The Anderson-Higgs Mechanism in
Superconductors

Asle Sudbg

Department of Physics,
Norwegian University of Science and Technology

Summer School "Symmetries and Phase Transitions from

Crystals and Superconductors to the Higgs particle and the
Cosmos" Dresden 2016

Asle Sudbe The Anderson-Higgs Mechanism in Superconductors



References

P. W. Anderson, Phys. Rev. 130, 439 (1962)

P. Higgs, Phys. Rev. Lett. 13, 508 (1964). Nobel Prize 2013.

F. Englert and R. Brout, Phys. Rev. Lett. 13, 321 (1964). Nobel Prize 2013.

G. S. Guralnik, C. R. Hagen, and T. W. B. Kibble, Phys. Rev. Lett. 13, 585 (1964)

H. Kleinert, Gauge fields in Condensed Matter Physics, (World Scientific, Singapore (1989)
A. K. Nguyen and A. Sudbg, Phys. Rev B 60, 15307 (1999)

J. Hove and A. Sudbg, Phys. Rev. Lett. 84, 3426 (2000)

E. Babaev, A. Sudbg, and N. W. Ashcroft, Nature 431, 666 (2004)

J. Smiseth, E. Smergrav, E. Babaev, and A. Sudbg, Phys. Rev. B 71, 214509 (2005)

A. Sudba, The Anderson Higgs Mechanism for the Meissner-effect in superconductors, in K. Fossheim:
Superconductivity: Discovery and Discoverers. Ten Physics Nobel Laureates Tell Their Stories, Springer (2013)

F. S. Nogueira, A. Sudbg, and I. Eremin, Phys. Rev. B 92, 224507 (2015)

P. N. Galteland and A. Sudbg, Phys. Rev. B 94, 054518 (2016)

e Sudbg The Anderson-Higgs Mechanism in Superconductol



Introduction .
Basic concepts

Cooper-pairing

Outline

o Introduction
@ Basic concepts
@ Cooper-pairing

Asle Sudbe The Anderson-Higgs Mechanism in Superconductors



Introduction .
Basic concepts

Cooper-pairing

Overview

@ What is the Higgs mechanism?

@ Definition of the superconducting state

@ Theories of superconductors

@ Higgs Mechanism I: Mean field theory physics

@ Higgs Mechanism II: Fluctuation physics
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What is the Higgs mechanism?

THE HIGGS BOSON WALKS INTO A CHURCH.
THE PRIEST SAYS WE DON'T ALLOW,HIGGSBOSONS IN HERE -

I'HE HIl‘:‘l‘:‘S annuxsnvslnur WITHOUT
*ME HOW CAN YOU HAVE MASS?

= Brian Malow

@sciencecomedian
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What is the Higgs mechanism?

@ The Higgs mechanism is the dynamical generation of a
mass of a gauge-boson (mediating interactions) resulting
from the coupling to some matter field.

@ In superconductors, it is the generation of a mass of the
photon.

@ Superconductors have radically different electrodynamics
compared to non-superconductors.

@ The Higgs mass therefore distinguishes a metallic state
from a superconducting state.
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Defining properties of a superconductor
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superconducting
transition
0.10f-
A zero
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H. Kammerling-Onnes (1911). Nobel Prize 1913.

But: SC is much more than just perfect conductivity!
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Defining properties of a superconductor
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SC: Perfect diamagnet! Completely different from a perfect
conductor!

W. Meissner, R. Oechsenfeld (1933)
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Cooper-pairing

All theories of superconductivity somehow involve the concept
of Cooper-pairing: Two electrons experience an effective
attractive (!) interaction and form pairs.

Qo -
@ @ ° 79
o)‘
CDCI) & O’O
@D OL(?’ Q
BEC BCS

NB!! No more than pairs! (L. Cooper (1956); J. Bardeen, L.
Cooper, R. J. Schrieffer (1957)).
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Cooper-pairing

All theories of superconductivity somehow involve the concept
of Cooper-pairing: Two electrons experience an effective
attractive (!) interaction and form pairs.

