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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

W



L. Radzihovsky

& —

U 'R A
10 2 )
MAGNETIC FIELD (Tesla)

e Phenomenology of the QHE

o0 0. = pzr = 0, dissipationless flow (cf. insulator and
superconductor)

o o,y = ve?/h, “quantized”, with v € integers (IQHE)
and simple fractions (FQHE) (cf. classical Hall

(class.) — nec — n e

- effect: oy 5 m— "

o gapped state



L. Radzihovsky

e IQHE: 2d noninteracting electron under strong

B-field
- 27 - 2
—{V—-1—A = F
o ( 40 ) wn,k nwn,k
En E(k) o Landau levels:
— En = fwe(n + 1/2)
\> o Macroscopic degeneracy:
—_— Ng = BL?/¢o
hmc:[ :> = o Spectrum suggests dissi-
—__ pationless flow when LL
B40 B0 N(E') are full and Egr in a gap.

° FQHE: interactions are essential

o Laughlin’s state: ¢ = H?;j(zi — zj)l/'/e“iz:; 2*
(Tam) o Composite fermions: FQHE — IQHE
| ?i_;ifr-vin+ o Composite bosons: FQHE — superfluid *
- MacDenald

What about electron spin?

unimportant when Ez.eman = ghwe > AQn

_ hg_d’ can be very Sm&‘l/( !
in semjconductors

Y
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e Spin degeneracy in single-layer, when ¢ —+ O
(sondhi, et al. '93)

N =4

M -
‘E.“,“.‘-f ¥&aee")

driven b
COu(omb “nkm"(ons
Ny={ isa ‘c!‘ac‘hm -‘ooh

EZeeman =uB=9th —> O

e Layer-index pseudo-spin degeneracy in double-
layer, when Ayunneling — 0 (Fertig '89, MacDonald, et
al.’90, Wen and Zee '92, Ezawa and Iwazaki '92)

11> = (> pseudo-
125 => [{>) spin

b=/

QH ground state as a special case of Halperin’s
Imn state:

Oinn = [1(2z; — Z]>[ [T(w; —w j)m H(:I — w J>”

with [ = m = n, i.e., the mmm QH state
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v=uv1+rvy=1, Hiynnel = "At(c];c.? + 0201)

B

0= ./ %0

2rB d
" L

e Single-particle quantum Hall gap = A
o Valid when A; > Ecouioms ~ &

Can the QH state survive in the limit
At — 0L EC’oulomb?

YES!

af. erin's
o Y111 = [I(z; — zj) [T(w; — w;) [1(z; — wj;) }1-‘11 Stale

e exhibits a bulk massless SU(2) mode related

to N7 — No (Wen and Zee '92, Ezawa and Iwazaki '92)

N
o <f Sc‘ng(e (ay:r with spin (Sondhi,etal. '93) 147 => | A
Y=L, B = g,kwc—-)o |1‘>-) 1S

=
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A.MacDo\nau,dal. | MLLFP"\\/ , e*.GQ.)PRL

PRLGS,775(1390) 72,728, oy
e Vanishing of p;; at v =1: B
- , -8 oo b)), N g
‘I'No quE T T T }’ y= ne =2
3 ‘o i/./ o« ' B :
g " 1 oy=4 bilayer QHE |
< : N _ » = \.2() X ‘0 C -2
& for d—30A, ‘\L'\' ™
. ¥y
025 - .. T '{—'.":‘1.;5 1.50 . Lowsger spacin highte dm;)’
2 0.50 0758/3(::10) ( ory P g)v 5
P
° Blr_induced QH gap collapse: ,
12 . . —— - ' T
: i 4 | 1 k \-\' T GE‘EL*—.A
Il A s,ng\ || Bu®BBIRR® (B
8 "—T: = tumel S [ a-seex " | i
@@ N X ey *
4 |4 o S
N B
2 ,_; -. " ~_ >
0 i "‘ a ' R
0 10. 20 30 40 S0 60
5 - Tilt Angle (9) -
o~  \ _ Y : ” |
Comme,n»wm}e Tncom mcnSW‘Q'(’Q .
| transition o

