
united nations
educational, scientific

and cultural
organization

the
S
international centre for theoretical physics

international atomic
energy agency

SMR.1320 - 26

SUMMER SCHOOL
on

LOW-DIMENSIONAL QUANTUM SYSTEMS:
Theory and Experiment

(16 - 27 JULY 2001)

PLUS

PRE-TUTORIAL SESSIONS
(11 - 13 JULY 2001)

BILAYER QUANTUM HALL PSEUDO-FERROMAGNETS

L. RADZIHOVSKY
University of Colorado at Boulder

Department of Physics
Campus Box 390

Boulder, CO 80309
U.S.A.

These are preliminary lecture notes, intended only for distribution to participants

strada costiera, I I - 34014 trieste italy - tel.+39 04022401 I I fax +39 040224163 - scijnfo@ictp.trieste.it - www.ictp.trieste.it





Pseudo-ferromagnets

Is
A

Leo Radzlhovsky
University of Colorado at Boulder

Korea Institute for Advanced Study
Seoul

February 22, 2001



Quantum Hall
Pseudo-ferromagnets

Leo Radzihovsky
University of Colorado at Boulder

work with ' Leon Balents

PRL 86, 1825 (2001)

discussions with: S Girvm and A MacDonald

supported by NSF, Packard, Sloan Foundations



L. Radzihovsky

Outline—

• Introduction to double-layer quantum Hall effect

• Eisenstein experiments

• Bilayer QH as ideal Stoner ferromagnet

• Broken symmetries

• Theory of interlayer phase coherence and tunneling

o Model

o Predictions

o Calculational highlights

• Open questions and conclusions
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• Experiment D T s u i '9 o
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• Phenomenology of the QHE

o axx-= pxx = 0, dissipationless flow (cf. insulator and
superconductor)

o cTxy = ve2/h, "quantized", with v £ integers (IQHE)
and simple fractions (FQHE) (cf. classical Hall

(dass.) _ nee _ n_
. a

xy

o gapped state
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Hints at the OHE

IQHE: 2d noninteracting electron under strong
B-field

fi2/v-,27r

E(k)

IMCO,

o Landau levels:

B=0 N(E)

o Macroscopic degeneracy:

iV# = BL2/c/>0

o Spectrum suggests dissi-

pationless flow when LL

are full and EF In a gap.

FQHE: interactions are essential

o Laughlin's state: ty =

o Composite fermions: FQHE -> IQHE

p Composite bosons: FQHE -> superfluid

What about electron spin?

I
unimportant when

eeman
Cftn be Vtry

in ^
Zt*»M I
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ulti-component QH States

Spin degeneracy In single-layer, when g —>• 0
(Sondhi, et al. '93)

driven

. Zeeman

Layer-index pseudo-spin degeneracy in double-
layer, When ^tunneling ~~̂  0 (Fertig '89, MacDonald, et

al.'9O, Wen and Zee '92, Ezawa and Iwazaki '92)

\ >/*——•/ V - 1 G; !•(

<h f v n % r — (•<,*' f "r > ' * "^

d~100A

e =

Q H ground state as a special case ofHalperin's
Imn state:

I m n H - ^i)n

with I = m = n, i.e., the mmm QH state
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Noninteracting v = 1 Bilayer

v
H

tunnel =

d~100A

B

U>

At

2irB d

Single-particle quantum Hall gap =

Valid when A t > ECouXomh - f

Can the QH state survive in the limit
At - * 0 < ECouiomh ?

YES!

exhibits a bulk massless SU{2) mode related
t O N\ — N2 (Wen and Zee '92, Ezawa and Iwazaki '92)

cf S.We fa i n
U >
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• Vanishing of pxx at v =

I
a
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• Bn-induced Q H gap collapse:
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• Appearance of zero-bias peak for £ > d\

a
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FIG. 3. Temperature dependence of the zero bias tunnel-
ing conductance at vr = 1 at high and low densities. Note
that the high density data has been magnified by a factor of
200.
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B E C Of Composite bOSOnS (Wen and Zee '92)

ei sees e2 carrying a unit
of flux, leading to n i — # , # , » , — ? | |Beff

B\ff = B- n2(t>o n2
T T 1 •8B=-n2<t>o

BCS of interlayer excitons

electrons in layer 1 pair with n

holes in layer 2 via BCS n

B

Pseudo-FM in layer index (K.Moon, et ai.95, K.
Yang, et al.'96) . 3> i , > J Pseu^°-5!° l n

o ideal itinerate Stoner pseudo-FM

(cf. Hund's rule spin polarization)

Coul. ^kinetic w

= (sin0cos</>,sin0sin</>,
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SU(2) invariance for