¢ © € © © ¢ ¢ ¢ ¢

cooeoe 2920y

Lattice of superconducting material
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NB!! No more than pairs! (L. Cooper (1956); J. Bardeen, L.
Cooper, R. J. Schrieffer (1957)).
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Cooper-pairing

All theories of superconductivity somehow involve the concept
of Cooper-pairing: Two electrons experience an effective
attractive (!) interaction and form pairs.

Energy increases outwards.

This line is the Fermi surface.
/which is the set of states that
are at the Fermi energy. This

separates the occupied states
from the empty ones.

These states are not ky
occupied by electrons.

NB!! No more than pairs! (L. Cooper (1956); J. Bardeen, L.
Cooper, R. J. Schrieffer (1957)).
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Cooper-pairing

All theories of superconductivity somehow involve the concept
of Cooper-pairing: Two electrons experience an effective
attractive (!) interaction and form pairs.

Ky

Ky Fermi surface

D

N
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NB!! No more than pairs! (L. Cooper (1956); J. Bardeen, L.
Cooper, R. J. Schrieffer (1957)).
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Generalized BCS theory

Effective BCS Hamiltonian

H = ZEkC,T(yGCk’G
T AT

+ Vi k! C, C , C g _sCx
Z \ "y, k,O’ k, o y— 0 O

k.k',o Effective interaction

Ak = ka,k’<c—k’,—cck’,cr>
k/

@ Hisinvariantif cx c — Ck,¢ e®. Theory is U(1)-symmetric.
Note: Global U(1)-invariance!

@ Ax #0 — U(1)-symmetry is broken!

@ If Vi ko = V gk gk, then Ag = Ao(T)gk
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Normal metal in zero electric field

No net motion of electrons
Electrons (almost) do not see each other
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Cooper-pairing

Normal metal in electric field

Forced net motion of electrons
Electrons (almost) do not see each other
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Superconductors in zero electric field

Unforced net motion of electrons
Electrons states are co-operatively highly organized
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e Theoretical framework
@ Superfluids and superconductors
@ Order parameter of SFs and SCs
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Theoretical framework Order parameter of SFs and SCs

Building a theory of Superconductivity

@ A theory of wave-function of Cooper-pairs

@ This theory needs to be able to somehow distinguish (by
an order parameter OP) the high-temperature normal
metallic state from the low-temperature superconducting
state.

@ An OP is the expectation value of some operator that
effectively distinguishes an ordered state from a disordered
state, separated by a phase transition.

@ Two states separated by a phase transition cannot be
analytically continued from one to the other.

@ What is the order parameter of a superconductor?
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Order parameter of SFs and SCs

Theoretical framework

Conventional phase transitions

Conventional phase transitions are well described by the
Landau-Ginzburg-Wilson (LGW) paradigm

H(MZ)Z

1 _ r -

— (VM2 + —M?

o (VM)P"+ M+ ¢
7
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Theoretical framework

Conventional phase transitions

Conventional phase transitions are well described by the
Landau-Ginzburg-Wilson (LGW) paradigm

(M)
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Superfluids and superconductors

Superconductor J Superfluid |
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Superfluids and superconductors
Order parameter of SFs and SCs

Superfluids and superconductors

Superconductor

)

Superfluid |

1

Zero resistivity

T

Asle Sudbe

. T

Zero viscosity
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Order parameter of SFs and SCs

Superfluids and superconductors

Superconductor J Superfluid |

~

Phase transition
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Superfluids and superconductors
Order parameter of SFs and SCs

Superfluids and superconductors

Superconductor

)

Superfluid |

T

Order parameter
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Theoretical framework Order parameter of SFs and SCs

Superfluids and superconductors

Superconductor J Superfluid |
B

- N

T <1 T>1,
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Theoretical framework Order parameter of SFs and SCs

Superfluids and superconductors

Type | superconductor | Type Il superconductor J
B B B

J

T<T, T>1T. T < T, T >1T,
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Vortices suppress ¥

Ye

lw (r)|
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Theoretical framework Order parameter of SFs and SCs

Vortices suppress ¥
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Effective models
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Effective models

P @ Construct effective models
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Theoretical framework

Effective models

P @ Construct effective models
@ Complex matter field:

() = b(r)|e®"
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Theoretical framework

Effective models

P @ Construct effective models
@ Complex matter field:

() = b(r)|e®"

@ Neglect microscopic details
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Theoretical framework

Effective models

P @ Construct effective models
@ Complex matter field:

() = b(r)|e®"

@ Neglect microscopic details

@ Valid near the phase transition
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Theoretical framework

Effective models

P @ Construct effective models
@ Complex matter field:

W(r) = hp(r)|e”"

@ Neglect microscopic details

@ Valid near the phase transition

ot 2 u 4

Hip, Al = Jddr{g 7 — AP + 5 b(r)
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Theoretical framework

Effective models

¥ @ Construct effective models
@ Complex matter field:

() = b(r)|e®"

@ Neglect microscopic details
@ Valid near the phase transition

Uy

W = [ @7 | S V0l + VI e + 52 i

2
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Order parameter of a superfluid

Gross-Pitaevskii model for superfluids

Hl = [ | G IV0lnP 4 VIR + 52 i

Z = e PF— JD‘PD\P* e BH
1

(0) = ZJDWDW* o, v*) e P

Candidate OPs

WP = [([¥(r)] e®NP? ~ [W2|(e® )2 (Local)
2F
= aaAE)? (Non — local)
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Superfluids and superconductors

Theoretical framework Order parameter of SFs and SCs

Order parameter of a superfluid

Re{4)

T—T;
2T;

V() o (15710) 1w+ g

For the Higgs-mechanism to work at all, we need ([V¥|) # 0!
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Superfluids and superconductors

Theoretical framework Order parameter of SFs and SCs

Order parameter of a superconductor

Ginzburg-Landau model for superconductors

He A = [ar 21w - ieAlrmwinP + 5 1 + 410
1 2
aF E[VXA(I’)] }
(0) = ;JD\PD‘P* o(v,v*) e BH
(WP = 1(¥(r)] e®N) 2 ~ [W2[(e® )2 (Local)
_ oF (Non — local)
= W on — loca
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Theoretical framework Order parameter of SFs and SCs

Order parameter of a superconductor

This will not work! ‘
W(r) =[¥(r)|e"" ~ [¥ole®"

Hw, A — jdd {g"g"' (V0 — eA(r)? + ;[VXA(f)]Z}

(W) = o!
Y = o

@ Elitzur’s theorem: The expectation value of a
gauge-invariant local operator can never acquire a
non-zero expectation value in a gauge-theory.

@ In a gauge-theory, the Goldstone modes are "eaten up" by
the gauge-field —» v = 0.

Asle Sudbo The Anderson-Higgs Mechanism in Superconductors



Superfluids and superconductors

Theoretical framework Order parameter of SFs and SCs

Order parameter of a superconductor

HIW, Al = Jddr{ g'\;‘)ﬁ (VO — eA(r))? + %[v x A(r)]z}
- Jddr{g'“;("g ((v0)2—2eve - A(r) + &24)
+ ;[VXA(r)]z}
jA
= [er{ 9oF (G012 — grwoPve - Alr)
, gl s A1V % Alr) }
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Superfluids and superconductors

Theoretical framework Order parameter of SFs and SCs

Order parameter of a superconductor

Consider in more detail the gauge-part of the theory
(introducing Fourier-transformed fields)

1 1
Hy = mPAGA_g+ quAqA,q — 5 (SgAg+ S4Aq)
1 1 ,
= (m?+ §qz) AqA—q — 5 (SqA-q+]-gAq)
~———
=Dy(q)
1 1
— 0u(@){ (Ag— 30" (@S;) - (Aq— 505" (@S )
— %Dy Sq-Sq
2,2
s, = I Five)
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Theoretical framework Order parameter of SFs and SCs

Order parameter of a superconductor

Integrate out the shifted gauge fields A; = Aq — 30, '(q)S_¢:

m2 q2
Per) = @ ame yq 50 S0
> _ gl¥ole?

