to the algebraic properties of lattice states, such quantity has some
significant features:

Lemma 4. Let (¢, A) be an Abrikosov A-lattice state such that 1 # 0, then for
all A\, X" € A the function:

Ky (@) == xa(z +X) = xa(@) — xnv (@ + A) + xo ()
is indipendent of  and there exists n € Z such that:

A-3(N)

A (2.9)

KA,X =n2w

Proof. Thanks to the gauge, lattice translation-equivariance of the state, one
has:
(T o T ) (@) = ety @) = DA EX) o (=) )

Where ¢(x) # 0, it must be: e!loen @)= @+X)—xx(@)] — 1 hence:

Xorn (@) = xa(@ + X) = X () = 2mna v (@)
for some integer ny x(x) € Z depending in general on each of the three vectors
z, X\ N
However, the gauge-invariance of the vector potential forces to drop the -
dependence as it implies V(xx+a (2) — xa(x + N) — xa(x)) = 0. We, thus,
say:

Xorn () = xa(@ + X) = xw(w) € 21 Z

Thanks to the abelian property of the translational group, switching A and \’
does not change anything, hence also xa+n () — xx(x + A) — xa(x) € 272
(even though in general ny y/ # nas2).
Hence we can conclude that:

Ky =xa(@ +XN) +xn(x) — xa(x) = xar(x+ )
ZX)\+,\/(CI:) — 271’1’L)\’)\r — X)\/+)\({B) + 271'11)\/,)\ e2n

Let us now go through the properties of the map (A, X") — Ky x:
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1. It is skew-symmetric as the definition clearly shows.

2. It is bilinear:

K =xaen (@ + A7) = xapa (@) = xar (@ + A+ X) + xar(z)
=2mna v + @+ X+ X)) + xv (e + X))+
=2y — xa(@ + ) = xn (@) — xar (® + A+ X)) + xor ()
= (@ + X+ X)) —xa(@+X) = xar(z+ X+ X) +xor (@ + X))+
v (@ + A7) = xan (@ + X) = X (@) + X ()
=Ky + Ky

It follows that K y shares the same properties of the application (A, X') —

27r>“‘31£|>‘/) (the area of each lattice cell is an integer multiple of the minimal

cell), hence the two functions are proportional and the coefficient lies in Z. O

Thanks to the Lemma and the previous calculation, we can collect the results
of this section in the following

Theorem 3 (Quantization of the magnetic flux). Let (¢, A) be a non-conductive
(i.e. 1 # 0) Abrikosov A-lattice state, then for every A-lattice cell L there exists
an integer n € Z such that:

/(curlA)(:c)de =27mn (2.10)
c

Equivalently, one can say that the average magnetic field on the lattice A is
given by:
2mn

<CU.I'1 A>A = W

(2.11)

Restoring units, one finds that the flux of the magnetic field over a minimal
cell £ is:

A2 2mhy
/(curlA)(:l:)de =n2mV2He— =n F* <
L R €

For this reason, we may call the quantity:

By = 2mhe

(2.12)

6*

fluzon or magnetic flux quantum.

2.3 Perturbative approach

2.3.1 Gauge fixing

Now that we have explored some general properties of the Abrikosov lattice
states, we are going to discuss such states within the GL theory.
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For every fixed lattice shape 7 € F, we can obviously build a family of lattices
that share the same shape but have bases:

{a) :="ley,ay := {1} (2.13)

where 7 is the element of R? associated to 7 by the isomorphism R? <+ C and
{ is a positive real number. As a consequence, the cell £ spanned by {a1,as}
has area |£| = ¢?Im .

We are going to use the following Theorem to fix the gauge:

Theorem 4. Let (10, A) be an Abrikosov A-lattice state with average magnetiz
field per cell h and basis {a1,as2} as in Eq. . There exists an Abrikosov
A-lattice state (b, AR+ A) gauge-equivalent to a translation of (1, A) such that:

1. Ab(z) == —23(x).

. A is doubly periodic wrt A.

2
3. (A)p =0.
4. divA =0
5

h

(Tad) (@) = e 7@ () for k= 1,2.
Proof. See [28]. 0

The vector potential A’O’ depends linearly on the average magnetic field h.
Since we know from the previous subsection that there is a direct relation be-
tween such value, the lattice area and the number of quanta per cell, we wish
to get rid of such dependence. Namely we know that:

2mn

h:= <Cur1A>A = m

where 7 is the shape of the lattice A and (i, A) is an Abrikosov state on such
lattice.
Notice that, since 7 € H, h and n always share the same sign, hence we introduce

the real quantity:
n [Im T
=/ =0/ —
¢ \/; 27

and rescale the state accordingly:

¢(x) := (Y (Cx)
a(x) := CA((z)

The lhs reduce to the rhs when ¢ = 1, hence if (¢, A) is a A-lattice state (where
A is spanned by {ley,¢T}), then (¢, ) is a A, -lattice state, where the normal-

ized lattice A, is Ay 1= 1/ 2ZA =0, A.

Im 7

Notice that the area of the cell £, spanned by {¢,e1, ¢, 7} is |£;]| = 27 and the

(2.14)
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two lattices have of course the same shape.

