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Single layer FQHE systems 



N=1 Landau level&

N=0 Landau level&
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Even-denominator FQHE   

?@A 
N=1 

N=0 

Willett, et al. 
1987 



Vanishing Rxx and good Hall plateau 

Better sample  !

1989 



Re-entrant integer QHE states 

Integer Hall quantization near 

! – 2 " 2/7, 3/7, 4/7, and 5/7&

New Collective Insulators 2002 
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FIG. 1. Magnetotransport for the lower spin branch of the
second LL at 6.9 mK. We marked the various FQHS we ob-
serve by their LL filling factor and the four reentrant integer
quantum Hall states by RIQHE.

MNCF. In contrast, the gaps of the 2 + 2/5 and that of
the newly observed 2+6/13 FQHS are significantly larger
than the values expected using the MNCF. This discrep-
ancy of the gaps constitutes the first evidence that the
2+2/5 and 2+6/13 FQHS are not similar to their lowest
LL counterparts at 2/5 and 6/13 but they are of exotic,
possibly non-Abelian nature.
We measured a 4×4 mm2 piece of a 30 nm wide

GaAs/AlGaAs quantum well with a density n = 3.0 ×
1011cm−2 and mobility µ = 32 × 106cm2/Vs. In order
to achieve low charge carrier temperature the sample has
been soldered onto eight sintered silver heat exchangers
which were immersed into a liquid He-3 bath [14]. The
temperature of the bath is inferred from the temperature
dependent viscosity of the He-3 which is measured using
a quartz tuning fork viscometer [35].
Figure 1 shows an overview of the longitudinal magne-

toresistance Rxx and Hall resistance Rxy for 2 < ν < 3.
The sharpness of the Rxx peaks reveals the quality of
the prepared state. We observe the prominent FQHS at
ν = 2+1/2, 2+1/3, and 2+2/3. In addition we also see
an extremely well developed 2 + 2/5 state and a less de-
veloped but still strong 2+3/8 FQHS. This is the second
unambigous identification of these latter states [14, 15]
and hence we confirm their existence. Our ability to cool
the sample is evident in the presence of the four fully de-
veloped reentrant integer quantum Hall states (RIQHS)
[17] with wide plateaus [14, 15].
We also observe, for the first time, a new FQHS in the

very narrow field region between the ν = 2 + 1/2 FQHS

and the RIQHS at slightly higher B-fields. This FQHS,
shown in more detail in Fig. 2, is identified from a well
developed narrow minimum in Rxx at ν = 2.463± 0.002
and a plateau in Rxy at h/2.461e2 as determined in ref-
erence to the ν = 5/2 FQHS. The new state is inde-
pendent of the crystallographic direction since its signa-
tures are seen when the current is passed along any of
the four sides of our sample (not shown). We identify
this new state with a FQHS at the closest CF hierarchy
value ν = 2 + 6/13. The newly seen 2 + 6/13 and the
previously reported 2+ 2/5 FQHS are therefore the only
odd denominator states observed in the interesting region
2 + 1/3 < ν < 2 + 2/3 where certain theories predict the
prevalence of generalized Pfaffian-like correlations [25–
29, 31, 32].

Activated transport of the various FQHS is shown in
Fig. 3. The energy gaps∆ extracted from fits of the form
Rxx ∝ exp(−∆/kBT ) are also shown. We find that in our
sample the 2+ 1/3 FQHS has the largest gap among the
FQHS of the second LL and that the gaps of the 2+1/3,
2 + 1/2, 2 + 2/5, and 2 + 3/8 FQHS have reached record
values [14, 15, 34]. The activated magnetoresistance of
the fragile FQHS at ν = 2 + 2/5, 2 + 3/8 and 2 + 6/13
indicates that the electron temperature follows that of
the He-3 bath to the lowest temperatures.
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FIG. 2. A magnified view and the temperature dependence
of Rxx for the fragile FQHS at ν = 2 + 6/13, 2 + 2/5, and
2 + 3/8. The horizontal lines mark the expected quantized
values of Rxy for each FQHS as referenced to that of the
2 + 1/2 FQHS.

Csathy, et al PRL 2010 

Best data yet?  
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5/2 State in tilted fields&

Tilting destroys 5/2 and 7/2 FQHE states and produces strongly anisotropic 
transport. Competing phases must be nearby.!
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Nearly degenerate phases at 5/2&

Wider wells stabilize FQHE at 5/2.  
Narrowing well drives transition to stripe phase. 

Tilting narrows wavefunction? 

cf. Peterson, Jolicoeur, and Das Sarma, 2008 



Transport anisotropy in N # 2 Landau levels&

Evidence for electron 
stripe phases.  

N = 0 & 1 N = 2, 3, ... 
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FQHE stripes 

N=1 LL: Land of many phases! 



