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God i explain some of the physics of QH States w/ broken symmetry
1- make contact with SPT ideas .

Plan Lecture 1 : basic theory of the bulk + topological terms
.

-

:

Lecture 2 : theory of domain walls + symmetry protection .

- IntroductionI o

-

cc
71

citing : Integer QH in multivalency semiconductors .
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Exercise : work out LL orbitals in each valley .

In
"
Landaus gauge

" I = ( o
,

- Bae ) we have

2

cm )
i Xylerg

4x.at ) = g- Oln Cx - X ; Ua ) - e

" * " t
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"

m magnetic length ; wa =
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't

harmonic oscillator wavefunction .
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Landau levels ( LL s ) are each twofold degenerate b/c valley

⇒ without interactions
, only predict QH plateaus at Fy = 2n

.

Interaction effects remove this degeneracy by spontaneously breaking
valley symmetry .

Basic Idea is simple : Think of Pauli exclusion .
.

I
' "
CT

.
. . .

. En ) I Gr . . - %) Txt CI to > fill all states in LL in
L

- dir
sage valley .

For repulsive interactions : energy is minimized by this choice
,

since
- -

rt ! " vanishes whenever Foo electrons come together

⇒ ground state in a QH fer-romagnet.com.gi ally developed for spins
in Ga As )

QHFMS u combine broken symmetry 1- topological aspects .

- -

F : what is the "

effective action
"

?

Basic idea :
"

pseudo spin
' '

order parameter : parametrize on valley Block sphere
murmurs

rt = ( sino cosy
,

since sin §
,

cos O )
og

n it
14in ) ) = Tf ( cosec a

+ singe :{ I.B) to >
O¥nµ¥→ny [ If .IE?fndexbiial

state ( good approx at u = 1) .

~ need to determine Hamiltonian by projecting to LL .

My ✓

000

Can easily compute matrix elements of interactions in Landour basis .

✓ Y
, SY

'

X = fond : ' Taieri tr ' ) VE - F) 4g ,
4
,

F )
Bx

'

,
ax
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Assume Coulomb interactions : VCF ) = e- Coulomb .

C- IFI

Generically , expect :

H = { Ip Ip,
Vi

"

II. qsx.ca , + background -

8,8 Y
, Y

'

But : V Cq ) = 2 ~ small for large momentum transfer .

- E loft

⇒ matrix elements between valleys suppressed ( " small parameter - Ykol ,z~4eg)

Hierarchy of scales :

rumrunner

Label interactions in valley space by arrows starting at c
, ending on at

.

Goa? • • a

⑥ - e
'

n
.

Set 2=2
,
S =p

⇐ a ¥ A
- Go @• 00

Eliz O '

⑧ ¥ + h - c
.① n Ie: . (of,Y : set 8=2 # p -

-

V
••

- lB/a B
② n I e set 8=8 = A £6 + others } ITE

"

stay
.

Eliz B =L = B

For a first pass .
. only take #

o
.

CN - B . F f nematic director - discrete
nematic ) .

< Ice ) I itoltcn ) > re - ( Est Ea NE) Esa - OCD - ¥ > O

C- LB

* minimized for nz - ± I n all electrons fill one or other valley .

] This breaks Cy → Cz
"
I sing - like

"

orders b/c Ea > o
.

~
" nematic "

orders
.

[ N - B . Can have other possibilities = d
, B - T.lv spin Ea = o

"

Heisenberg
"

~ layer index Ea so
"
XY

"

. ]
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I . Effective Theory
-

-

So far we've obtained the g. s . energy .

We 'd also like an effective action for low - energy fluctuations .

Various ways to derive this :

D Chern - Simons + Landau - Ginzburg theory .

a)
"

Guess
"

answer :

split L
= C. ⇐ [ in ] - Efi ]

Gradient expansion ( but can compute coefficients exactly in Hartree-Fock + spin
wave )

EG ] = I felt { Pstn )
"

- Briz t - - I ( Ps a Es
,
B t Ea )

.Z

[ kin
is more subtle b/c need to capture ( pseudo ) spin precession .

* Simpler problem : single spin
- s in B field . ( t -

- i units )
rn nm mmr

S

H = → B. 8
; IS = i [ It

,
I ] =

- B x 5 ( precession)
dt

Want to get this from adz §I÷m = 8g÷u

General rule : for finest - order - in time equation of motion
,

need

a vector potential . Ansatz :

Lk = s f - rim AMENT + Brent } → n' ' =L constraint .

Eons : da
,
f - Amin ] } = + Bu - ri

, datin ]- g
e U co

-
.

N
= + Bu - ri

,
Cri ]

.

c) nu Onn

re
e v

g tnucn ] n
=

+ Bu .

"

flux inn - space
"

.
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@ An mvx
Choose Anti ] so that Fmv = - -

= E n
't

.