As for the energy per lattice cell:

Ge v =5 [ [Davf+ 540 =17 4 et = o 2
1 8 2 2
- {<2v¢+cz¢ (|C|2 ) + Ecurla ho }d%c
:2;<4/£ {|Da¢| + (\¢| 2+|curla§2h0|2}d2z
Hence:
1 2 27 12| 32
Ge. |, a] = WA {|Da¢| + — (|¢)| +‘Cur1af§ ho} ]d x (2.15)

The rescaled GL equations follow immediately:

(2.16)

Dot + 20" = (2o =0
curl” curl  + Re{¢* Dy} = 0

Finally, if (¢, A) is chosen in the form prescribed by Theorem , then the
resulting (¢, &) have the following properties:

l. a= Aj + a with Af := —5J3(x).

2. (¢, a) satisfy the properties 2.-5. of the Theorem in the lattice A,

Notice that the parameter ¢ contributes to fixing the state (¢, ) as it enters
the fist PDE (to different ¢-s will in general correspond different states).

From now on, unless stated otherwise, we will work in the gauge fixed by
the Theorem and in the normalized lattice A,. For clarity of notation, we will
go back to calling (¢, ) with the standard (¢, Aj + A).

2.3.2 Normal-state perturbations and Abrikosov function

We will follow a perturbative approach similar to the usual one in QM to account
for small variations around a known state (which is going to be the conductive
one). Before blindly writing formal expansions for each of the three quantities
that determine a state, let us have a look at the equations (2.16]). The physical
situation we are going to account for is the following: we fix the temperature of
the sample and turn on the magnetic field so that the phase is normal. We then
lower the field quasi-statically until we reach the critical value. Just underneath
it, the order parameter slighty deviates from the normal-state value (¢p = 0).
In the perturbative approach, we say that the variation of the order parameter
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is of the first order in some parameter €. According to the second equation,
however, since the current density is quadratic in %, the first non-vanishing
term in the vector potential formal expansion is the order €2 (in general, only
the even-power terms will be non-zero). This last statement is also true for ¢,
as it is clear from the first equation. Finally, since the variations in A and ( are
non-vanishing only for the even powers of ¢, it follows that the expansion for
only has odd-power terms.

Hence we take:

e =1 + O(E?’)
A=A + 0(e") (2.17)
¢ =nx? 4G +0(e)
The zero-th order term (y in the ¢2 expansion is of course its value on the verge
of the normal phase, i.e. for hg — hco from above, hence it can be evaluated

by requiring the Gibbs free energy per cell (2.15) to be fixed at the value x2/2
as ho decreases with (¢ = 0, Af}):

: +0(e*)

k2 K2

332"

n
— —heo

Co

Hence heaop = n. As we are going to see in the following subsection (Eq. ,

hcg = 52.

The remaining terms give the linearized GL system:

D apthr =nyhy

2.18
curl A; Z%“Wl\ 2>AT =[] 2] ( |

The first equation is straightforward if one plugs the perturbative expansion in
the first equation of the system (2.16):

0 =eAanie2a,¥1 + ek (2| — ne~ )Yy + 0(e?)
=e[Aanthr — mapr] + O(<?)
For the second one we are going to need the following:
Lemma 5 (Ladder operators). One can write:
Ly i=04p —n= -0, (2.19)
where 1, are the annhilation and creation operators:

0 n 0 n
hi=2h 5t 5* nh=24- — 52 (2.20)

with z := x1 + ix2. Such operators satisfy the relation [7727 nn] = 2n.
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Proof. Thanks to the definition A 4 := DL 0D 4 and the fact that div Aj = 0:

2
Ln=— A +in(z - curl’) + ”Zum\f -n
If we let, like in the statement of the Lemma, & = x1e1 + z2e5 — 2 = 11 + ixo,
then of course we have the following identifications: J(x) — —iz, Vf > 2f,«,
Afr—4f,+, and x -y — Re{z*w} with £ — z and y — w. Plugging into the
expression for L,:

02 " ne, 9
L,=— 529 +12n1m{z 5 *}+4 " —n
= — 82 27 * 9 +n72 *,
B 02*0z Z@z o0z* 4 zEmn
So one could write:
O f of < Of > .
Lt __482*32 - f+z8z] e e T <
O f d(zf) LOf P,
B _482*82 - 0z tnz oz* + ZZ zf
_ o[.0f n n  [.0f n
/

Proving the commutation relation is then straightforward:

[Wlann]f =na(azzf) —nz" ng* + na(;;j) — nz% =2nf

O

Such situation is well known in QM where the Hamiltonian for the 1-dimensional
harmonic oscillator (of unit mass and frequency) H := %[f% + x2] can be
rewritten as H = a'a + % for two proper operators a, at satisfying [aT, a] =—1.
The spectrum of the operator afa then follows from its algebraic properties and
it is J(aTa) = Ny, hence its secular equation reads aTal/J,, = vy, for v € Ny.
Thanks to the Lemma, we have just seen that, for fixed number of magnetic
flux quanta n, the first linearized equation in is precisely of such kind
with ¥ = 0 and a = 7,, (notice that actually the commutator is not exactly the
identity but it is proportional to it, this will have consequences in the following).
Hence, it follows from such an analogy that the first order term in the order
parameter expansion around the normal solution lies in the kernel of the annhi-
lation operator 7, i.e. 7,1%1 = 0 (just like the ground state of the harmonic
oscillator satisfies ayy = 0):

