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Broken Symmetry, Phase Transitions and Long-Range Order
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Broken Symmetry, Phase Transitions and Long-Range Order

Nematic Ferromagnet Super-liquid
Translations Space Rotations Spin Rotation Gauge
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Unconventional Superconductivity

» Break one or more spin/space-group symmetries in conjunction with U(1)n

J. A. Sauls’ From Spontaneous Symmetry Breaking to Topological Order



Broken Symmetry, Phase Transitions and Long-Range Order

Solid Nematic Ferromagnet Super-liquid
Translations Space Rotations Spin Rotation Gauge
Gtrans 50(3)14 50(3)5 U<1)h
. v L
pla) = [arearant) Qi = Q) (wms - 305) M =7(8) U = (y(r))

~ \/N/V eiﬁ

Unconventional Superconductivity

» Break one or more spin/space-group symmetries in conjunction with U(1)n

» Phase of *He exhibit all of these broken symmetries!
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Superfluid Phases of *He

Symmetry of Normal*He: G =S0(3)s X SO(3)L X U(1)n X P x T |

Phase Diagram of Bulk *He

SuperfluidaHe

Spin-Triplet, P-wave Order Parameter:

Aas(p) = d(p) - (16 )as ~ du(P) = Aui p: |
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Superfluid Phases of *He

Symmetry of Normal*He: G =S0(3)s X SO(3)L X U(1)n X P x T |

f Chiral ABM State /'=rn x i
Phase Diagram of Bulk *He

SuperfluidaHe

Spin-Triplet, P-wave Order Parameter:
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Superfluid Phases of *He

Symmetry of Normal*He: G =S0(3)s X SO(3)L X U(1)n X P x T |

f Chiral ABM State /'=rn x i
Phase Diagram of Bulk *He

SuperfluidaHe

Aui = Ad,, (th + 1),
L,=1,5.=0
“Isotropic” BW State

Spin-Triplet, P-wave Order Parameter:

Aap(p) = a(P) - (iG0y)ap ~ du(pP) = Aui Pi J Aps = Adui
J=0,J,=0
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Superfluid *He Under Strong Confinement

New Chiral Phase with Spontaneously Broken Translational Symmetry and BTRS

A. Vorontsov & JAS, PRL (2007)
» J. J. Wiman, Poster - Monday-Wednesday
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Superfluid *He Under Strong Confinement

New Chiral Phase with Spontaneously Broken Translational Symmetry and BTRS

A. Vorontsov & JAS, PRL (2007)
» J. J. Wiman, Poster - Monday-Wednesday

100nm-10pm Films & Cavities I T T T T T

z=D
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Laterally confined films of 3He

Stripe Order
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Overlapping Chiral Edge States —
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Ginzburg-Landau Functional for Superfluid *He

Maximal Symmetry of 3He: G = S0(3)_ x S0(3)s X U(1)y X P x T

Order Parameter for P-wave (L = 1), Spin-Triplet (S = 1) Pairing

Orbital Basis
Spin Basis
R ,—p/% A:m: Amy sz f)m
U(p) = (Sx Sy Sz) X AT < | Dy
Azx Azy Azz f)z

» GL Functional: A,; ~- vector under both S0(3)s [«] and S0(3), [¢]

gl / drla(T{AAT} + 5y T A + 6y (T {aa1))
+ BTH{AAT(AA")"} + BT {(44T)2} + 65T { A AT (447}

+ /ilaiAaj 8@420 + ko0 Ani 8jAZj + /igaiAaj 8j‘43i:|
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New Phases of Superfluid “"He Under Strong Confinement

1 00nm Pores
'-

1D B-stripe phase
» K. Aoyama, Fri. 9:00




1D B-stripe phase
» K. Aoyama, Fri. 9:00
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1D B-stripe phase
» K. Aoyama, Fri. 9:00 5
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» V. Dmitriev, Fri. 9:20
Nematic Aerogel