K. Yony , kol ,PRBS4 , 11644 (199¢)

o
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e Appearance of zero-bias peak for ¢ > d:
| [SpieQman,daQ.,PRL?ﬁ,Smt]
(1000) -

A) | NT=10;9 D) N,=5.4 I
d =L decl | ~~M ﬁ
| S| Ll

/N | i

:MCOu!omLQQP 1 | .;;b

By Ng69 | )
d’>"( » 1 _ OT:’A{OMK

1 ao’aly

——
a——

Tunneling Conductance at v

~J \/A ' t
lllJJlll'llyl\: |-j\\1\/.n-:\(j.1 .d—-‘OOA

5 0 5 5 0 - 5
- Interlayer Voltage (mV) | - e AT = 0.0tK

® Qo H\r‘o@ L +r‘0m${+,‘oh b
9 °g
add M%H'nz ,(, Y‘QLQ“’ ‘ve 1o 0{

Keeping Y =2 | e

¢ Quantum transition takes p'q&c,q _;.wken inter a);ezr
inberaction €54 dominates over in#aic;yeré)we 1
<

ép_o’h’rcm}evou/s in+€r‘«eovyer~ Col-.er-emc,q -Coh

o



Finite _‘:, Tr*ans’c{ion

(Spie(man,d’a ( 2000)

N,=10.9-
(x200)
d>1.31 ]

R
-
R
-

0.0

0.5

1.0
Temperature (K)

1.5 2.0

F1G. 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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e BEC of composite bosons (wen and Zee ’'92)

e1 Sees eo carrying a unit

of flux, leading to N_g o e 31 } Beff
Biff =B - n2¢0 "2 * *4* 183=_n2¢0

Y111 = [1(% — 2) [T(w; — w;) [1(z; — wj)

e BCS of interlayer excitons

. ) . B
electrons in layer 1 pair with " —e-e--e- I

. . n S
holes in layer 2 via BCS 2

04 0
1) =] (cos e'Pr1cl , +sin— "2l ) 0)
X 2 2
e Pseudo-FM in layer index (k.Moon, et al.’95, K.

Yang, et al.’96) :;i z "I; } Pswdo—spfn

o ideal itinerate Stoner pseudo-FM
~ (cf. Hund’s rule spin polarization)
O E%%‘th > Ekinetic =0

@) ﬁl p— CaaaﬂCﬂ .................
= (sinBcosdb, Sin 6 sin ¢, cose) X

) = H(zz —zj)| 2—=— )

4
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e SU(2) invariance for A; = E, =
Hsu(2) = 37|V, im| =1

e Symmetry-breaking energies:

N ETTRTTE

n, _— ¢2
o Bilayer charging energy FE. ' m,=0
H. = %—Ec(nl — "?12)2 0=mn/2
= %—Ecmg
easy-plane anisotropy, %
breaking SU(2) — U(1)

also long-range dipolor iateraction (sceMoo:M)
o Interlayer tunneling energy A

Hiynnel = —At(cifa + %Cl)

= —Aymy = —Aym | COSP
pseudo-B field along z,
breaking U(1) (pseudo-spin) symmetry

3

o Gate Vj
Hgate — —Vg(nl — 1)
= —Vym:
pseudo-B field along z,
breaking U (1) (pseudo-spin) symmetry

(2
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e Low energy modes: (Moon, et al.’95)

o relative charge density and phase
M, = N1 — N, ¢ = ¢1 — @2
o canonical commutation relation
[mz, QE] =1
o Continuum field-theory:.

o model Hamiltonian

AV ~
= fer[ |Vc/>|2 2l :

\ o > g

exchange tunnellng charging

o coherent state Action

~. B . A
S = [dtd?r [ﬁmzﬁt?—%ﬁlvqﬁlz + 245 cos ¢ — 2erm2

\ N

Berry's “pg" term A[m] -y = (1 — cos 0)d,e,
encoding precessional FM dynamics

o charging energy FE. gaps out m,, which can
therefore be integrated out exactly (cf. free

particle with pg — p?/2m and superconductor with n, ¢)

