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Orders in condensed matter systems

spontaneous symmetry breakdown
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spontaneous magnetization
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Broken symmetry Goldstone mode

System

Magnet Rotation Spin wave
Solid Translation Phonon
Liquid helium Global gauge invariance Phonon
Superconductor  Local gauge invariance N/A
Jeffrey R. Goldstone (1933-) |
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System Broken symmetry Goldstone excitation
Crystal Translational Phonon
Ferromagnet Rotational Spin wave
Superfluid Global gauge Phonon
Superconductor Local gauge (Higgs mode)
Electro-weak® Local gauge (Higgs mode)

QCDe Chiral 7T Mesons
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Superfluid *He and superconductors
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Global vs. local gauge invariance

Gauge field
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Particle
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Global U(1) gauge Local U(1) gauge
transformation transformation



UFMa / DFIS

Superconductivity: the photon gets mass
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Ginzburg-Landau Equation
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Superconductivity: the photon gets mass
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Matéria Condensada: CIFMC/UnB

PhD — Fisica

‘r Type-1I Superconductor
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T': T TYPE I\I SUPERCONDUCTOR

A current-carrying type Il

superconductor in the mixed state

When a current is applied to a type Il superconductor (blue

rectangular box) in the mixed state, the magnetic vortices

_[ (blue cylinders) feel a force (Lorentz force) that pushes the
0 v vortices at right angles to the current flow. This movement
5 http://phys kent edu/pages/cep htm dissipates energy and produces resistance [from D. J.

Bishop et al., Scientific American, 48 (Feb. 1993)].
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BCS Theory of Superconductivity

The Nobel Prize in
Physics 1972

«“‘for their jointly developed
theory of superconductivity,

usually called the BCS-thenr}f"

John Leon MNeil John Robert
Bardeen Cooper Schrieffer
1/3 of the prize 1/3 of the prize 1/3 of the prize
UsA LISA USA
University of Illinols Brown Liniversity University of
Urbana, IL, USA Providence, RI, Pennsylvania
LISA Philadelphia, PA,
USA
b. 1908 b. 1530 b. 1931
d. 1991

*http:/fwww nobel se/phvsics/laureates

ELECTRON-PHONON INTERACTIONS
AND SUPERCONDUCTIVITY

Nobel Lecture, December 11, 1972
By JOHN BARDEEN

Departments of Physics and of Electrical
Engineering,

University of Illinois Urbana, Illinois
INTRODUCTION

Our present understanding of superconductivity has
arisen from a close interplay of theory and experiment.
It would have been very difficult to have arrived at the
theory by purely deductive reasoning from the basic
equations of quantum mechanics. Even if someone had
done so, no one would have believed that such
remarkable properties would really occur in nature.,
But, as you well know, that is not the way it happened,
a great deal had been learned about the experimental
properties of superconductors and phenomenological

before the microscopic theory was developed. \delh |

equations had been given to describe many aspects " "



Il Oficina de Teoria de Campos UFMa/DFIS

H—uN pi (S A g LA A%+ )2,
— plN = Zk: ”k A & Wi +Zu,k +— g )"‘k — (& —|_‘-.ak)
R . A2 LA
H — uN = Z )\kOfijOffkcr + Z(fk — k) + ——
ko k )

6 ) % s '\. - { A
g 4 __‘\"(:;'}P‘_,_.A ’3-—’-’ N
Electron #2 Electron #1 T |
| ® —J‘ 3 @ =
| N e 4
0@ 9 —9 g
G ' by of W e ~~,)
| ) |
» + N o g
U A il o 4 W W

The origin of superconductivity in conventional superconductors
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THE BCS GROUND STATE
o) = Z gkl €y |F)

k>kp
Since electrons obey Fermi statistics,
[Ckoy v i)y = ChoChr s + i1 Cko = OkkrOgo
ke ko] = [Chos il =0

The particle number operator ny, 1s defined by

Ao = C;;gckcr (313)

the Cooper pairing built in is

[N ) Z gki, . Ki)epcty

'CE;TCikleO)
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BCS took as their form for the ground state
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6.4 Superconductivity 267

Comprising two fermions, the electron—electron bound states, known as Cooper pairs,
mimic the behavior of bosonic composite particles.!® At low temperatures, these quasi-
bosonic degrees of freedom form a condensate which is responsible for the remarkable prop-
erties of superconductors, such as perfect diamagnetism.

To appreciate the tendency to pair formation in the electron system, consider the diagram
shown in the figure below. The region of attractive correlation is indicated as a shaded ring
of width ~ wp /vp. Now, consider a two-electron state |k T, —k |) formed by two particles
of (near) opposite momentum and opposite spin.'® Momentum conserving scattering of the
constituent particles may lead to the formation of a new state |(k +p) T,—(k+p) |) =
k" 1, —k’ |) of the same, opposite-momentum structure. Crucially, the momentum transfer

p may trace out a large set of values of O (ks 'wp /vr) k'4
without violating the condition that the final states
be close to the Fermi momentum. (By contrast,
if the initial state had not been formed by parti-
cles of opposite momentum, the phase space for
scattering would have been greatly diminished.)
Remembering our previous discussion of the RPA
approximation, we recognize a familiar mechanism:
an a prior: weak interaction may amplify its effect
by conspiring with a large phase space volume.