Fig. 1. The SEM-photo of “nematically ordered” aerogel

Ashkadullin et al. JETPL (2012)

T/mK

» J.J. Wiman, S. Laine, E. Thuneberg & JAS
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Dynamical Consequences of Spontaneous Symmetry Breaking

New Bosonic Excitations

Spontaneous Symmetry Breaking t



Dynamical Consequences of Spontaneous Symmetry Breaking

New Bosonic Excitations

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

R ()] CERN-PH-EP/2012-220
CANTS WX 2013/01/29

CMS-HIG-12-028

Observation of a new boson at a mass of 125 GeV with the
CMS experiment at the LHC

013

The CMS Collaboration

5
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Dynamical Consequences of Spontaneous Symmetry Breaking

Higgs Boson with mass M = 125 GeV

CMS (s=7TeV,L=51fb"Vs=8TeV,L=5.31fb"
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Dynamical Consequences of Spontaneous Symmetry Breaking

Emergence of New Bosonic Excitations

CMS Detector at the LHC
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Dynamical Consequences of Spontaneous Symmetry Breaking

“Scalar” Higgs Boson (spin J = 0) [P Higgs, PRL 13, 508 1964]

Energy Functional

E[A] = /dV{ a@|Af +[BlIA + 3 VAl
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Dynamical Consequences of Spontaneous Symmetry Breaking

“Scalar” Higgs Boson (spin J = 0) [P Higgs, PRL 13, 508 1964]

Energy Functional
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» Broken Symmetry State: A = /|a|/208
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Dynamical Consequences of Spontaneous Symmetry Breaking

“Scalar” Higgs Boson (spin J = 0) [P Higgs, PRL 13, 508 1964]

Energy Functional

E[A] = /dV{ a@|Af +[BlIA + 3 VAl

» Broken Symmetry State: A = /|a|/208

1.0-1.0

Space-Time Fluctuations about the Condensate Vacuum
A(r,t) = A+ D(r,t) » Eigenmodes: D'*) = D + D* (Charge Conjugation Parity)

£= / d’r { (DD)* + (DT ))2]—2A2(D(+))2_%[CQ(VD(H)Q+02(VDH)2]} ’
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Dynamical Consequences of Spontaneous Symmetry Breaking

“Scalar” Higgs Boson (spin J = 0) [P Higgs, PRL 13, 508 1964]

Energy Functional

E[A] = /dV{ a@|Af +[BlIA + 3 VAl

» Broken Symmetry State: A = /|a|/208

1.0-1.0

Space-Time Fluctuations about the Condensate Vacuum
A(r,t) = A+ D(r,t) » Eigenmodes: D'*) = D + D* (Charge Conjugation Parity)

£= / d’r { (DD)* + (DT >>2]—2A2<D<+>)2—%W(VD”))?+c2<VDH)2]} ’

» 2D — w2 D) = » ;D™ + 4A* D — 2V D =
Massless Nambu-Goldstone Mode Massive Higgs Mode: M = 2A
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Dynamical Consequences of Spontaneous Symmetry Breaking

BCS Condensation of Spin-Singlet (S = 0), S-wave (L = 0) “Scalar” Cooper Pairs
Ginzburg-Landau Functional
Fla] = /dv{ &P+ [BlAl + & VAP

» Order Parameter: A = /|«|/28

1.0-1.0

Space-Time Fluctuations of the Condensate Order Parameter
A(r,t) = A+ D(r,t) » Eigenmodes: D'*) = D + D* (Charge Conjugation Parity)

e /d3 { (D)2 4 (D)2 — 242 (D)2 — %[U2(VD(+>)2 i ,UQ(VD(*))Q}}

> afD(f) —2w2 D) — o » 2D 4 4A2 D) _ 22 D) — g
Anderson-Bogoliubov Mode Amplitude Higgs Mode: M = 2A
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Dynamical Consequences of Spontaneous Symmetry Breaking