Symmetry-breaking energies:
gate

n
n m* v

E

o Bilayer charging energy Ec

Hc = ^ c O i -
JlfTl

easy-plane anisotropy,
breaking 51/(2) -> 17(1)
o£io lovt^-rang*, dipolar inhme

o Interlayer tunneling energy
Htunnel = \ |

pseudo-B field along x,
breaking t / ( l ) (pseudo-spin) symmetry

o Gate Vg

- n 2 )

pseudo-B field along z,
breaking U(l) (pseudo-spin) symmetry

/2
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Low energy modes: (Moon, et ai 95)

o relative charge density and phase
rhz = n\ — n2, 4> — 4>i — 4>2

o canonical commutation relation
[mz,(j)] = i

Continuum field-theory:

o model Hamiltonian

H = Jd2r Ec ^ 2

exchange tunneling charging

o coherent state Action

= f dtd2r k
cos</> -

Berry's "pq" term A[m] • dtrh — (1 - cos6)dt<j),

encoding precessional FM dynamics

o charging energy Ec gaps out mz, which can
therefore be integrated out exactly (cf. free
particle with pq — p2/2m and superconductor with n, <f>)

S = J dtd2r [f COS

V 104m/sec
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• C l e a n bilayer (atsoS<e-.
, L.R., ?RL JC

negative differential
conductance

decoherence and strong coupling effects

Dirty bilayer

dlt
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QHE in charge (symmetric) channel:
—* —• —»

Jc = J\ +

Quasi-particle excitation gapped by
meron-antimeron pair with EM charge density

x

-In
.» • - • • .»

+e/2 +e/2

R

Bulk gapless Goldstone mode ( A t -> 0):

symmetry breaking of pseudo-spin U{1)
associated with N\ — N<2 charge conservation

Persistent
currents:

pseudo-spin (antisymmetric)

n
n

m
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Current "Meissner" effect: J(*,V) = j(v)/(f)
o due to explicit breaking of staggered

by tunneling
o nonextensive staggered and tunneling

currents confined to sample edges

• Screening lengths

-L/2

o clean limit:
— ^equil.

o dirty limit:
Ad(V) same as A(V) with

12^ w 0.2/xm
^ w 103^ « 20/xm

Other important scales
o disorder correlation length:
o thermal length: ^T = ^v/T = ^
o sample size: L « 250/xm
o tunneling energy: A< « O.lmK « 0.01/ieV
o Josephson plasma energy: A ; « 70mK « 7/ieV *
o exchange stiffness: ps.« 0.5K « 0.05meF

V>V,



J3|l splits the zero-
bias peak to

-VB

maps out the Goldstone
mode dispersion hw(Q)
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• These are consequence of:

o single low energy mode </> dominating
tunneling (c£ Fermi-t^uid —*RrK,,--k<juu>(-to

o JB|| imposing an in-plane momentum Q =

o 2d energy and momentum conservation
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• Split of IV peak with £.,: £ i
0012.09^

3D0-

250"

iio a

-O.4 -0.2 0 02 QA

,^ 0.751

>»

-fnc.

• Dispersion of the peak:

^
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• Effective Action:

-Qx- Qt]}

Calculational details:
• —

o Tunneling current: /* = e(J^i) ="f([iV1,

o Perturbation theory in

C(r,t)=6(t)( ,i0(r,t) p-i<?(0,0)
>0

o Equilibrium screening and crossover to
strong coupling: Xequn =
f luctuations at. short t ime/ length scales suppress

effective tunneling, as can be studied via RG and

matching onto strong coupling description
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• Physics of nonequilibhum screening: \(v) > Aequi|

r . . p Steady state current conservation:

o Perturbative IR divergences are softened
but not eliminated by V even for V > Vsc

» Quenched disorder:

o random phase shifts

o random vector potential a(r):
- a(r)

with a(r) = JVL(r)£ x VV^(r) (stem, et ai.)

same qualitative physics for weak disorder
and quantum gauge glass for strong V T~ j _

Crossover to classical hydrodynamics:
dtmz = —Gtvfiz + DV2mz

; for eV <C A t



L. Radzihovsky

width and height of the tunneling peak
Vr i-'-? A*

dominant source of dissipation: vortices, leads, . . . ?

quantum gauge glass physics
implications for tunneling and phason dynamics

It-
crossover to hydrodynamics
generation of the effective dissipative

long scales Y f A ^ <

FM

dynamics at

• role and nature of edge states
essential for geometry of Eisenstein experiments?

• spontaneous interlayer phase coherence in
the absence of A Q #
pseudo-spin superfluid QH insulator?

• Josephson junction geometry

• broader picture
phase transitions out of the pseudo-FM and relation to

decoupled HLR and other QH states? s<c.T.
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• decay of persistent staggered currents via
p h a s e Slips (with J. Kyriakidis, condmat/0010329)

y "7v7\"*

• quantum interlayer charging transition
(cond-mat/0104128) H = -^-W*-i
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