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Topological SC

Cu,Bi,Se; and Sn, InTe (3D TSC)

Experiments: Theory:
Hor et al., PRL 104, 057001 (2010) Fu and Berg, PRL 105, 097001 (2010)
Kriener et al., PRL 106, 127004 (2011) Sato, PRB 81, 220504 (2010)
Sasaki et al., PRL 107, 217001 (2011) Hsieh and Fu, PRL 108, 107005 (2012)
Sasaki et al., PRL 109, 217004 (2012) Michaeli and Fu, PRL 109, 187003 (2012)
o o ] in-gap states (Majorana modes?)
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Electric/Thermal responses

Response to an electric field

topological ME effect
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M =2 E

Response to a temperature gradient

Qi, Hughes, Zhang (2008)
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QHE and chiral SC

Bulk: gapped (Landau levels)

Edge: chiral Dirac modes
(edge states)

/ 2d chiral SC

3He-A, Sr,RuQ,, ...

Bulk: gapped (SC gap)

Edge: chiral Majorana modes
(Andreev bound states)




QHE and chiral SC

S o

2DEG

gauge symmetry preserved

total charge is conserved

0p .
—+V-Jj=0
ot g

Charge transport

/ 2d chiral SC

3He-A, Sr,RuQ,, ...

gauge symmetry broken

but total energy is still conserved

—+V-j-=0
of Je

Thermal transport



2DEG

Quantum Hall effect

QHE

j =0,ExZz

oM

J =¢VxM=-c—xVyu

-

.

Streda formula :

Cross-correlated
responses:

oM* oN
o, = ec = eC—;
o 4 0B
dF = -Ndu -M-dB
oM = (o, lec)du

ON =(0,/ec)dB,

~




Streda formula: On = KH

We consider the BdG theory of SCs

Energy current

Jje=-k,VTx2z

oM
i =VxM_.=-—2=
Je XMWl T

xVT

~

Qin et al. PRL (2011), Nomura et al. PRL (2012)

OMZ
oT

Streda-like formula : Ky



Streda formula: On = KH

Hamiltonian Energy current
(el j& JE _JE)
' nX
T | P
e
\P /
Momentum

o L™ =L{x"p" -x"p")
Orbital angular momentum L
o Mg =3(x"je-X"jg)

—> jE=VX ME

Energy current

Jje=-x,VTxz

oM

- =VxM_ =- vT
Je X Wig BTX

Qin et al. PRL (2011), Nomura et al. PRL (2012)

oM
oT

Ky



Streda formula: On = KH

Hamiltonian Energy current In (pseudo) Lorentz invariant cases
(e jE jL jé\ (e.g. BdG Hamiltonian)
p*

wo_ | |

! | p? r=r"

P /
Momentum

M. < L
o LV =L(x"p"-x"p")

Orbital angular momentum L
_oMZ vl

o ME = H(X"jE-x L) K -
=Y R TR 79T 2 9T

—> jE=VX ME



Temperature gradient = gravity

Equivalence Principle:

The laws of physics in a gravitational field are identical
to those in a local accelerating frame and in a temperature gradient.

Tolman-Ehrenfest , Luttinger

T wT,=T(1+ A“”%
gravitational field C
VT

1 — -
’ e ?V¢g : T

je =-RVT = -kTVg,




Newly found formulae

Streda (1982) Present work
O = _— = = — = —
" 0¢ d B2 TOT 09, T B?

dg, = T1dT, B=(2/v?)Q°

F=e(E +-vxB) F=m (E,+2vx B,)

Lorentz force Coriolis force

Electromagnetism-gravity analogy



Responses of 2d-TSC

Streda (1982) Present work

_LoM: 1 9Q
T o¢, T 0B

Ky

Charge density changes as Thermal energy changes as

Ap = (0, /C)AB* AQ =(2k, T/v?)AQ¥?



Intrinsic angular momentum

v? 9L?
K, =—
, 2 ol
Combine
2k2
K, = BT for chiral p-wave SC
6h

L*(T) = L7(0)+

w'hk: (kT | .
ney

This follows a crude argument for intrinsic angular momentum

*(T.)=0
12(0) = —hi2( Rele ) 40
A 2
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T ——
Responses to B and E in 3d-TI

Cross-correlated responses

(magnetization) M= o, E (electric field)

(electric polarization) P=oqB (magnetic field)




Responses to B and E in 3d-TI

B = (4m/c) j

3D Tl + magnetic impurities

Qi, Hughes, Zhang '08

Needs magnetic impurities
with the magnetization all pointing out (or in)



e —
Responses to B and E in 3d-TI
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Surface QH states ~
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Responses to B and E in 3d-TI
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Apply B-field
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Responses to B and E in 3d-TI

2
6
E —_(d’x -S|V E-B
WE fx(4nhc)n

o0E e’ \6
M = - ME  _ _

0B (4nhc)n E
p_ _9Eu _ e’ 0 g

J0E 4mhe |

Qi, Hughes, Zhang 08
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Responses to B and E in 3d-TI

-Polarization energy (Axion term)

- [d'x ( ) E-B
~ —10"°(E[V/em]) (B[T]) (L[em])® [eV]

-Zeeman energy
Uamiso/L2 = 5x101° [eV/cm2]

-Anisotropy energy
Uzeeman/L? ~ 10°(B[T]) [eV/cm?]