Higgs Mode with mass: M = 3 meV and spin J =0 at Univ. lllinois-Urbana
Raman Absorption in NbSe-

A Spectrum HL Layers

-~ 5
7
e
3

ar
>
x
<
'3
E 3
o
<
<
> 25
=
7
z
w
- Ir
z

—---13.8kG
| 1 ] 1 ]
(o] 10 20 30 40 50 60

RAMAN SHIFT (em™)

» R. Sooyakumar and M. V. Klein, Phys. Rev. Lett. 45, 660 (1980).
» Theory: P. Littlewood and C. M. Varma, Phys. Rev. Lett. 47, 811 (1981).
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namical Consequences of Spontaneous Symmetry Breaking

First Reported Observations of Higgs Modes in BCS Condensates

VoLunE 45, NUMBER 4 PHYSICAL REVIEW LETTERS 28 Juvry 1980

of High-Freq Sound Pr ion in *He-8

D. B. Mast, Bimal K. Sarma, J. R. Owers-Bradley, I, D. Calder,
J. B. Ketterson, and W. P. Halperin
Department of Physics and Astronomy and Matevials Research Center, Novthiwestern University,
Evanston, Minois 60201
(Received 10 April 1980)

Measurements of the attenuation and velacity of pulsed high-frequency sound have been
performed up to 133 MHz in superfluid *He-B. A new collective mode of the order para=
meter was discovered at a frequency extrapolated to T, of w=(1,165£0,05)As(T.),
where Ags(T) s the cnergy gap in the wenk-coupling BCS theory. The group velocity
has been observed to decrease by as much as § of the zero-sound velocity,

Observation of a New Sound-Attenuation Peak in Superfluid *He-8

R. W. Giannetta,‘® A. Ahonen, (™ E. Polturak, J. Saunders,
E. K. Zeise, R. C. Richardson, and D, M. Lee
Laboratory of Atomic and Solid State Phiysics and Matexials Science Conter, Cornell Univarsily,
Ithaca, New Yovk 14853
(Recelved 25 March 1980)

Results of z d in *He-8, at froquencles up to 60
MHz and pressures between 0 and 20 bars, are reported. At frequencios of 30 Milz
and above, a new attenuation feature Is observed which bears the signaturo of a colloc-
tive mode of the superfluld.

VoLumE 45, NUMBER 8 PHYSICAL REVIEW LETTERS 25 Aucust 1980

Raman ing by S: ing-Gap itations and Their Coupling

to Charge-Density Wuves
R. Sooryakumar and M. V. K!
Department of Physics and Materials Research Labovalory, Unlwrsi/:w of Mlinois at Urbana -Champaign,
Urbana, Rlinois 61801
(Received 24 March 1980)

2H-NbSe, undergoes a charge-density-wave (CDW) distortion at 33 K which induces

A and E Raman-active phonon modes. These are Joined in the superconducting state at

2 Kby new A and E Raman modes close in energy to the BCS gap 24, Magnetic ficlds
suppress tho intensity of the new modes and enhance that of the CDW-induced modes, thus
providing evidence of coupling between the superconducting-gap excitations and the CDW.
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TDGL Theory for Superfluid *He-B- Collective Mode Spectrum

1
V3

» Symmetry of °He-B: H=80(3), x T

3He-B: Byi= —=Ad,; L=1,S=1~ J=0

» Fluctuations: D,;(r,t) = Ani(r,t) — Bai _Z D jm(r m)

» Lagrangian:

L= /d3r{TTr{DDT} aTr{DDT} Zﬁpup )—lzg;Klvl((?D)}

p=1

sS4 Bl e Bl — nSBn
with  J=1{0,1,2} ,m=—J.. +J C=+1

J. A. Sauls’ From Spontaneous Symmetry Breaking to Topological Order



TDGL Theory for Superfluid *He-B- Collective Mode Spectrum

» 4 Nambu-Goldstone Modes and 14 Higgs modes

2
E9) @) = /M2 + (&5, 1l

Mode Symmetry Mass | Name

D(()J;)1 J=0,C=+1 2A Amplitude Higgs
Dé;% J=0,c=-1 0 Phase Mode

D" | J=1,c=+1| 0 | NG Spin-Orbit Modes
D7) | J=1,c=-1| 2A | AH Spin-Orbit Modes
D | J=2,c=+1| \/$A | 2% AH Modes