Theorem 5. Let i satisfy the first equation in . Then ¢ € kermn,, with
Nn defined in the Lemma (@
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We are now ready to derive the equation for A;: first of all let us plug the
perturbative ansantz (2.17)) in the second equation from (2.16]):

0 = &*[curl’ curl Ay + Re{¢;Dantp1 }] + O(e?) (2.21)
If one writes out the annhilation operator explicitely, one realizes that it has
the following relation with the operator Dz
T = 105 + gml —i [i@l - sz} = (Day)2 — i(Da, )1

Since 1,11 = 0, then:
0 =Re{y] (Dag), 1} + Im{v](Dag), v}

=Re{¢7(Dag), 1} + %[ 101901 + 10197] = Re{9f (Dag )91 } + %31|¢1\2
0 =Im{¢j(Dag),¥1} — Re{v] (Dag), v}

= S [10r + 0 00] — Re{usf (D) v} = Loblihaf* — Refui (Dag) o}
Hence Re{tiDapthn} = 3(Daltn [*, —01[th1*) = § curl® [y .

Since curl f=3(Vf) and T is a linear, bijective operator, then there exists a
constant C' such that:

1
curl Ay + 5|¢1|2 =C

Since the total vector potential (to the second order in ¢) is A% + 2A; and
we have required that the flux of the magnetic field through the cell £, of the
normalized lattice is 27n, it follows that:

1
0= / curld;d%z = 27C — */ |1/11|2d2$
c 2 )z,

this fixes the constant and gives the second equation in (2.18]).
As for the energy, we first of all prove the following relation:

Lemma 6. The first order expansion term of the order parameter around the
normal solution satisfies the following integral equation.:

-

3, — k0] Gl + @ = g dnlt =0 )

Proof. If one multiplies the first equation in ([2.16) scalarly in L?(£,) by 11 and
substitutes the perturbative expansions (2.17)), one gets:

0 =e(1, Dapyeza, ¥1) —en(yr, 1) + K2 [(¢r, 1) *4h1) — €1 (1, P1)] + O(eh)
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Now notice that, by definition of A4 := ’DL‘ o0 Dy, it follows the non-linear
relation:
Aaypf =idivDaypf+(A+ B, Daypf)
=~ Af+idiv[f(A+ B)] +i(A+ B, Vf) + f||A+ B|?
=Aaf +ifdivB +2i(B,Daf) + fI|B|®

In our case, the last term is of the order £*, hence it can be neglected. As for
the other ones, since we chose divA4; = 0:

0 =e(¢1, (Aap —n)h1) + % (v, 2(A1,Dani1) + e - K2Cpr) + O(eh)
=& [2(¢1, (A1, Dag 1)) +6° 61l 7a 2.y — B2l I Za ] + O(*)

where the first order term is of course zero if ¥; € ker L,, as the first equation

in requires.

Now, the second and third term in the rhs of the previous equation are both
real, so for the equality to hold at the thid order in &, the first term must also
be real (i.e. one could replace (wl, (Al,DAnwl)) with its real part as they must
coincide). By Eq. (2.21)), the second Equation in and thanks to the
Lemma , one could rewrite the term as:

(1, (Ay, Dagin))= /E (Ay, Re{ gD gty })d2e =
=0(e*
=0(*

) -

(%) -
(9(54)
(%) -

(Aq, curl’ curlAy) 20, g2y

curlAlHLz(C )
2 (a8, = 24wl *) o, el Tee,) + 110170 )]
ol tage,y = (el a1l 3]

=0 (et

»-M'—\»M»—*

Hence, plugging back into the original equation gives the desired relation:

. 1 1
02| (2 = 5 Ionltacen + (5 0ol . = 2 ) WnlBace, | + O(EY
O

The Lemma helps us to prove:

Proposition 5 (Perturbative expansion of the Gibbs free-energy). If the Egs
have a solution of the form , then we have the following expansion
for the average Gibbs free-energy of the supercondutor:

2 1
Ge e Af + Al = T+ (nG1)? |1 - e TEw | TOE) 229)
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where:

(91,

) =2

(2.24)

T

is the so-called Abrikosov function.

