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QUANTUM HALL TRANSPORT

QUANTUM HALL STATE: gapped, topologically non-trivial
Hall transport (P, T breaking) fixed by topological properties of the state

Transport coefficients related to topological terms in effective action
Hall Conductivity (filling fraction): gauge Chern-Simons € VA A " aL, A \

Hall Viscosity (shift)
Non-relativistic (Galilean): Wen-Zee GMVAAM(?V(U)\

Relativistic: Euler current
Golkar, Roberts, Son 1403.4279

Hall thermal conductivity (chiral central charge): v A

gravitational Chern-Simons

" w,0Lw)
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-Additional transport coefficients
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CANONICAL EXAMPLE OF TOPOLOGICAL SEMIMETAL: GRAPHENE

Berry phase (=chirality)

C = 1 fﬁ(/g) - dk
T
1




Z0OO OF TOPOLOGICAL SEMIMETALS
- NODAL POINTS

Reviews:
e« DIMENSION Armitage, Mele, Vishwanath 1705.01111
Gao, Venderbos, Kim, Rappe 1810.08186
o 2D Feng, Zhu, Wu, Yang 2103.13772

o 3D

« Pand T SYMMETRY (degeneracy)

o Two-fold (“Weyl’): P or T broken
o Four-fold (“Dirac”): P and T unbroken

 LOCATION IN BRILLOUIN ZONE

o Pinned (at symmetric point)
o Unpinned (otherwise)

- NODAL LINES

NOTE: No odd number of Weyl fermions except at boundaries
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Z0OO OF TOPOLOGICAL SEMIMETALS
- NODAL POINTS

DIMENSION /_¢6 Vé

P and T SYMMETRY (degeneracy)

o Two-fold (“Weyl’’): P or T broken
o Four-fold (“Dirac”): P and T unbroken

LOCATION IN BRILLOUIN ZONE

o Pinned (at symmetric point)
o Unpinned (otherwise)
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EFFECTIVE MODEL

P,
2m

H =p,o' + Ao

3
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EFFECTIVE MODEL

[T

H = pmal +
Pﬁ’
SEMI-DIRAC
SEMIMETAL
4
2 2, Py
CU p—
A<© A>0 Pz - 4m2
INSULATOR CRITICAL  DIRAC SEMIMETAL

POINT



EFFECTIVE MODEL

VIRV 44

vV
TiO2/VO2 Heterostructures (multilayers);

Pardo, Pickett 0903.4820
Organic salts under pressure;
Katayama,Kobayashi, Suzumura cond-mat/0601068
Photonic metamaterials;
Wu 1312.0201
non-Hermitian systems;
Banerjee and A. Narayan 2001.11188
v - — p_ | >
A< N> Y 4m?

INSULATOR CRITICAL DIRAC SEMIMETAL
POINT




EFFECTIVE MODEL

H—pmal+(§i A) o ﬂ
Pﬁ'

TIME-REVERSAL.:
THP)T " =o°H*(—p)o° = peo- — (— — A) o° # H(p) Broken T

PARITY:

PyH(p)P, ' = 0" H(py, —py)o' = peo' — (—m - A) o® + H(p) Broken P

PT IS UNBROKEN



INTRODUCING A MAGNETIC FIELD:
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LANDAU LEVELS: Hexagonal Tight-binding model

’C Sato, Tobe, Kohmoto

= | GRAPHENE 0808.3440
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SCALING SYMMETRY IN LOWEST LANDAU LEVEL
MAGNETIC FIELD: B ~ Py P,
“RELATIVISTIC”: € ~Px ~ fy
L ~ R
S b~y - £ ~ B
L
“GALILEAN: ~ Pt
E~r'~ P,
=) B no F,(L =) 6 ~ B
1
SEMI-DIRAC: E ~ T ~ f‘a

2 [A
- &«-ijz s £ ~BRS
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CONSTRUCTING THE EFFECTIVE ACTION OF QH STATE