Dg_n)1 J=2,¢=-1]|/2A | 2= AH Modes

» Vdovin, Maki, Woélfle, Serene, Volovik, Schopohl, McKenzie, JAS ...
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Collective Mode Spectrum for *He-B

Bosonic Excitations of 3He-B
(=) _ 0 W
Goldstone Mode w/ J=0- Dy’ = i|A| ¢(q,w)

(07 = ¢3V?) Dy = ...

Pair Excitons w/ J=2*/

(82 _+_ 0 ](y) DJM) - .. XAnderson-Higgs Modes ‘
ho - coupling to internal &
Broken Pair Continuum external fields
2A - — -
’J. J=0 )
o )= {
!” +
©, . =2
”‘/ =z o—
' |
VS q
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Dynamical Consequences of Spontaneous Symmetry Breaking

Higgs Mode with mass: M = 500 neV and spin J = 2 at ULT-Northwestern

T T T T T ]

MHZ °o

| 2. P=13.0 BAR ]

r o 34

60 « g e

84 x a

09 + T8 s

— 8 33 s 09

= % °

g Boog

6 H ¢ o H

3 ; . ¥

E l 8’ ¥ i“ 8 8

E} "o 4 f 38

w d- x 3" Qo E
E | @ [
< 53 % g

H ‘{ !

2 B f / j -

ot P

————

ﬁﬂ’e_‘?-nu -:—-/__/
Ol 1| L

-

T/T.

GROLP VELOCITY (M/S)

Group Velocity
Ut SR’ S
P20 L A e ®
300! '. - \ '/. —. h\ .‘ —
AN
29
L 0 —~
Mi] ~ ap% L §
LAl r' g
200 ** ;" Foy 13
\ x
I ] £
| K L __Ztﬁ
by % [
V[l 3
Voo :
05 67 5707
T/Tc

» D. Mast et al. Phys. Rev. Lett. 45, 266 (1980).
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Dynamical Consequences of Spontaneous Symmetry Breaking

Higgs Mode with mass M = 500 neV and spin J = 2 at ULT-Northwestern
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Dynamical Consequences of Spontaneous Symmetry Breaking

Higgs Mode with mass: M = 500 neV and spin J = 2 at LASSP-Cornell
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» R. Giannetta et al., PRL 45, 262 (1980)
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Collective Mode Spectrum for *He-B

Bosonic Excitations of 3He-B

Goldstone Mode w/ J=0-

(02 — 2, 9%) Dl = ..

Pair Excitons w/ J=2*/

ho

(07 + Q%) D

(©)

JM:..

Broken Pair Continuum

- —

py) = i|A| p(q,w)
~——

AN

1 Anderson-Higgs Modes I

coupling to internal &

external fields

{
O

7 —()"
‘;’_’/‘_IO/J:

+
=2

2

‘ Nuclear Zeeman levels ‘

/

{
f
f

= J=0—

I

JAS & J. Serene, PRL 1982
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Coupling of J = 2~ Modes to Transverse Currents

» J =2~ m = +1 Modes transport mass (Transverse Sound)

Co(w)” = T polw) + Tz pa(w) { (w+a)? = FA2 = (g?]) }

D; 2,
» G. Moores and JAS, JLTP (1993)

J. A. Sauls’ From Spontaneous Symmetry Breaking to Topological Order



Coupling of J = 2~ Modes to Transverse Currents

» J =2~ m = +1 Modes transport mass (Transverse Sound)