S = [ dtd’r [ (7(at¢>2—|w|) 5mt2 COS ¢

P\)lh-‘

’U:
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L. banu&s L R. PRL 36,1825 (z001)
A S*crn ("G( l"\ Foa((r {‘}Q! PRL)

(G(So see

e Clean bilayer
2
Sy~ (?ﬂ ( ) sgn(V) ~ Vg 7 ; n(T) = 32
I
A It At’t 1-1 a—v

Vstrong V
coupling
Vse = vh o 70mK
5¢€ )‘equzl —={ VUt
negative differential
1/
i conductance

decoherence and strong coupling effects

e Dirty bilayer
2(§)” (%) sgn(v) ~ v .
t

+ 3 > } S
Vslrong V Vslrong V
coupling coupling
Vi~ U x3mK
sc o~ )\ d ~ m —>| 1/"5‘4—
equil.

—] 1/t

/%
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e QHE in charge (symmetric) channel:
Je=J1+ Jo Jq

carried b u/(?(, n, o,
m -J
stafes in c;can sample Ny,—= < ? ¢,
> B Y Py Y J
P LTI 2

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

571(1‘) — "“"‘9‘6“1/7'7); . (8;,,7?& X ay'fh,)

8m
"""\\)\?/4/‘/» \\\‘}’//,{___‘_‘
R sef2
D R 4
e Bulk gapless Goldstone mode (A; — 0):

¢ =¢1— ¢2
symmetry breaking of pseudo-spin U(1)

associated with N7 — N, charge conservation

e Persistent pseudo-spin (antisymmetric)

currents: J;
Jo=J1—- =%V ™ ™, ), 0 il
n, —_— 5
J2
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o due to explicit breaking of staggered U(1)

e Current “Meissner” effect: J,v)=JV)f(E) R
1

by tunneling |,
o nonextensive staggered and tunneling Avy X
currents confined to sample edges
LA A
"-@=====J-‘:=.h— i M P
[ a0 v i

e Screening lengths

o clean limit: 1
Ao Y [ Ao T n/2
cutoff bV A(V) = Aegui ('{) (5) (F)"°, V> Ve
1, V < Vs

‘ -
BT reorm. Acquit. = Ao (22)77 & 1500 & 4pm Adgur N~V %
$'|'ron8coup€iné)\o == E\/ 27Tp3/At 4,um |
(% - %p3|6¢l2 o P COS ¢) A equi /MV'-W

o dirty limit: \}s‘l Vsc \;
Aq(V) same as A(V) with &y = -‘—}i — &4
pL— Ao("°)2 n(*o 1 2% 25 Aequit. = 100pum

equil. =

e Other important scales

disorder correlation length: £; =~ 12¢ =~ 0.2um

thermal length: & = fv/T = A% = 1030 =~ 20um
sample size: L =~ 250um

tunneling energy: A; = 0.1mK =~ 0.01ueV in.!f—
Josephson plasma energy: Ay~ 70mK =~ 7TueV =
exchange stiffness: ps ~ 0.5K = 0.05meV

' —_1_‘77-2. 3 clean or V
b T (V) =L, 2V T (V)~ \\/;v; MJ £ ink()
’ V>V

O 0 O 0 O O

(e
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A, B I
Ry 7 = A = - X _—
R|RIR ® 1VIR|®

e e el - ce——

S
e B) splits the zero- e .
bias peak to +Vp(B))) } Vvel
|
-Vp i .
; Vi A\
|
|
|
® GVB(B“) — hw(Qﬂ'dB”/gbO) } Vi
maps out the Goldstone
mode dispersion hw(Q)
Vsc':o ?ﬂCV"’qu _
B

e These are consequence of:

o single low energy mode ¢ dominating
tunneling (Cf Fermi - Liquid -—)Fcrm.‘-‘l«ttjuld‘ ‘hh»JJ»é‘.
IW)= 2¢ Y= NN, § * de < V )
o B” imposing an in-plane momentum @Q =
271’dB”/(]50

o 2d energy and momentum conservation

17
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I.Spigemqn) Q,‘\'c,( (vnqu"'/