2
Define a momentum-dependent phase-stiffness Y:

d? Hesr m  Q

V0= 45,5~ e 2mP+ P

Interested in long-distance physics g — 0.
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Theoretical framework Order parameter of SFs and SCs

Order parameter of a superconductor

. . m @ 9I¥o[?

lim Y4 = lim — = e=0
qIHO q9 qIHO €2 2m2 + g2 2

. . m? §?

ImYg=Im ————- = 0;e#£0

g0 77 g50 €2 2m2 + g° 7
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Superfluids and superconductors

Theoretical framework Order parameter of SFs and SCs

Order parameter of a superconductor

. . m @ 9I¥o[?

lim Yq = lim — = ;e=0
oo 97 e an 1 G2 2

. . m? §?

ImYg=Im ————- = 0;e#£0

g0 77 g50 €2 2m2 + g° 7
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Current loops
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Outline

e Fluctuation physics and the Higgs mechanism
@ Lattice gauge theory
@ Current loops
@ Vortex loops
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Lattice gauge theory
Current loops
Fluctuation physics and the Higgs mechanism Vortex loops

Ginzburg-Landau lattice model

Z= JDA (HJD%) e®

(04

where the action is

S—p | {Z — ieA(r) ba(r)P

V {[walr)) + (V x A(r)) }

N =
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Lattice gauge theory
Current loops
Fluctuation physics and the Higgs mechanism Vortex loops

Ginzburg-Landau lattice model

London-approximation

W(r) ~ Yol &°)

1
S:BZ —Zcos (Aue’»“_eAr,u)+§(AXAr)2

r Mo
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Lattice gauge theory
Current loops
Fluctuation physics and the Higgs mechanism Vortex loops

Current-loop formulation

ePooov =3 I(p)eP
b=—0c0

:JDA HJDG(X

x
i Apbr,o—€A
TT Y g (Bjetrms(outraehen
\u)‘xbr‘u,a—*

3 2
X H e_f(AXAr)
r

P.N. Galteland and A. S., Phys. Rev B94, 054518 (2016).
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Lattice gauge theory
Current loops
Fluctuation physics and the Higgs mechanism Vortex loops

Current-loop formulation

2mn )
ro V0

0-integration gives:
A-br’(XZOVI‘,Oc
The partition function is then given by

2= | DAY [T6as.c0 [T o B)

(b} ro Foo
=S,

ieZb,,a-A,+J-A+g(A x Ar)?

He[

I
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Lattice gauge theory
Current loops
Fluctuation physics and the Higgs mechanism Vortex loops

Current-loop formulation

Integrating out the A-field gives

zZ = ZHéAbm,o H Ibr o (B

(b} o ro,o
e (br,o,u)2/2B

2 /
—55 X a,p braby D(r—r)

H e 1/lr—r'|

r,r

This is a theory of supercurrents by «, forming closed loops,
interacting via the potential D(r — r’) mediated by the
gauge-field A, as well as contact interaction.

P. N. Galteland and A. S., Phys. Rev B94, 054518 (2016).

Asle Sudbo The Anderson-Higgs Mechanism in Superconductors



Lattice gauge theory
Current loops
Fluctuation physics and the Higgs mechanism Vortex loops

Gauge-field correlations and Higgs mass

1 822,
ALAY V= — v
el = 2, 8J-q,udJgv |, o
1
=52 ITsanco [ bn(®
0 {b)m} ro r,p,x

2
" <_ 5HSJ __ 5SHJ 255) oS
S ody 57y 0y

J=0
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Current loops
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Gauge-field correlations and Higgs mass

Yo 2
Q>+ m;

1
A, A, =
g 2l qu( Blql Z o el )
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Lattice gauge theory
Current loops
Fluctuation physics and the Higgs mechanism Vortex loops

Gauge-field correlations and Higgs mass

2 (1—Co(T))@?, T>Te.
”mo %wq "B_g) ~{ q*—C3(T)g?Ma, T=Tg.
o - CTg*, T<Te.