400 Å quantum well&

n = 1.6 x 1011 cm-2 

µ = 16 M 

Familiar phenomenology 
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400 Å quantum well&
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5/2 FQHE and RIQHE destroyed 



400 Å quantum well&

 Stripe or Nematic at 5/2 

B|| = 4.4 T at 5/2 !""#$&
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400 Å quantum well&

!""#$&

!""#$&
B

!""#$&

!""#$&

B

!""#$&

!""#$&B

 Re-entrant Isotropic Compressible (RIC) Phase at 5/2! 



B|| = 10.5 T at 5/2 
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 Composite Fermi Sea at 5/2? 

400 Å quantum well&



B|| 

Paired CF 
FQHE 

 CF 
Fermi Liquid 

 Stripes or 
Nematic 

Quantum zoology at ! = 5/2&

What drives these transitions? 



400 Å Quantum Well&
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! = 76°

Looks like the lowest Landau level 
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Landau level mixing&
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Second subband usually ignored. 

Landau level mixing&



Subband – Landau level mixing&

E0 

E1 

400 Å 

$E10 = 6.5 meV 
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Tilting induces SB-LL coupling at the single particle level 
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Test:  Narrower quantum well sample&

E0 

E1 

300 Å 

$E10 = 13.2 meV 

n = 1.6 x 1011 cm-2 

µ = 16 M 

Nearest empty level is N=2 LL in ground subband 
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Dramatic difference between samples&

B|| 
300 Å 400 Å 
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Is well width the key difference?&

300 Å 

$E10 = 11.4 meV 

n = 3.0 x 1011 cm-2 

µ = 30 M 

Higher density: Again the nearest empty level is N=1 LL in 
second subband 
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B|| 

The RIC returns!&

300 Å 300 Å 



Subband-LL alignment is the key to RIC at 5/2&
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What is the nature of the RIC phase?&

B|| >> B% 

RIC 

•  Is it a CF Fermi liquid? 
•  If so, is the Fermi surface elliptical? 
•  Why is the transport so isotropic? 



Robust 7/3 & 8/3 FQHE at high tilt in 400Å sample&



Anisotropic resistivity at 7/3 



Competing orders at ! = 7/3 in 40 nm sample? 



Hall plateau with stripe-like temperature dependence: 
A quantum Hall nematic phase? 

Musaelian & Joynt,  
J. Phys. Cond. Matt. 8, L105 (1996). 
 
 
Mulligan, Nayak, and Kachru 
PRB 82, 085102 (2010).  

Competing orders at ! = 7/3 in 40 nm sample? 



Double layer FQHE systems 
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QHE in double layer 2D systems 
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What’s special about !T = 1 bilayers?   

electrons 

holes 

quasi- 
electrons 

quasi- 
holes 

 
Cooper pair 
condensate $&

semiconductor superconductor 



What’s special about !T = 1 bilayers?   

quasi- 
electrons 

quasi- 
holes 

 
neutral exciton 

condensate $&

ordinary  
QHE 

!T = 1 bilayer 
QHE 

quasi- 
electrons 

quasi- 
holes 



Excitonic Bose condensate 
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Two transport channels 

1. Parallel Transport 

quantized Hall effect 

I1 

I2 

+e/2 

+e/2 
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Two transport channels 

2. Counterflow Transport 

collective exciton transport in condensate  
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Bulk is opaque to charge transport. 

I = 0 
V 

Quantum Hall systems are topological insulators 



Bilayer Corbino geometry 
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QHE suppresses parallel charge transport across the bulk 
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No surprise here. 
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Tunneling configuration 



Tunneling configuration 
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Tunneling intentionally suppressed by tilting. 
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Tunneling vs. Corbino counterflow 

Remote short vastly enhances current. 
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A paradox? 
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Counterflow? 
Measure current  

here! 

A paradox? 
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Measuring the shunt current 

It IS counterflow. 

-1

0

1

C
ur

re
nt

 (n
A

)

-200 0 200
Interlayer Voltage (µV)



The mechanism 

- - - - 
- + 

- 
- + 

- 
- + 
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- 

Excitons are launched and absorbed via Andreev reflection. 
Excitons transport energy but not charge. 

coherent !T = 1 bilayer independent layers 



Inducing exciton transport 
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Ideally, I1 = I2 



Inducing exciton transport 

LC&
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Ideally, I1 = I2 

Su & MacDonald 2008 



Corbino Coulomb drag 

R1 

R2 

V 

Idrive 

Idrag 

cf. Tiemann et al. PRB 2008 



Drag and drive currents equal at small V. 
“Perfect” Coulomb Drag   

Perfect Coulomb drag 

F&G&AN&I+&
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Conclusions 

•  Direct observation of exciton transport across 
insulating bulk of the bilayer !T = 1 QHE state. 

•  Energy transport without charge transport. 

•  “Perfect” Coulomb drag at low T, d/l, and V. 

•  Competing phases at ! = 5/2 in the N=1 Landau level. 

•  Details of quantum confinement can be qualitatively 
important. 

•  Evidence for an anisotropic FQHE state. 

Single layer 2D systems 

Double layer 2D systems 