Proof. Let us go back to the original system (2.16) in the chosen gauge and
repeat more or less the same procedure of the Lemma: let us scalarly multiply
the first equation by ¥ and use the definition of A 4:

2 4 2
0=[Da®llz2(c, c2) + “2||1/’||L4(£T) - (“C)2H¢||L2(£T)

where « is short for Ay + A.
It follows that the average Gibbs free energy in every lattice (2.15)) can be
rewritten as:

1
mo [ [ - ol o - €2 et - e a%

1 2 2
:W/g {’{2(4 — %|z[)|4 + |curlae — (CK)Q‘Z] d*z

GCs [1/)65 O‘E}

/g2 1 21|12 Hz 4
= [l @ e, - e,

Plugging in the perturbative expansions (2.17) gives:

1,{2

2
Colbeod =5+ 5 C4 {chﬂAl C1H2Hi,2(£7) - HQH%H;(&)] +0(%)

Recall that (curl A1), = 0 and substitute the second equation in (2.18) in the
last term of the order &*:

_ 4“4(12 et ) ;

AG =¢ ot A 44 ||¢1||L4 C. )+ <|¢1\ )AT ”wl”L"‘(ﬁT) +(’)(5 )
4“4C1 6
=Tl kG (unl ), + O

where AG denotes the difference from the normal-phase free energy and we have
also used the previous Lemma.

It is now only a metter of rewriting the last term as a function of 5 thanks to
the Lemma:

2 (1%, =5 (13 + (w2 = 3 ) Gl
N

-

This clearly gives the expansion for the energy if plugged back in (and thanks
to the obvious expansion (7* = k*n=2 + O(?)). O
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2.3.3 Spectrum of A,y & upper critical field Heo

Thanks to the linearization we have just carried out, we can compute the value
of the upper critical field hoo that marks the transition from the normal to the
mixed state: it is, by definition, the lowest field such that the first equation
in the system has a non-trivial solution (i.e. 7 # 0). Actually, since
we have transformed the h-dependence away from such equations thanks to the
rescaling, one should consider the equation obtained via linearization around
Al (so no need to bother about ¢). Such relation is of course:

Apth = K2 (2.25)

where we have suppressed the subscript for clarity’s sake.

Much has already been said in the previous discussion about the secular equation
for the operator A 4n, which is analogous to the previous equation if we identify
h with n. In particular, we recall the results from Lemma that defines
the ladder operators for Ly, := Aan —n and provides the commutation relation

[n;fl, nn} = 2n. It follows that, if fj is an eigenfunction for L,, wrt the eigenvalue
k, then:

Lonl fo = =ninanl fo = 0l (=nlna + 2n) fu = (k + 2n)n) fu

Equivalently L,n, frx = (k — 2n)n,, fi and, by definition of L,,, it follows:
Dagnhfe=(k+3n)nhfe 5 Dagnafe = (k= 3n)n.fi

However, since A 4o is positively-defined, such procedure must cease before
k — 3n < 0, hence there must be some fy such that L, fo = 0 (then of course
Aanfo = nfy) and all the other eigenvectors can be evaluated through action

of nf . Consequently, we get the spectrum o(L,) = {2kn, k € Ny} and:

Theorem 6. The operator A ar has spectrum:
U(AAg) = {(21/ + l)n Ve No} (226)
For the equation (2.25) to have a non-trivial solution, then it must be k2 €
o(Dap), ie
k2= (2u+1)h (2.27)
for some v € Nj.
For fixed superconductor (i.e. x has a certain, well-defined value), the highest
value of h that can satisfy the above equation is h = k% (v = 0). This is of

course the upper critical field heo because for every h > hes the only solution
to the equation (2.25)) is ¢ = 0 (the normal phase). Restoring the units:

Hes = V2kHe (2.28)

Under our assumption for k, Hoo is stronger than He.
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We complete this subsection by explicitely compute the functions that made
up the space ker L,,. By Theorem , of course such space is equal to kern,,
hence we are going to consider the equation:

oY _n
Oz 4

2 (2.29)

which is solved by ¥(z,2*) = e’%|z‘2§(z) for some entire function &.

However, in our problem we should restrict to A--quasiperiodic solutions in the
sense of property 5. from Theorem with h = n and on the lattice basis
{a1 =L, e1, ay = L, 7}. Tt follows:

7

1/}(2 + al,z* + a>1k) :67%(\4%2@ Rez+€f_)€(z+a1) _ ei%&- Imzle|z|2§(z)
w(z + asg, =* + a,;) :@_%(‘Z|2+53‘7’|2+2er RC{T*Z})g(z + a2)

—eiBtr Im{r*z}—%|z|2§(z)

i.e.:

(s + 1) =g(2)e (072

2.
£z + Lyr) =E(z)ed i E I +272) (2:30)

If one observes that the exponent in the first relation (up to the factor n/4) can
be rewritten as (z + £,)% — 22, then such equation implies the £,-periodicity of
the function z — e_%zzf (z). Hence we can write the Fourier-like expansio

&(z) = 5% ZGU exp [i21/7rz}

12
VEZ T

The second relation fixes the periodicity of the coefficients:

E(z 4+ €,7) —et (P H2U T T Z 0, exp {iQVﬂ-z + i27TVT:|

l
VEZ T
n(,2 * 2 2 3 Vs
=t (224 LT 0, exp|i2v—=z
> A
VEZ

Hence:

;Z 0, exp [iQuZ;z} = ;Z 0, exp [iQZ(V +n)z + 2wt + imrr]