0012094

e Split of IV peak with B: £ %Tzs(q

ditaron’ot

e Dispersion of the peak:

eV (ma¥

NV
04 02 22 04
Vim¥ B, =0T
- ’"\:;:-‘"“
150 "',.mﬁ'
‘;{J oy
100} < A WV
I A "t
W aom
e TN N
A
rea nY
Tmaa S N .
of e AN e ——
: B,=0.75T
b i 1 1
-4 4] 4
¥im¥

04

Q
12
t

(5

o

No’rc central pPeak
persis*s

Dir‘tc;(' measyre O'F
Goldstone mode (6)
SpQQ‘\'FwQ foc.

4
U = [.§xI0 rvz/S
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e Effective Action:

Sp = I % (5(016)2 +|V¢|?) — 2% cos [¢ — Qu — 1]}

Q= B“%’;—d, Q =eV/h

e Calculational details:

o Tunneling current: I; = e(ﬁl) =’%‘([1\71,H]>

= Ji(V; By) = 554560 ) g @b
"4 AT

Qt

X

o Perturbation theory in Ay:

Ji(V, By)) = Jo 21 Re [C(r,D]oz.0

t
2 02h 0= { k1) hi)

-0

C(r,1) = 0()([e (D), =1 (0.0

o Equilibrium screening and crogsover to
A — AONT—F
strong coupling: Ay = AO(S_T(%>4 " for Pe> e
fluctuations at short time/length scales suppress
effective tunneling, as can be studied via RG and
matching onto strong coupling description

(9
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e Physics of nonequilibrium screening: A(V) > Agqui.

£ Superandedie Steady state current conservation:
?xB=T %Psv2¢ =—-Jy(V) = A(V) = \/ﬁf%%/‘j
o Perturbative IR divergences are softened
but not eliminated by V even for V > V.

e Quenched disorder:

-o random phase shifts 6(r):
Arsing(r,t) — Agsin[o(r, t) — 6(r)]

o random vector potential a(r): cigw_ﬂl
Vo — Vo —a(r)
with @(r) = 6V_(r)z x VV (r) (stern, etal)
same qualitative physics for weak disorder

‘and quantum gauge glass for strong 5 T 1
: E/r «Ty~ e T
e Crossover to classical hydrodynamics:

RV, 0) = b7V25,(Vb, £p>/3)

~ AV for eV > A
2
~ ATV, for eV K Ay
2
= 0 (Ay) ~ D)7 > Dy

20



e broader picture — ,
LR
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wu/ith and helght of the tunneling peak
7=
dominant source of dlSSlpatlon vortices, leads, ... 7

chﬂ'qu (\/ O) peo.k evon for B“#O ? -!_!::l

quantum gauge glass phy5|cs ng— << £ 22Ty
*D\sorder
implications for tunneling and phason dynamics Grae

(Scc (tc{ur¢3 LaTl on /omnc/ edastic mca'lq) D glass / PM
crossover to hydrodynamics FM T

=
generation of the effective dissipative y0;¢ dynamics at™

long scales ¥ (A)

14

TS e

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

spontaneous interlayer phase coherence in
the absence of Agy
pseudo-spin superfluid QH insulator?

Josephson Junctlon geometry

Ty = Ty Sinldods)  Jmrmss
"j_gat; . eV / ¢"»L/ i
£ N

’
’
!
L

phase transitions out of the pseudo-FM and relation to

decoupled HLR and other QH states? See. J. Scklumnn Jeﬁ
Condmaf/ooocao?
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e decay of persistent staggered currents via
phase slips (with J. Kyriakidis, condmat/0010329)

(0..'_3;\)/; = J_shwrd ﬁlo V¢

'__—72 ){(‘a/\ ((!f;"

R T. V—‘-r

LI

e quantum interlayer charglng transntlon
(cond- mat/0104128) H ﬂm +£_[V¢I ACOS_(Q 5)

d « 8 C\\arsu\a. Qxckomat ‘(’-w‘s‘ls +he Pmsejé

,.C,.° mpetition of 2
EXCfnanﬁQ

A2