Onn ON

Then

e
Mut (

men P )( mm NDE n
>

n
. "

= Bm .

. E n

a ✓n' rien - men , n
=

(5×5) ? Center ? Seuss , - Season
11 W

din 2=0 11

I

=

⇒ S =
- B- XJ ( I =

Sri as before ) .

Can view Atm ] as vector potential of a magnetic monopole 'm

spin space n various aspects follow from this ( of arXiv '
- cord - mat 19907002 ) .

For
many spins i the field In [ F ] sees such a term .

So
, find an effective Lagrangian

1pm = s for - { vintner ] - Diet )nzG,t ) } - tzfdrfpstvn )
'

- Briz }
-

" magnetic field
"

on valleys
( from uniform ) random strain )

.

* Could have just written this down for
ayy ( easy - axis ) FM

.

Where did QH physics go ?

I - B Topological Terms
- - - -

consider dragging an electron through the system .

Since system is FM
,

'

pseudos pin
'

tracks the local Tr

Le = - e 5cm An + s Auch

=
- e aim ( Are a

" ) where am =
- Eos In~tTn ]

. dim
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Additional
"

fictitious magnetic field seen by test electron :

b = C-
"
ears = - Ees e { Enzi Ate ] )

2X

o ble e

I

=
- ⇐ seal :→~ - I: : :# " '3

.
2K

-

=
d AV

OT M Onn on " oar E
- III

= - I S E
- - -

2x @ xd d XP On M -

-

antisymmetric in pet .se

= - Eos E
"

%Idon÷ , If
"

= - Io Joop
22 w

=
E mmmm

where
, for S =

' Iz we define

Joop = g÷
,

E C-
ab '

na Imb Op re - n Pontryagin density .

As electron moves past texture
,

sees adiabatically varying an
⇒ sees an effective field b .

⇒ extra charge density from this is Sp = T -
b = Off . he f = ve }- Xy top top
↳ Laughlin argument .

Define
"

topological charge
"

Q
top

= fair Stop

⇒ Extra charge 802 = ve Qtop

Spin textures w/ nonzero topological charge carry electrical charge .

A Q top = 1 texture is a skyrmi.com -

A more complex term ( '

Hopf term
' ) gives the

Strymon Fermi statistics .

Effective field theory must incorporate these ( + terms JVCT - I ' ) SFtoprssfq.ci 'D

[ Basic reason : charge + valley don't commute within the Landau level ]
.
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I hysics

Recall we have an Ising anisotropy of our order parameter

Natural topological defects : not skyrmions ,
but

domain.ro#allsOgMBogBgMo
D= I V = l

T
DW .

Domain walls carry topologically - protected edge modes ( unsurprising ! )

one slick
way to see This + get quantum numbers : use oxy # O .

Observe 2 conserved UCD charges : total charge x Sa + Plz
i , valley × Pa - SB

Apply E field Apply valley F - field
.

( TE on A
,

- Eon B ) .

tE9EzABg .io#A.BoogO*.gg.o..osgo
00000

a. → ← Jr Booed Leabo

valley inflow to DW charge inflow to DW
.

⇒ at 0=1
,

DW must have gapless charge trolley modes .

God : derive an effective theory t understand symmetry protection .

Intuitively : 2 counter pnopagahing modern Luttinger liquid
( Luthnger parameter net set by bulk filling ,

unlike chiral Luttmgee

liquids at QH edges) .

~ but b/c counterpmotsagahng
, why is there protection of gapbssness ?

- 7 -



Strategy : use bosonization : represent RIL moving densities in

terms of phase fields 0
,
O Tcf Giamarchi 's book ]

"

right movers
,

'

from valley A
,

"

left movers
"

from rally B .

Trick : in Landau level
,
X r Py ( coordinate In wall - momentum parallel to it )

.

only nontrivial
e. can - E ⇒ * a marae 33BgASjBBzhg
regs ) - E

ctxta.pcx.rs/cs7g!daimdz

,
II su

→ Pr
,
,
( y ) by Fourier transform

.

Keeping only Ho :

most general density - density
How - v fdy[ ( Sr tr )

"

t GR - PLT ] terms from Ho
, vop

- eye .

Position of DW is not specified ⇒ µ → Pat E ) is a symmetry
SB → PB - E Ctnansl . I to wall )

.

⇒ can 't write
any terms of the form (pre - pit

2

How n Ev : fdy ( Srt Sc ) -0 singular Lultryer liquid .

2

→ Actually ,
to create DW

,
have "

valley field
"

gradient M
, of form .

Ito ~ VE ¥ M - X - (Ctx
, a ↳ A

- Ctx
,
,zC×

, B
)

.
( breaks shift symmetry ) .

Since X -

qy ,
this is like the usual fermion kinetic

energy .