* A COVARIANT FORMULATION LIKE NEWTON-CARTAN MAY BE USEFUL

Son 1306.0638
HOWEVER,

« NO GALILEAN BOOST INVARIANCE
« SPATIAL ANISOTROPY
IN PRINCIPLE NOT AN ISSUE BY ADDING MORE INGREDIENTS

HOWEVER,

NO INTRINSIC ADVANTAGE OF USING NEWTON -CARTAN
WE WILL USE A “SIMPLER” COVARIANT FORMULATION

See also: Copetti, Landsteiner 1901.11403



CONSTRUCTING THE EFFECTIVE ACTION OF QH STATE

NEWTON -CARTAN REMINDER “TIME — SPACE ANISOTROPY”’

PP -
— — [\\TIME ., U, Un.=
— —

— "\‘N, \/,)MJ ,'U‘Al/wru - M,A\/)PZO

/\
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CONSTRUCTING THE EFFECTIVE ACTION OF QH STATE

NEWTON-CARTAN REMINDER

Y \
TORSIONFUL CONNECTION: 7, ~ &, HJ]

MILNE BOOSTS:  § LT = LI* W,

/L GALILEAN INVARIANCE

REWRITE NEWTON-CARTAN
USING FRAME FIELDS



CONSTRUCTING THE EFFECTIVE ACTION OF QH STATE

NEWTON -CARTAN REMINDER
VIELBEINS: PICK A VECTOR BASIS AT EACH POINT
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LABEL
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CONSTRUCTING THE EFFECTIVE ACTION OF QH STATE

NEWTON -CARTAN REMINDER
VIELBEINS: PICK A VECTOR BASIS AT EACH POINT

(o

» « = LABEL
= €. y = COMPONENTS
bV & ™y DUAL BASIS

A no_
SPACETIME EN e, = 84y



CONSTRUCTING THE EFFECTIVE ACTION OF QH STATE

NEWTON-CARTAN REMINDER

ADD FIXED TIME-LIKE VECTOR 4% ({0, .. 1)
(U(u:~f) ‘Qaﬁ“].ggftb
M, T b €

2 METRIC

gt - thel” e T L £ €y

l’lr" I PR A %ru"wr\ud



CONSTRUCTING THE EFFECTIVE ACTION OF QH STATE
WHAT WE WILL DO

t™ = ("

TIME-LIKE SPACE-LIKE



CONSTRUCTING THE EFFECTIVE ACTION OF QH STATE

1. FERMIONIC ACTION
P o= o |, 2 COORDINATE INDEX

o - O,(, T FRAME INDEX

L
DIRAC MATRICES = ( 0'3/ oud
DIRAC SPINOR Vb = (N\J‘ )
YA




CONSTRUCTING THE EFFECTIVE ACTION OF QH STATE

1. FERMIONIC ACTION

* SYMMETRIES:
-LORENTZ: (x°, x') : so('1)

-U(2): Y = e
-SCALE: (x> x'
(0 = o) Voo Aty




CONSTRUCTING THE EFFECTIVE ACTION OF QH STATE

1. FERMIONIC ACTION
ANISOTROPY > BACKGROUND VECTORS
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CONSTRUCTING THE EFFECTIVE ACTION OF QH STATE

1. FERMIONIC ACTION
ANISOTROPY > BACKGROUND VECTORS

E“—_(o/o/ ) ‘ e‘l: (o,o/a)
Pq“’ : 80\‘0 B (u Pb

S:ja‘x[:l:(\raj‘_"y‘glw P (8+52
Prera, (6°2.)




CONSTRUCTING THE EFFECTIVE ACTION OF QH STATE
1. FERMIONIC ACTION

M a
BACKGROUND GEOMETRY: €, | 6 .
4}

6 ! [T 6 ‘a r‘ = 8 L,

_ a "o pa A
e,«‘ ‘eb\,€r\ / C ) ( 6& ,ak:eqrgﬂ
BACKGROUND GAUGE FIELD: Ar‘

?P\P—b DT,'\V::?