Co(w)” = T polw) + Tz pa(w) { (w+a)? = FA2 = (g?]) }

D; 2,
» G. Moores and JAS, JLTP (1993)

Transverse Zero Sound Propagation in Superfluid *He-B

gy
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Acoustic Response
=~
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Dynamical Consequences of Spontaneous Symmetry Breaking

Higgs Boson with mass M = 125 GeV

CMS (s=7TeV,L=5.1f"Vs=8TeV,L=5.31b"
e
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Is this all there is?
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Dynamical Consequences of Spontaneous Symmetry Breaking

Higgs Boson with mass M = 125 GeV

CMS (s=7TeV,L=5.1f"Vs=8TeV,L=5.31b"
e -

> | N
o : 0] Unweighted
[te} L 015001
<1500 =
2 [
c
o L
iW40g0| ‘
B 130
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< L
2 L
(] Dat:
=< 5005i SfBaFit
—~ [ oo B Fit Component
Q[
N | E3+20
= P RN AR R R R
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Is this all there is?
Higgs Bosons in Particle Physics and in Condensed Matter,
G.E. Volovik & M. Zubkov, JLTP 175, 486-497 (2014).
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Emergent Topological Order in Superfluid *He

» Majorana excitations, spin and mass currents on the surface of
topological superfluid *He-B,
Hao Wu , JAS, Phys. Rev. B 88, 18 184506 (2013)
[arXiv:1308.4436]

» Surface states, edge currents, and the angular momentum of chiral
p-wave superfluids,
JAS, Phys. Rev. B 84, 214509 (2011) [arXiv:1209.5501]

» Symmetry Protected Topological Superfluids and Superconductors
— From the Basics to *He,
T. Mizushima, Y. Tsutsumi , T. Kawakami, M. Sato, M. Ichioka, K.
Machida [arXiv:1508.00787]
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Superfluid Phases of *He - Confined Geometry

Symmetry or Normal ®He: G = S0(3)s x S0(3)L X U(1)x X P x T |

Chiral ABM State =1 x f

A. Vorontsov & JAS, PRL, 2007

Ay = Aau (a4 411),
L.=1,5.=0

“Isotropic” BW State

Spin-Triplet, P-wave Order Parameter:

Aas(p) = d(p) - (iF0y)as ~ dpu(p) = AuiPi |

J. A. Sauls’ From Spontaneous Symmetry Breaking to Topological Order



2D Chiral A-phase

3He-A confined in a cylindrical cavity with h < & and R >> &.

2D Chiral ABM State:
d(p) = Az (pe +1ipy)/ps ~ €%

Fully Gapped: |d(p)|> = A?

. . . - h
Bogoliubov Equations for Fermionic Excitations: p — ;V

( Ipl>/2m" = A(ps +ipy)/ps ) (u) <u>
=c

A(ps —ipy)/pr  —IpI*/2m +p ) \v v

Nambu Representation with particle-hole matrices 7= (T1,72,73)

H=(pl*/2m—p) 7+ [Ap. 7 F Apy 7] /py =m(p)- 7

J. A. Sauls’ From Spontaneous Symmetry Breaking to Topological Order



Topology of the Ground State ~~ Momentum Space Topology

- Spap B ¢(p) C(pz+ipy))_~ =
Hamiltonian for 2D "He-A : H = (C(px ~ipy) “e(p) =m(p)- 7T

o . = 2
m = (cpa, Fepy,€(p)) with [m(p)[* = (Ip*/2m — p)” + F[p|* >0 ,u#0

J. A. Sauls’ From Spontaneous Symmetry Breaking to Topological Order



Topology of the Ground State ~~ Momentum Space Topology

- Spap B ¢(p) C(pz+ipy))_~ =
Hamiltonian for 2D "He-A : H = <C(px ~ipy) “e(p) =m(p)- 7T

o . N 2
m = (cpa, Fepy,€(p)) with [m(p)[* = (Ip*/2m — p)” + F[p|* >0 ,u#0

d*p (&h 8rh) +1; p>0adA#0
Nop = : om) _ ;
2 7r/(277)2 n(P) - | 3, X op, 0: p<OoA=0
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Topology of the Ground State ~~ Momentum Space Topology