To explore this mechanism in quantitative terms,
we will adopt a simplified model defined by the
Hamiltonian

: A g Pt
H = Z ExNlks — ﬁ Z Ck—i—ch—kJ,C‘—k"Fquck!T‘ (614)
ko k.k'.q




Mean-field theory of superconductivity

The discussion of the previous section suggests that, at the transition, the system develops
an instability towards pair binding, or “condensation.” In the next section we build on
this observation to construct a quantitative approach, based on a Hubbard-Stratonovich
decoupling in the Cooper channel. However, for the moment, let us stay on a more informal
level and assume that the ground state [€);) of the theory is characterized by the presence
of a macroscopic number of Cooper pairs. More specifically, let us assume that the operator
> Kk C—k|Ckt acquires a non-vanishing ground state expectation value,

9 A 9
A= Td Z<Qs‘c—k¢CkT‘Qs>a A= Td Z<Qs‘CLTCik¢‘Qs>a (6.17)
k k
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_— : N
H — puN ~ Z [gkc}:gckg — (Ac_mcm - ACI{TCT_M)] - T
k
known (in the Russian literature) as the Bogoliubov or Gor’kov Hamiltonian after its
authors (while the terminology Bogoliubov—de Gennes Hamiltonian has become more

widespread in the Anglo-Saxon literature, reflecting the promotion of the mean-field descrip-
tion by de Gennes).

Indeed, although perfectly Hermitian, the Gor’kov Hamil-
tonian does not conserve particle number. Instead, pairs of
particles are born out of, and annihilated into. the vacuum.
To bring the mean-field Hamiltonian to a diagonal form,
we proceed in a manner analogous to that of Section 2.2
(where appeared a Hamiltonian of similar structure, namely
ata+aa+a'al). Specifically, let us recast the fermion oper-
ators in a two-component Nambu spinor representation

Ck
kIJI( - (C}L{’]‘* C—ki,) 9 Wy = T f )




272 Broken symmetry and collective phenomena

comprising T-creation and |-annihilation operators in a single object. It i1s then straightfor-
ward to show that the Hamiltonian assumes the bilinear form

. ~ —A L2|A|?
H — pN :Z‘I'L (EE —Ek) ‘1’k+25k+ lg |
k

Now, being bilinear in the Nambu operators, the mean-field Hamiltonian can be brought to

a diagonal form by employing the unitary transformation??

| ok cos Oy, sin Gy ckt \
o — . o L‘ 1*]:; .
Xl (&TM) (5111 . — cos 91{) (cjrki) kT kes

(under which the anti-commutation re]atmns of the new electron Dperators (Yo Are maln-
tained — exercise). Note that the operators "-TkT mvolve superpositions of EkT and c_y |, 1.e.
the quasi-particle states created by these operators contain linear combinations of particle
and hole states. Choosing A to be real®® and setting tan (20x) = —A /&y, i.e. cos(20y) =
x/ Ak, sin(260y) = —A /A, where

Me = (A% +69)'2, (6.18)

the transformed Hamiltonian takes the form (exercise)

-~ Y AZLA
H—puN = Z }*kﬂkgﬂka + Z Sk — k) + - (6.19)
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Violacao da simetria de Lorentz

Revista Brasileira de Ensino de Fisica, v. 29, n. 1, p. 57-64, (2007)
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Observable boost
Particle boost

B = C2 ) =1 = Zat)
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LORENTZ-VIOLATING ON-MINIMAL COUPLINGS, PAULI EQUATION AND
THE AHARONOV-CASHER PHASE

V. A. Kostelecky, S. Samuel; PHYS. REV. D, VOL. 39, N. 2 15 JANUARY 1989

W=[(x)+ak 4, (x)+ - 10),

S. M. Carroll, G. B. Field, R. Jackiw; PHYS. REV. D, VOL. 41, N. 4
15 FEBRUARY 1990

o, F*'=4nJ"+p F®
p u
L,=LgytLcs

in terms of components,

e E aB
Lcs Pa ApF ", V-E=4mp—p'B,
—Jd,E+VXB=47rJ—p,B+pXE.
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Fermionic Sector

Non-minimal coupling to the gauge field and background
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Aharonov—Bohm experiment
Screen T
—

source
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LORENTZ-VIOLATING ON-MINIMAL COUPLINGS, PAULI EQUATION AND

THE AHARONOV-CASHER PHASE

Non-minimal coupling to the gauge field and background

fA-dX —

Electron
beam

Impenetrable
solenoid

Diffraction
pattern
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The Aharonov-Bohm phase
p — p—|-‘€‘A AQ,QAB:——¢AdS

Aharonov—Casher phase

1
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LORENTZ-VIOLATING ON-MINIMAL COUPLINGS, PAULI EQUATION AND
THE AHARONOV-CASHER PHASE

Non-minimal coupling to the gauge field and background .
pling gaug 9 ('?/’}"‘MDM o ?’T?;)\P —0
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LORENTZ-VIOLATING ON-MINIMAL COUPLINGS, PAULI EQUATION AND
THE AHARONOV-CASHER PHASE

Non-minimal coupling to the gauge field and background

H=—T24ep——F (Vx A)+—g"T - (Vx B)+ L7 -V x (T x E)
2m 2m 2m 2m

Torsion Non-Minimal Coupling with Lorentz Violation
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PHYSICAL REVIEW D 83, 125025 (2011)
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aglv| <107° (eV) JOURNAL OF MATHEMATICAL PHYSICS 52, 063505 (2011)
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