1 T < Tc.

0, T>Te.
ma ~ = ¢
C4(T)

Fluctuating supercurrents By = )  bg . create a Higgs

mass!
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Lattice gauge theory

Current loops
Vortex loops
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Lattice gauge theory
Current loops
Fluctuation physics and the Higgs mechanism Vortex loops

Vortex-loop formulation

z - JD(A) S TT5a8000 [] o)

{b} I« ryu,o
H o lie . broArt§(AxA?]
r

Solve constraint

A'bro( = OVI',CX

)

br x = A X KI‘,O(

)

Asle Sudbo The Anderson-Higgs Mechanism in Superconductors



Lattice gauge theory
Current loops
Fluctuation physics and the Higgs mechanism Vortex loops

Vortex-loop formulation

2= | D) Y [T6as..0 [T lbrvelB)

(b} ro Iy
H o8 o bro-Art §(AxA]
r

Use Poisson summation formula

i g?rm-axh i S(Axh—Ax K)
n=—oo K=—c0
i ei27’[m-h — i 6(h o K)
m=—oo K=—c0

m = Axn (A-m=0!
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Current loops
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Vortex-loop formulation

z - JD(A) S TT5a8000 [] o)

(b} ro Iy
H o8 X o bro-Art 5 (AXA?]
r

2= | D(A) | D(h) 3 TT et (B)

{(m) I
H g li2nm-hie T, Axhro-Art 5 (AxAr)?]

r

Integrate out A.
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Current loops
Fluctuation physics and the Higgs mechanism Vortex loops

Vortex-loop formulation

z - JD(A) S TT5a8000 [] o)

(b} ro Iy
H o8 X o bro-Art 5 (AXA?]

|:I27'[mr o hr (x"r h :|

zj 0 S T lach. (B He

{m} r«

h is a massive (dual) gauge-field mediating interactions
between the m’s. Integrate out h.
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Vortex-loop formulation

z - JD(A) S TT5a8000 [] o)

{b} I« ryu,o
H o lie . broArt§(AxA?]
r

an? me «-m,  D(r—r’
Z = ZHM-WWO B Xy Mr.comys  D(r—r')

{m} r,o
]
9® +e*p
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Lattice gauge theory
Current loops
Fluctuation physics and the Higgs mechanism Vortex loops

Gauge-field correlations and Higgs mass

1

(AEAY )~ —
T @

1 4n2 2P’
=—— |1+ mg.-m_
Blg+e2p | g (P +e2p) asz an - M-as)

Destroys Higgs mass

{Ag-A—q)
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Current loops
Fluctuation physics and the Higgs mechanism Vortex loops

Gauge-field correlations and Higgs mass

Vortex-loop blowout
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Gauge-field correlations and Higgs mass

Vortex-loop blowout
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Gauge-field correlations and Higgs mass

Vortex-loop blowout
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Fluctuation physics and the Higgs mechanism

Lattice gauge theory
Current loops
Vortex loops

Gauge-field correlations and Higgs mass

Vortex correlator G(q) = (mg - m_g)

0.1 f

0.001 |

0.0001
0.1

I.O”W
) M@W ]

o T =1.446 7
e T =1.500

7

J. Hove and A. Sudbg, Phys. Rev. Lett. 84, 3426 (2000).
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Lattice gauge theory
Current loops
Fluctuation physics and the Higgs mechanism Vortex loops

Physical interpretation of the Higgs mass

Gauge-field correlator

1
(AEAX) ~
q q2_|_m124
—
AT

@ A: London penetration length.

@ Anderson-Higgs mechanism yields the Meissner-effect, the
defining property of a superconductor. Manifestation of a
broken local (gauge) U(1)-invariance.
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Lattice gauge theory
Current loops
Fluctuation physics and the Higgs mechanism Vortex loops

3D superconductors and superfluids are dual

@ Vortices in a three-dimensional superconductor behave like
supercurrents in a superfluid, and vice versa, with inverted
temperature axes.

@ 3D superfluids and superconductors are dual to each
other. The field theory of one is the field theory of the
topoligical defects (vortices) of the matter-field of the other.

@ Order parameter for a superfluid is the superfluid density
(non-local) or the condensate fraction (local). OP for a
superconductor is the Higgs mass (non-local).

@ Higgs mass is created by supercurrent-loop proliferation,
and is destroyed by vortex-loop proliferation.
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