—— E &(p) c(pe +1ipy)\ _ o\ 3
Hamiltonian for 2D "He-A : H = <C(px ~ipy) “e(p) ) =m(p)- 7T

o . N 2
m = (cpa, Fepy,€(p)) with [m(p)[* = (Ip*/2m — p)” + F[p|* >0 ,u#0

d*p Om am) +1; p>0adA#0
Nop = : om) _ ;
2 7r/(27r)2 m(P) (8171 " op, 0: p<OoA=0

“Vacuum” (A = 0) with Nop = 0 [ *He-A(A # 0) with Nop = 1

Zero Energy Fermions 1 Confined on the Edge

J. A. Sauls’ From Spontaneous Symmetry Breaking to Topological Order



Chiral Edge Fermions in the 2D *He-A

TA[Ps e~ x/éa
€+ iy — ews(p)))
Confinement: éa = hvy/2A ~ 10° A > hi/p;

Edge Fermions: g, (p,&;z) =

Ebs = —CP|| with Broken P & T ~~ Edge Current
c=A/pr L vy

Chiral Edge State Dispersion

10
— &l(p)

0.0|Fermi Energy

0.2 0.1 0.6 05

0
=10 08 —06 —04 =02

0
/Py
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Chiral Edge Fermions in the 2D *He-A

: TA|py| _
Edge Fermions: gf,..(p,;x) = : e—%/éa
g gedge(p ) c iy — Ebs(pH)

Confinement: éa = hvy/2A ~ 10° A > hi/p;

€6 = —Cp|| With Broken P & T ~~ Edge Current
c=A/pr L vy
o Chiral Edge State Dispersion
— &(p)
05 Unoccupied
0.0|Fermi Energy
0 Occupied

» M. Stone, R. Roy, PRB 69, 184511 (2004)

.2 0.1 0.6 0.8 0

)
0 08 —06 —04 0.2 0.0

» J. A. Sauls, Phys. Rev. B 84, 214509 (2011) *

» Hao Wu, Saturday“é‘EQO
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Long-Standing Challenge: The Ground-State Angular Momentum of *He-A

Possible Gyroscopic Experiment to Measure of L. (T')

Thermal Signature of Chiral Edge States

T

TORSION

FIBER Dissipationless »Power Law for T" < 0.57
. Chiral Ed %
Currents L. = (N/2)h (1~ e(T/A)?)
Specular Edge ‘ _

Toroidal Geometry with Engineered Surfaces

» Incomplete Screening

APPLIED ROTATIONAL 2quilibri
VELOGITY A E’lq“” rium L. > (N/2)h
ngular Momentum

SUPERFLUID GYROSCOPE

T=wxL,

NC BRI ooy Y s G =i Direct Signature of Edge Currents )
J. Clow and J. Reppy, Phys. Rev. A 5, 424-438

» J. A. Sauls, Phys. Rev. B 84, 214509 (2011)
» Y. Tsutsumi, K. Machida, JPSJ 81, 074607 (2012)
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Topological Invariant for 3D Time-Reversal Invariant *He-B

» Nambu-Bogoliubov Hamiltonian for Bulk *He-B:

ﬁB:S(p)fg—Fcp-&ﬁ J

> E(p) = V&(p)* + 2p]* = A = cp; (Gapped)
» Emergent spin-orbit coupling ~~ Helicity eigenstates

» Emergent Topology of the B-phase

J. A. Sauls’ From Spontaneous Symmetry Breaking to Topological Order



Topological Invariant for 3D Time-Reversal Invariant *He-B

» Nambu-Bogoliubov Hamiltonian for Bulk *He-B:

ﬁB:S(p)fg—Fcp-&ﬁ J

> E(p) = V&(p)* + 2p]* = A = cp; (Gapped)
» Emergent spin-orbit coupling ~~ Helicity eigenstates