6Let f be a meromorphic function in C with period w, then the function F defined by
F(e?72/@) = f(2) is well-defined, meromorphic in C~{0} and, as a consequence, admits a
Laurent expansion in every annulus that contains none of its poles: F({) = Z ayC¥. Such
i27ruz/w)

vEL
expansion can be “pulled-back” to f thanks to the definition (i.e. by setting {(z) = e
and leads to a Fourier-like series for f.
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Shifting v — v + n in the lhs gives:
O, = 0, HIT (2.31)

It follows that only n of the 6,-s are indipendent. The results are collected in
the following:

Theorem 7 (Eigenfunctions of the linearized GL equation). Each and every
A -Abrikosov state function . that also lies in the kernel of L, = AAE‘ —n can
be written as:

1/)7_(2,2*) :Zoyeﬂuﬁz-i-%(zQ_plZ)’ 9”+n _ eyeifr(nJrQV)‘r (232)
VEZ

with the isomorphism @ = xr1€1 + roey — 2 = T + 12>
In particular, this implies that dimg ker L, |a_= n.

2.4 Energy-minimizing lattice shape near Ho

So far we have worked for general values of 7, now we are going to study how
the free energy depends on such parameter and, as a consequence, what lattice
shape turns out to be more stable near the critical point hcs.

We are going to fix n = 1 so that the order parameter 1 is determined (up to
a scaling factor) by the choice of the lattice shape according to Theorem @
Accordingly, 3 is a function only of 7 € FF.

We are going to fix the scaling factor of ¥ so that 8g = 1. The other coefficients,
then, follow:

exp |[i27T Zz;é El v>0 e

exp|i2rT Y Lokl v <0 a

ITUT

0, =e

Hence the eigenfunction becomes:

1
U (z,2") = Z exp |:i27TVZ— + i 4 1(22 - |z|2)}
Vel (2.33)

_ L o 2 <

_exle(z |z] )} @(67—,7’>
where O(u,w) = 3, o, €™+ (with (u,w) € C xH) is the Jacobi Theta
function with characteristics (a,b) = (0,0) (sometimes also denoted with 63).
The vortex cores are of course determined by the lattice shape and are, in
particular, those points z such that ) = 0 (superconductor in the normal state).
Namely, they are the zeros of the Theta function which, according to [12], are
points that satisfy the relation u = v+1/24 (u+1/2)w for p, v € Z, hence the
cores are located at:

21 1 1
— | Z+= Z+— 2.34
S a1
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the notation being Zz := {va, v € Z} for every z € C.

Im(z)

I T T T T T T T 1
-10.0 -71.5 -5.0 -2.5 0.0 2.5 5.0 7.5 10.0
Rel(z)

Figure 2.1: Domain coloring of ©(z/ly,T) for T = ¢™/2.

—éO —IlO [I) 1‘0 2‘0
Re(z)

Figure 2.2: Domain coloring of ©(z/l,,T) for T = '™/3,

According to the perturbative expansion for the Gibbs free energy from
Proposition , since 2k2 — 1 > 0, we see that the leading term is an increasing
function of 3. Since all the other parameters (namely n and k) are fixed, we
can equivalently study the minimization of the Abrikosov function in order to
determine the most stable lattice configuration.
According to the definition, we need to evaluate two integrals involving |’(/J7-|2
which is given by the series representation:

2 *\ (Z B Z*)2 o T * . 2 2 %
|7 (2, 2") = Z eXp[T +12£—(1/z—uz ) +iam(viT — ptT")
(p,v)€Z? T

(2.35)
Such a function is of course doubly-periodic wrt A, (as it represents the pair
density) but such property is not well exploited by the current isomorphism
R? « C as it uses coordinates wrt the canonical basis instead of the lattice
basis {{;e1,¢,7}. We are, then, going to change our isomorphism and map
x = wilrer + wol, T — w = wy + twy so that |1/JT|2 is periodic with period 1
wrto the coordinates (wq,ws). The explicit transformation is easily evaluated
using the definition 7 = ReTe; 4+ Im Te, since, for all € R*:

x =wilrey +wol, T = L(wl + wo Re T)el + 4 wo Im Teq



2.4. ENERGY-MINIMIZING LATTICE SHAPE NEAR H¢o 45

Hence, w is given in terms of z := x1 + izo as:

1—1 1472
2 =w; +TWwy = 2”10 + _;ZTw* (2.36)

Plugging into the series expansion for |¢.|? gives (recall £2 Im 7 = 27):

b |* (w, w*) = Z exp [g Im 7(w — w*)? + iray, (v, w*)} (2.37)
(u,v)€Z?

with:

ar, (w,w*) ==wv(l —ir) — p(l —ir™)] + w* [v(1 + i) — p(1+im")]+
+ 27 — it

The huge gain of all this rewriting is that we can now decompose |1, |* onto the
Fourier basis:

{Uuu’ (w1, ws) = ei2ﬂ(uw1+u’w2)} (2.38)

(v,v')ez?

and the coefficients ¢,/ of such expansion completely determine the integrals
we need in order to evaluate §:

2 2
12,y =27 (uoo, [r] )Lz(ﬁf) = 2mego

4 2 2 2
H’lr/)‘r”L‘l(LT) :(|w7| s [ )LZ(ET) =27 Z v |

(v,v')€ez?

where the factor 2 = 2 Im 7 is of course the determinant of the Jacobian of
the transformation (wq,ws) — (x1,x2).