CONSTRUCTING THE EFFECTIVE ACTION OF QH STATE

1. FERMIONIC ACTION
RELATIVISTIC 2+1 FERMION

D,V V- Aw s w T

2
"y ““’ 2 (7Y ]
ub — 4
W - -
r E V¢
LEVI-CIVITA > X b
SPIN CONNECTION l/\) 1 < - I"” A e 3



CONSTRUCTING THE EFFECTIVE ACTION OF QH STATE

1. FERMIONIC ACTION
So(z, 1) —> SO0t 1)

| abc
qul? ““) l’<.: ‘i 6. EC FSQL
\)o\ - rl\aL-.se
a < ab
W — W, = i Cube W p



CONSTRUCTING THE EFFECTIVE ACTION OF QH STATE

1. FERMIONIC ACTION

S50 (‘Ll |) — s O ( |, |) GAUGE FIELD FOR SO(1,1)
ab N
- W LG /"OPK]*GFJA
GENERAL FORM: = Q/_ |



CONSTRUCTING THE EFFECTIVE ACTION OF QH STATE

1. FERMIONIC ACTION
\a -
_ . | A
Dp W = (2 i AL+ LT et ) )Y
)
UNDETERMINED
BY SYMMETRIES

- TO DETERMINE o0 ONE NEEDS A MICROSCOPIC MODEL

HOWEVER, DEPENDENCE ON O HIDDEN I[N
COEFFICIENTS OF EFT: EXPLICIT VALUE NOT NEEDED



CONSTRUCTING THE EFFECTIVE ACTION OF QH STATE

1. FERMIONIC ACTION
FULL COVARIANT ACTION:

s (O lEl(FP Wy e DY +F M v |

my._(A Pl e el D, Do )y

2. MA



CONSTRUCTING THE EFFECTIVE ACTION OF QH STATE

2. GENERATING FUNCTIONAL

[ A€ e {
FALNTRAE JD?DF@SY( ]

L a H
BACKGROUND SOURCES ﬁr‘  e. , t M e

t = Q;M Wz - A3XIC'|&T;*Q‘S€QM “'/Hé’d‘r)

! 7
STRESS TENSOR ~/ CURRENT



CONSTRUCTING THE EFFECTIVE ACTION OF QH STATE

2. GENERATING FUNCTIONAL

{ A€ e {
FALNTRAE JD?DF{,SY( ]

L a H
BACKGROUND SOURCES ﬁr‘  e. , t M e

t = Q;M | g\,\/:_jj“ﬂ&‘é‘,.“éea“ +)H3AP)

J

KUBO FORMULAS > TRANSPORT COEFFICIENTS



CONSTRUCTING THE EFFECTIVE ACTION OF QH STATE

2. GENERATING FUNCTIONAL

| A€ e {
Z(A,E,e,e]: JD%DF{,SY( :\

* GAP: W IS A COVARIANT LOCAL FUNCTIONAL OF THE SOURCES
R 1o

* LOCAL SYMMETRIES: SO(1,1)+U(1)

* PT SYMMETRY



CONSTRUCTING THE GENERATING FUNCTIONAL

1. DERIVATIVE EXPANSION .

R 3 B 7 B>
0
fk,ew“'é\fvo‘:e) 1)
. 0CE¢
0™y, ~0Ce) P79, -0

eo‘/\a / PohAu" O(Qo) /. Rkﬁh&NO(e-l)



CONSTRUCTING THE GENERATING FUNCTIONAL

[
_- 0

A

e~

a

711In principle the effective action is insensitive to the
! origin of spatial anisotropy

(same form for other systems)

However, which terms are dominant depends on the

e 9 o Scaling chosen in the derivative expansion

¢ A

(may depend on the particular system)




CONSTRUCTING THE GENERATING FUNCTIONAL

1. DERIVATIVE EXPANSION

- COVARIANT TERMS CONTAIN DIFFERENT ORDERS
IN DERIVATIVES

Le d
B*- PK\O € ° . Ad
~ L7, ( P AL ) - FQLDB(UA‘J

O — p—

v\f

oce®) + o(¢) O (e*)



CONSTRUCTING THE GENERATING FUNCTIONAL

1. DERIVATIVE EXPANSION

- COVARIANT TERMS CONTAIN DIFFERENT ORDERS
IN DERIVATIVES

Le d
B*- PK\O € ° . Ad
~ L7, ( P AL ) - FQL95(<(A°)