» Emergent Topology of the B-phase

» Topology of the B-phase Bogoliubov Hamiltonian:

w [ d3p D .\ - Ho)(HZ H
Neo = T [ &0 e {00150, o) 50y, Fle) (15 0y )} = {

0, I'=1
2, I'=cT

Zero Energy Fermions Confined on a 2D Surface 1

Helical Majorana Modes
Protected by I = CT symmetry: T'HgI'l = —Hg

» Schnyder et al., PRB 78, 195125 (2008); » Volovik, JETP Lett. 90, 587 (2009)
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Fermionic Spectrum confined on the

Surface Spectral Function

R

» Surface Spectrum:
Nb(p’z;g) = gAlﬁz 6*2ALZ/'Uf
X[6(e — clpy]) + (e + clpy )]

» Y. Tsutsumi, K. Machida, JPSJ 81, 074607 (2012)
» Hao Wu, JAS, Phys. Rev. B 88, 18 184506 (2013)

» Surface Majorana Modes

+
> &, =xcpyl, c=4)/pr K vy

» Helical Spin-Orbit Locking: L p
» ¢, <0~ Helical Spin Current at7T =0

1 h
> Kacy:g ’ngDUf§ X(l—a Ts)

Sauls’

From Spontaneous Symmetry Breaking t

ological O



Condensate Flow and Backflow from Majorana Excitations

Condensate Flow: ps = mvs = ng
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Condensate Flow and Backflow from Majorana Excitations

Condensate Flow: ps = mvs = gvcp

» Flow Field Breaks T-symmetry ... Topological Protection?
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Condensate Flow and Backflow from Majorana Excitations

Condensate Flow: ps = mvs = gvcp

» Flow Field Breaks T-symmetry ... Topological Protection?
» I'=U.(n) X T xC~ ' Ha(ps) ' = —Hg(ps) ... Yes!
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Condensate Flow and Backflow from Majorana Excitations

Condensate Flow: ps = mvs = gvcp

» Flow Field Breaks T-symmetry ... Topological Protection?
» I'=U.(n) X T xC~ ' Ha(ps) ' = —Hg(ps) ... Yes!
» Doppler Shifted Majorana Spectrum: € — € = ¢|p)| + pj| - Vs

» Thermal Signature: J = np. x

» T. Mizushima et al., Phys. Rev. Lett. 109, 165301, (2012) » Hao Wu, JAS, Phys. Rev. B 88, 18 184506 (2013)
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Towards Spectroscopy of Helical Majorana Fermions

» Helical Majorana Exciations:

» Ground State Surface Spin Current:

1 h
ny(O) = 6 Nn2p Uf 5
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Towards Spectroscopy of Helical Majorana Fermions

» Helical Majorana Exciations: > nggf ISRt of < P = =5
SLp D (aw) ~ (e ai + gael®)

» Generate via Transverse Sound
(J =2, M = £+1 Modes)

» Precision spectroscopy: dispersion,
damping & acoustic

Faraday rotation

>

» Ground State Surface Spin Current:

S

1 h
ny(O) = 6 Nn2p Uf 5
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Towards Spectroscopy of Helical Majorana Fermions

» Helical Majorana Exciations: > nggf MIBEES Jf = 2,50 = 82
SLp D (aw) ~ (e ai + gael®)

» Generate via Transverse Sound
(J =2, M = £+1 Modes)

» Precision spectroscopy: dispersion,
damping & acoustic

Faraday rotation

:r’:

» Ground State Surface Spin Current: @

1 h
ny(O) = 6 7)) ’Uf 5
» T. Mizushima talk: Friday, 9:40
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Summary
» Spontaneous Symmetry » Topological Order: *He
Breaking » Signatures: Edge & Surface
» Confinement: New Phases States
» Dynamics: Bosonic Modes » Towards a Spectroscopy
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