The evaluation of such coefficients is carried out in [24] with a formal “trick”.
The result is:

1

Im

Copr = (1" exp{ 1 1/7\2} (2.39)

" 2ImT

The Abrikosov function then follows:

1/% 4 4 m
B(r) = L {”L(ﬁf)] — Z exp [_ ImT|l/, _ 1/T|2] (2.40)

HwT”Lz(ﬁf) (v,v')ez?

It is easy to check that this expression carries the following symmetries:

Lemma 7. The Abrikosov function 3(7) is invariant under the following trans-
formation:

1. The unit translation along the real axis: T — 7+ 1.

2. The reflection around the imaginary azxis: T +— —T*.
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3. The inversion and reflection around the imaginary axis: T — —7 L.

Thanks to such symmetries the critical points of 3 can be evaluated:

Theorem 8 (Critical points of the Abrikosov function). The Abrikosov function
B(7) is stationary in F at the points T := /2 and Ty, = ein/3.

Proof. We need to prove that 9, 8,0,,6 =0 when 7 € {75q, Tex }-
It is easy to see that the two points are invariant respectively under the trans-
formations:

* -1

Tsq = — Teq Tsq = — T,

Ter =1 — 74, Ter =1 — 7y,

Now, thanks to the Lemma, we se that for every v € Ny:
By ) = Bl ~ 1)~ 7) = - = B(=7") = B(7)

Deriving this relation wrt 71: (0-,8)(7) + (0, 8)(v — 7*) = 0.

For v = 0, this implies (9,,8)(7sq) = 0 while for ¥ = 1 one can come to the
conclusion that (9, 5)(7t:) = 0 using the invariances of the two points under
the transformations 7 — —7* and 7 — 1 — 7" respectively.

For the derivatives wrt 7o, with the same procedure one finds that, for all v € Ny,
B(v — 1Y) = B(r). Using 7=! = 7*/|7|* and differentiation wrt 5 gives:

B Im{TZ} Re{TQ}

(0r0)() = = G On A =77+ = g (@) =)

We already know that, for the two 7-s at stake, d,, 8 = 0. Accordingly, for v =0
(using 7sq = —754"), one finds (8, 8)(7sq) = —(0r,8)(7sq) and the same goes with
v =1 for 7, using its invariance under the transformation 7 — 1 — 771 O

It then follows that the energetically-favorable configuration close to the up-
per critical field must be chosen between the square and the triangular one.
Numerical estimations for 5(7yq), 5(7r) have been carried out in [2, |14] respec-
tively with the results:

B(7sq) ~1.1803 B(7er) ~1.1595 (2.41)

It follows that near the upper critical field, the most stable lattice configuration
is the triangular one.

2.4.1 Superconductive current density

Now that we have discussed the lattice shapes, let us briefly study, within the
perturbational approach, the superconducting current density js. defined in Eq.
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(1.19). According to the second equation in (2.18]), the second order term in the
expansion is (restoring units):

Nl oy 2 (2.42)

Using the complex formalism (in natural units) and Eqgs (2.29)), (2.33):

J2 — _

scC

(2) _;
js a [w wT]

[ (2,2%) + P (2, 25 >2—|z|2]£>‘<@*(%7)]
-5 wA@z)+wAzzkmzﬂ%H@m274
=il | (2, %) {Z _22 + (%g::;)} (2.43)

where z; is short for z/¢, and ’ denotes the derivative of © wrt z.

Notice that the vortex structure around the core is due to the curl’ operator.
Indeed, the leading term in an expansion of WJT|2 around any vortex core z. =
Z1,c + 1%, is the second (the zero-th and first order terms both vanish as
they are proportional to ¢, at the core), i.e. it is a positively-defined quadratic
form b represented, in coordinates (z1, z2) wrt the canonical basis of R?, by the
Hessian matrix (divided by two) [Cl Cs] of [¢),|> at the core. By Sylvester’s
criterion, the level curves of such quadratic form are concentric ellipses centered
in (x1,c,%2.c) and with principal axes spanned by:

ug :=2Cs3e1 + [CQ O == A} ey

with A := /(Cy — C1)2 + 4C3.
Then, if we let (uy,u_) be the coordinates of a vector & € R* wrt the basis
{uy}, then the quadratic form reduces to the diagonal expression:

f](iL', a:) =2 [CQ((CQ — 01)2 + 4C§) + A(CQ(CQ — Cl) + 203?)] (U+ — U+’C)2+
+2[C2((C2 — C1)? +4C5) — A(C2(Ca — C1) + 203 ] (u— — u_)?

u u 2 u u 2
. + = Y+,c — = U—c
(=) (=)

The curl® operator in the new coordinate system is:

o L [or, _or
ST TN 00 T duy

:(2)

As a consequence, the leading term in the expansion of jsc’ around a core

iQ ~

1 U — U Up — Uy
(curl™h)(z, ) = 1A [ K2 UL e, u} (2.44)

l\')\»—l
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which is the usual simple, non-normalized, asymmetric vortex centered in (u4 ¢, u— ¢),
i.e. in the coordinate system ¢; := w; — u;c for i € {+,—}, it is the vector field
represented by (q4,q-) — Zqy — Hq-.