ASSIGN LOWEST ORDER =) 13 ~ O (€°)



CONSTRUCTING THE GENERATING FUNCTIONAL

CURVATURE INVARIANTS:

]:]W = ZnAu - 0 Ay
/<

Rﬁu < O Wo =90 W
Tr\u - Drseu _.D Q

v ab
METRIC: (ér“’ E “\,f; (J , ‘j" > ewﬂ

— RIEMANN TENSOR: R pnu

STR



CONSTRUCTING THE GENERATING FUNCTIONAL

2. COVARIANT TERMS
N
* SCALARS X =£"7"7¢  Xux

* VECTORS  X,. = €" X ;, K- PP x



CONSTRUCTING THE GENERATING FUNCTIONAL

2. COVARIANT TERMS

 O0(C ¢°) vectors: W= (€ (7’”/)")
- 9 ”- Fr EULER CURRENTS

\F‘-—ETI Jio(u) = Siweuw\eamua (Vl,,u@vw7 + %RMB,J
— j r - Fr

PF"" J u}‘v\r\: tl



CONSTRUCTING THE GENERATING FUNCTIONAL

U gred
O(éo): ‘ZD:~€(?>R) ‘f‘;’;g Ar_a“’ﬁ)

5, :(F:)h / B}/ : ( Fr FP),/_L

J
. o = — HALL CONDUCTIVITY
) 1.9



CONSTRUCTING THE GENERATING FUNCTIONAL

2. COVARIANT TERMS
B
CONTRIBUTIONS TO HALL VISCOSITY s {/9 Q)\
v

O(¢€) i, 0 CQZVU/\FFQ\,F,\
2 W
oce?) 2, > RA, Je (O) + HT_L

ANISOTROPIC CONTRIBUTIONS



ANISOTROPIC HALL VISCOSITY
. U
v()* Voo o L ¢ A >
A
w ) O W)

"(“)“l _ '»,“el)

U H

Gl 1}%? 9¢4Q Lj"l(
V‘ / = ‘IlISa P J—T P - 7!/04 P\/o

149 Me M ve
4

THREE INDEPENDENT COEFFICIENTS



ANISOTROPIC HALL VISCOSITY
L ul W)l
? \) o ‘ (é'KV
(o i | 0
. e 1 t( . la( .
Ak ((él) 0 % _.(.)4-»&(4)
Me N
? \JM( - Q
Vo
BROKEN PT ALLOWS ADDITIONAL COEFFICIENT

4 (1)1 weal)+ (ix <-f>jc))
Ct é}:(’“()M g” ~ (4 @uﬁ)

P‘Jﬂl - (;QJgue - (Ueue)



ANISOTROPIC HALL VISCOSITY

[
‘/\lgo - ""EB szLbB if‘l

4 N

)
’VINéMti :lg”
L'lvof'\ - %_CSB‘L—J:L &H

~ .
N=D - (s ~B /j’“ ~ B SEMI-DIRAC POINT



ANISOTROPIC HALL VISCOSITY

1 ‘ BERRY
K B - L. B3° - = { CURVATURES
U\ ISO R = 0 = ‘ Pefia-Benitez, Saha,
‘1 r, Surowka 1805.09827
1
‘1 - 2. B 1 gll
NEA ~ L S L —_—
HAS NOT BEEN
\ [ & —
ﬂvm s CSB Al COMPUTED

oy )
Nz - (s~ B /j“ ~ B SEMI-DIRAC POINT



ANISOTROPIC HALL VISCOSITY
o £ NON-TOPOLOGICAL

g “TOPOLOGICAL”’
L (SHIFT)

\ [
L'lvof'\ ~ 1698 R &H

~ .
N=D - (s ~B /j’“ ~ B SEMI-DIRAC POINT



CONCLUSIONS and OUTLOOK

* Hall conductivity insensitive to breaking of rotational invariance

* Hall viscosity topological contribution independent of the breaking

] - kD
t‘llso L’/\;éu S M

* Definite scaling with magnetic field close to the semi-Dirac point
AC transport coefficients
Spatial momentum dependence (inhomogeneous sources)

Generalization to other anisotropic systems