A standard result is that for linear dispersion ,
have

Show - ar f dy ( spicy ) as :( yr ) = * rfdyftz ( pre - N' → I Cpr - e5 }

How + Show r fdy {( write ) @ rife )
'

t r Cpr - r )
"

}

BISLEY : PR + P ,
= - ÷ TO Pr - PL E ¥ TO .

[ of Cgs , TO Cy 's ] = i 8 Cy - y
' )
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How ' s How = ÷
,
fdy { Cofer ) ( Tol )

-

+ r trot }

= 7¥ fdy { ¥ 05 + KNOT }

where YE = v ? er
; ve k =P ⇒ of = @EtfSF.k = T÷÷

Note ve ,
K → 0 as I → o ( singular limit ) mentioned earlier

.

for fate
,

K s I - depressive interactions
.

So far i only considered Ho terms
.

what about H
,
? B¥ + h - c

.

mm
000

~ ocenormalizes couplings ,
but could induce backscatter ing ( cos 0

,
cos § ) .

[ in bosonizahion :
" forward

"

scattering changes ok ,
K ;

"

backscatter.mg
"

generates cosine terms Chuy to gap system ]

Conserved quantities : total particle # = N = Nat NB ; pseudo spin If = { CNA - NB ) -

Recall Flo - - a Cpr tph ] n - a Epa + PB ]

TO ~ - T Cpp - pig - - The Cpa - SB ]

Uci ) generators of our symmetries linked to fields via :

N = fdy Cpa TPB ) n - ÷ fdy T0

~ Z
t = fdy ( SEIB ) re - Ia fdy TO .

Use the commutation relations and [ A
,
e

" B
] = i EA

,
BT e

" B

( valid if ⑤ A
,
B ]

,
B ] = o ) then

I io

[ w
,
e' " O ] = I e s TIZ

,

e' it ] = =,
e±i4

Iia
- e are raising / lowering operators for

Yz } forbidden by UCD

e
't 't are raising / lowering operators for symmetry .
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⇒
"

defects
"

of one field ( e.g .

ei0 creates defect of 10 and vice-versa )

carry quantum numbers of the other field
.

⇒ as long as charge conservation + valley Uci ) are preserved
,

domain wall is gaplsess ( since cosines are forbidden ) .

Topological symmetry protection - similar to Ucisx UCD limit of TI

( see by
"

folding
' ' at DW )

.

Tv A richer example
-

-

-

,
- - - - - - -

,

- OH BB i
consider a 4 - valley system , a B l

l
l

' B- It i

. CB Ead ,

can build → = Z DW between L
- - - - - - -

t

AE and BB regions ( this is natural b/c strain acts the same way
on AE and on BB )

Hierarchy of scales : leading terms same as before ,
but

mum - mm

new terms
appear

at O Kale ,z5 ) :

g

- - - - - - -

,
y

- - - - - - -

,

if I iOCB@ I

/ A B '
, A B l

l
'

i
-

T t i

i B- It l l B It 1

. OBAMA . . Bad EDA ,

1-
- - - - - - - -

l L
- - - - - - -

t

Nominally : 4 conserved U CDs ( Na
, NE ,

NB
, Nps ) -

But the new terms violate conservation of Nat NE - NB - NJ .

So rearrange as

N = NA t Ng t NB T NB ✓

QZ - t ( Nat NB - Na - ups ) ✓ ) all conserved ?

Z

PZ
= 's ( Na - Ng - NE + Nj ) r

Z

IZ
= { (Na - NB t NE - NE ) X not conserved

- lo -



Can derive a 2 - channel Luttinger liquid [ AE BB - RT Rt LT Lt ]
.

Helf = g÷
,
,

Y÷ fdy f ⇐ 4,5 t kg frog )
'

] .

with

Flop n sa + PB + BE -15,5 Top ~ PA - PB + Pa - Pis

Toi ~ PA 1- PB - PE - PB - Tor ~
SA - PB - PE - S5 -

SO

N - fdy Flop ; QZ - f dy Tdr ;
PZ - fdy-VO.rs . EZ - fdy Top .

[ w
,

e

± i HE ] ± =,
et

" he
[ pz

,
e

Frfr ] = =,
e±ik%

[ qz ,
e.
± IET ]

= =,
e

± if %
[ Iz

,
@
tickets ] = =,

e±iR$s .

But It only conserved modulo 2 !

⇒ cos Czrzcfg ) is an allowed perturbation .

He → Hoff t g f dy cos Czrzcfp ) .

eff

For KK 1
, g → •

,

"

pins
"

top .

Since top is conjugate to Op ,

when Gp orders
, Op is disordered .

⇒ ( e
% 's > e Osha ' '

) n e

- l 's - y
'

Yg
change gap ?

Bit gapless valley mode persists n valley change separation .

[ EXPERIMENTAL DATA ]
.

If Emei field theoretic derivation for u = 1 .

-

X - X
-
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