Newly found formulae

QHE
oM?* 0
O, =C——=C P
9 9 Bz
3d-TI
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’ OE] OB
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3 dimensions
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Newly found formulae

QHE
oM?* 0
O, =C——=C P
9 9 Bz
3d-TI
M oM 9P’
’ OE] OB

2 dimensions

2d chiral SC
o 1laMg 1 6Q
T a9, ToB

Previous section

3 dimensions

3d-TSC

- IM oP;
Xi = - = .
0Ej 4By
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Response to thermal gradient

Cross-correlation between Electric field E and Magnetic field B

‘ M= o E

Cross-correlation between Thermal gradient and Rotational motion

L <xVT

angular momentum

vT

T+AT




Electromagnetism and gravity

F=e(E +-vXx B)

In the static case
V-E =4rp

VxB =4—ﬂ_[
C

F=m(E,+2v X B

Einstein equation

v 1 v SﬂG 1%
RM —ERQM = 77-”

TOV = (meZ; .iEC)
In the linearized approximation

V-E_, =-4nGp,,

G =

471G
VxB, =———J;

C



T
Electric/Thermal responses

Quantum Hall effect Quantum thermal Hall effect
at the surface at the surface
3d Tl 3d TSC
j : electric charge current Ji : thermal energy current

Magnetization is generated electrically
Qi, Hughes, Zhang (2008)

Present work

471G
VXB =4—ﬂj VXBQ=_T-’E
C




T
Electric/Thermal responses

Quantum Hall effect Quantum thermal Hall effect
at the surface at the surface

3d Tl 3d TSC

E .
/Dirac surface Majorana
A surfage
< | g;

E—) k —
N

j : electric charge current Jg : thermal e

Magnetization is generated electrically

) Present work
Qi, Hughes, Zhang (2008)

4nG
VxB =4_”j Vng=—?1E
C




QTHE of surface Majorana fermions

/ Majorana fermions at the surface \ Quantum thermal Hall effect

H.

surf

Loe = tyTlino, -3 149,53 |y

. at the surface
= —lhv(azax +axay) + mo,

N Majorana
surfage
¢, gravitational potential [Luttinger (1964)] g?
s

; n vT

Je = KT(_ T _V¢g) je : thermal e

‘L Present work
. oMz v oL”
H = =
ol 2 ol Vng=—4ﬂGjE
a* k2 C
Ky = sgn(mT ——2>

6 2h



QTHE of surface Majorana fermions

Majorana fermions at the surface

H. . = —ihv(ozax +axay) + mo,

surf

L

¢,: gravitational potential [Luttinger (1964)]

vT

Je = ’eT(_T_V¢g

Ky

it = LT lino, - 3 — 149, Hy |y

CaME vl

Ky =

oT 2 oT

sgn(mMT — -2

jE /2 =P¢ : momentum

Orbital angular momentum
per unit volume

; rxP¢ 2
=y

coupling energy

L-Q

U, =-[d’x %KHVTuQ

22
=_fd3x KsT HEg-Bg
24hv

(E,=+VT, B, =)
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Thermal responses in 3d TSC

Topological insulator

/

QHE of |
Dirac fermions

—fdtd3x

—fdtd3x

Bi,Se;, Bi,Te; ...

- > M

e"P'F F

)HE-B

\ Qi, Hughes, Zhang (2008)

/ Topological superconductor
3 :

QTHE of
Majorana fermions

U, =—fd’x %KHVT-.Q

-

22
- ox (ST ok, 5,
24hv




Thermal responses in 3d TSC

-~

Topological insulator

A
QHE of

Dirac fermions

Bi,Se;, Bi,Te; ...

S .

M =2 E
P= =B

Qi, Hughes, Zhang (2008)

/ Topological superconductor
3 :

QTHE of
Majorana fermions

Present work




Summary

Topological properties of insulators and superconductors are characterized by

Cross-correlated responses

EM responses Thermal responses
o oM = (o, /ec)ou OL.= (2x,/ v?) 6T
ON =(o,/ec)oB, oQ = (2, TIv?)0L2,
M= E L =2l E
e? nkgT)?
30 P = 2hc PE = ( 6hv) Q






Topological field theories

Topological insulator

Qi, Hughes, Zhang (2008)
Essin, Moore, Vanderbuilt (2009)

EM _ 4 % o 1V
s —fdx(lﬂ) F F

2 uv' pA
_fd4 (

)HEB

$

- Surface QHE
- Topological ME effect

Topological superconductor

Ryu, Moore, Ludwig (2011)
Wong, Qi, Zhang (2011)

1

GR _ 4 ,uvp)LRa vRﬁa
S fd (1 36.7-[; )98 pu oA

R: Riemann tensor

Physical consequence is not obvious

Thermal responses?



F=m(E,+2vxB)

-

gravitomagnetic field
(Barnet field)

In the rotating flame

2

Coriolis force

B,= @

-

gravitational field

E,=-V¢

g

Tolman-Ehrenfest , Luttinger



Edge modes in chiral SC

chiral Majorana edge modes

Hedge = %jjdx I/J(—ihVax)lP

_ _ . <He e> VZ
T10=T00=T01 (Je)=V Zg <Ledge>

!

Orbital angular momentum

edge 1 .dk I _a’kT? . nzkgT
zfzn e %" + 1 12hv A 6h

L) v i)
ol 2 odT