Figure 2.3: Current density for the triangular lattice.
(MIT License - Copyright (c) 2018 3BluelBroun LLC)

2.5 Lower critical field Ho; in the high « limit

We now search for the value of the external field He; that marks the
superconducting-mixed phase transition. Of course, the linearized system we
have studied above is no longer a good approximation. However, to roughly
predict the x-dependence of the external field, it is sufficient to build an ap-
proximate solution. In particular, we will “guess” the mathematical shape of
a single, isolated and cylindrical symmetric vortex using some “physical” ar-
guments. Such a scenario is reasonable close to the lower critical field as the
Meissner effect is annhilated by a gradual penetration of the field.

The cylindrical symmetry of course forces the order parameter and the vector
potential to be functions only of the distance r from the vortex core (lengths are
still measured in units of \). Furthermore, we will fix once again the Coulomb
gauge, hence we can set A - e, = 0 to ensure the vanishing of divA:

Y(r, @) = ¢(r)e' : A(r,p) = a(r)e, (2.45)

Notice that the function a(r) can be given in terms of the field h(r) by inversion
of the relation h = curlA:

1 T
a(r) = ;/ h(uw)udu (2.46)
0
which gives as leading term close to the core a(r) = @r +O(r?).
First of all let us recall from the end of the first chapter that we expect the two

unknown functions to experience large variations over different ranges, namely
A for A and ¢ for v (in our system of units 1 and x~! respectively). Hence,
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for large k, v is basically equal to its bulk value ¢ = 1 except for a small set
whose measure is of the order k2. For the sake of symplicity, we take open
neighborhood B(0,x1).

As a consequence, we are only interested in computing a first order expansion
of the order parameter 1 around the origin thanks to which we are going to
approximate its variation in the ball B(0,x~1) and then require continuity for
r = k~!. Plugging the ansatz into the first GL equation yields:

0= "~ ¢+ 50— —ap a4+ R2(F ~ )6 (247)

For r < k~! we may use the first order approximation for a in terms of h(0),
which leads to the equation:

20 ! _ 2 mzl 2042
0=—r°¢"—r¢' + o —h(0)r ¢+ 1 ¢ + (k1) (¢° — 1)¢

~ -1 —rd' + ¢ (2.48)

where we dropped the higher-order terms as » — 0. The resulting ODE is of
the type ZZ:O rkp(*) = 0 (Euler equation) for d = 2, hence can be solved by
a power-law function ¢(r) = r*. Plugging in the ansatz leads to the algebraic
equation 0 = k(k — 1) + k — 1 = k? — 1 whose solutions are |k| = 1. Since we
expect the order parameter at the core of the vortex to vanish (i.e. the sample
is in the normal state), we are going only to consider the positive solution k& = 1.
The further requirement of continuity as one trespasses the boundary of the ball
B(0,x71) leads to the following solution:

o(r) = {W ren (2.49)

1 r>k1

As for A, since we are interested in computing the Gibbs free energy which only
depends on its curl, we may as well focus on h := curlA.
According to the second GL equation, using ¢ = pe'’:

0= curl' h + p*(A — V¥) (2.50)

For » > k™1 it is p = 1, so we can find a simple equation for h by taking the
curl of both sides (using also the Coulomb gauge condition):

—Ah+h=0 (r>r1 (2.51)

For r < k™!, the equation gets of course more complicated because p is not
constant. However, since the set is small (in the high-x limit), we are going to
account for it by averaging over the domain: for large s the ball reduces almost
to a points, hence we can treat the global statement as though it were local.
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First of all let us notice that:

/Ahd%: / (Vh) -ndl
)

B(0,x—1 9B(0,x~1)

_ / I(Vh) - I(n)dt = — / (curl'h) - 7 de

B(0,k—1) 8B(0,k—1)

where T := —J(n) is the tangent unit vector to the circumference B(0, s~ 1)
and we used the isometry of J.
Now, if one requires continuity of p, it is obvious that p(0B(0,x71)) = {1},
hence (using Stokes’ Theorem):

Ahd?z = / (A—-VY)-T7dl = / hd?x — 27

B(0,x—1) B(0,k—1) B(0,x—1)

The similarity with Eq. (2.51)) is crystal clear, the only difference being the
additonal factor 27w. In the high-x limit, the integral relation may then be
translated into the point-by-point distributional equation:

— Ah+ h =276, (2.52)

which accounts for Eq. as well since it implies that the integral of the
quantity Ah 4+ h over a set E vanishes unless the vortex core lies in E. It is
important to point out that such equation is not at all a direct consequence of
the GL system but is a simplification constructed in such a way to ensure that
global properties on the small set B(0,x~!) are maintained.

Under the assumption of A being a function only of the distance from the vortex
core (hence h too), the positive solution to the Eq. is known and it is the
first modified Bessel function of the second kind K. We recall the following
asymptotics for such function:

Koy(r) T:O|logr| +C

. = (2.53)
o(r) 2\ 7€

The corresponding vector potential can be evaluated by integration of the defin-
ing relation h = curlA over B(0,r), using Stokes’ Theorem and plugging in Eq.
@-59):

2rra(r) = / hd?r =27 + / (Vh) -md?z = 27 + 27k (r)
B(0,r) oB(0,r)

Hence:
A(r) = E + h’(r)} e, (2.54)
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One could use the properties of the modified Bessel functions of the second
kind to write A more explicitely: h'(r) = Ko(r) = —K1(r). Since the limiting
behaviour of K; as r — 0 is —r~1 + o(1), a(r) is everywhere well-defined and
continuous. Furthermore, K still decays exponentially at large distances,
hence a is bounded.

We are now ready to compute an approximate expression for the energy dif-
ference between the single approximate vortex state we have just constructed
and the superconductive bulk state. For the sake of symplicity, we are going to
consider a superconductor that fills the whole space. However, in such case the
total energy of the superconductive state is infinite, so we compute the Gibbs
free energy in a neighborhood B(0, R) for R > x~! and make some estimations
for R — oco. Since the order parameter ¥ has a different behavious outside and
inside the ball B(0,x™!), it is natural to consider the two contribution to AG
separately:
(AG)(R) :=G[¢, A, B(0, R)] - G[1,0, B(0, R)]
=Gy, A, B(0,x )] + G, A, B0, R) ~ B(0,5™")] — mR*hj

Lemma 8. Let G, be the difference between the Gibbs free energies in B(0, k1)
and Gr that in B(0, R) ~ B(0,x™1).

1. For all k > 1, assuming ho < K2, G is bounded indipendently of k.

2. For large R and k we have the following behaviour:

Ggr~2m [log/i - 2h0]

Proof. In the order:

1. The term reads:

2
Gum [ e|IDanl+ = W+ (o~ 1]
B(0.x—1)

2
= [ Po|Davl + T W+ bl 2h0)
B(0,x—1)
Thanks to the approximate expression for ¢ (Eq. [2.49), we can say that
both ¢ and |V| are bounded. Furthermore, we have already noticed that

the approximate expression for a(r) (Eq. [2.54]) is bounded as well. As a
consequence there exist two constants C, Cy > 0 such that:

2
2
As for h, the limiting behaviour as » — 0 tells us that the integral of its

modulus and its squared modulus over B(0,x~!) both converge. Since
(recall h > 0 by construction): —2hg < h(h — 2hg) < h? then:

|h(h — 2]7,0)‘ < maX{Qho, h2}

Datp|® < C1R%2 (1—[9]*)? < Car?
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In both cases the integral over B(0, 1) is bounded indipendently of x (if
the maximum is A2 is trivial, if it is 2hg, just use the hypotesis and the
fact that the area of the ball is proportional to £~2). Using the triangular
inequality, the first result then follows.

2. For » > k! we have ¢ = 1, hence the second GL equation reduces to
A = curl’ h = 3(Vh). Using the isometry of J:

G = / Ce[|AP + (h— ho)? — 1]
Br~Bi/x

= / A2z [|Vh|? + h(h — 2ho)]

BR\Bl/,{

Thanks to the integration by parts formula (Eq. [1.17) we can write (let
CR,l/n = Br \ Bl/n):

/ [V + r?]d%x = / h(Vh)-ndo + / h[h — AR]d%z
CRr,1/x 9CR1/x CRr1/x

=2r[Rh(R)W (R) — k"h(k™")h/ (k71)]

while the other term can be computed with the divergence Theorem:

/h: / Ah = /(Vh)-nda

CRr1/x CRr1/x 9CR1/k
=2r[RKW(R) — k"W (7 1)]
Hence, using the asymptotics for h and h':

G =2 RN () [h(R) — 2ho] — 27" E)

~ 2 (=) log s 2ho] = 2x[log — 2ho]

[h(k™") — 2ho]

From the Lemma it follows that:

(AG)(R,k) ~ 2r[logk — 2ho] +C (2.55)
R,k— o0
As a consequence, a rough estimation of hep is given by the value of hg that
changes the sign of the asymptotic for AG, i.e.: h¢y = (logk)/2 up to a constant
(which we are not going to write down because it is indipendent of £ and our
aim was simply to determine an approximate k-dependence). Restoring the
physical units:
Hc logk
Hop ~ —

(2.56)
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Notice that the product Hoy - Hos = Hé log x has a very mild x-dependence,
hence the critical field He for bulk type-I superconductors (at fixed tempera-
ture) is approximately the geometric mean of the two critical fields Heoi, Heo
at the same temperature.

Material | poHcr [mT]  poHeo [mT]  Tobs [K]

CNb 12 1.69x103 4.2

CTa 22 460 1.2
Cdg.05Hgo.95 28 31 2.16
Ing.94Pbo.06 9.5 18 3.12
Ing 75T 05 21.6 50 3.16
Nbyg 1 Tag o 8.4 15.4 4.195

03SrTi 0.195 42.0 0

Vv 80 340 1.79

Table 2.1: Critical fields for some type-II superconducting
compounds and alloys at the temperature Tops.
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