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Excitations

water

Barolo 1997
Superfluid Helium



Quantum liquids
Superfluid 4He

studied

by neutron scattering

M.B. Stone, et al., Nature 440, 187 (2006)
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Resonant inelastic light scattering
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Collective excitations probed by resonant inelastic light
scattering
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Collective spin excitations
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C. Kallin and B.I. Halperin,
Phys. Rev. B 30, 5655 (1984)
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# = #CF/(2#CF± 1)

CF’s experience effective magnetic field 

B* = B-B1/2

Electron Fermi sea Composite fermion Fermi sea

Composite fermion quasiparticles



EZSW

Electrons at #=1/2

I. Dujovne et al. PRL 95, 056808 (2005)

Composite fermion spin excitations
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CFs at #CF=!



Quantum Hall fluids in bilayers at #T=1
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A multicomponent quantum Hall fluid



Instabilities in quantum Hall ferromagnets
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G. S. Boebinger et al., Phys. Rev. Lett. 64, 1793 (1990)
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Seminal magneto-transport signatures
phase boundary



Interlayer-correlated excitonic phase and
superfluid-like behavior in counterflow current

M. Kellogg et al., PRL (2004)

E. Tutuc et al., PRL (2004)

R.D. Wiersma et al., PRL (2004) 
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$SAS >0 S. Luin et al., (2005) 

P. Giudici, et al., Phys. Rev. Lett. (2008)
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B. Karmakar et al., Phys. Rev. Lett. (2009)
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Phase C

Phase I

What is the nature of the incompressible
and compressible phases at finite $SAS?

What is the nature of the QPT?

What about the thermal and filling
factor stabilities of the coherent phase?

What is the high temperature phase?

What is the role of composite fermions
(if any)?

What is the role of spin?

Is there co-existence of phases ?

#T=1
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In-plane magnetic fields to tune the total magnetic
field (i.e. Zeeman gap) and the tunneling gap



$SAS > 0
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J. Hu, A.H. MacDonald, Phys. Rev. B 46, 12554 (1992)
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In-plane magnetic fields reduce $SAS
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Quantum Hall #&=1 bilayers at finite tunneling

SF

SW

We probe emergent phases and phase transition

by measurements of Rayleigh scattering

and SF and SW excitations
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Resonant light scattering in phase I

#T = 1
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Resonant light scattering in phase I
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Excitons in phase I at finite $SAS

ESW = EZ

ESF = EZ + $SAS·<(x>

(ESF-ESW)/$SAS= <(x>
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Mean field theories:   at #=1   <(x> = 1

Order parameter:   <(x> = (nS-nAS)/(nS+nAS)       [(x=2Tx]

Order parameter
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<(x> < 1 nAS > 0

Electron-hole
transformation

The persistence of the QH state suggests that 

electrons and holes are bound

Phase I is an excitonic insulator (QH state)

Correlations --> antisymmetric electrons

<(x> = (nS-nAS)/(nS+nAS) = (nS-nAS)/nT



nAS = nex

Phase I is an excitonic insulator (QH state)

Correlations --> inter-layer excitons

<(x> = (nS-nAS)/(nS+nAS)
= 1-2nex/nT



First-order quantum phase transition between an
excitonic and a CF-metal correlated phases

B. Karmakar et al., PRL (2009)

$c
SAS/Ec = 2.21 x 10-2 ± 10-4

#T = 1



First-order quantum phase transition between an
excitonic and a CF-metal correlated phases

B. Karmakar et al., PRL (2009)

Exciton CF Metal

 

#T = 1



Phase diagram vs filling factor

$#=0.06



(ESF-ESW)/$SAS= <(x>

Reduction of pseudospin polarization with deviation from #T=1



#T

Reduction of pseudospin polarization with deviation from #T=1

In collaboration with R. Cotè, H. Fertig



$SAS = 0 
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nT = 6.9X1010/cm2

Quantum Hall #&=1 bilayers at zero tunneling
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#T = 1

#T = 1.1

#T = 0.9

Spin-flip CF excitations appear as #T deviates from 1

" = 67.5o

Inter-layer coherence ! absence of CF modes

Composite fermions spin-flip excitations

across the Fermi energy
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We see a spin transition at 5T (EZ ! 0.125 meV).

The transition is signaled by the collapse of the

CF spin gap.

#
c
 = EZ/EC ! 0.019 

CF in single layers at "

I. Dujovne et al. PRL (2005)



Further evidence of a spin transition in the T-dependent
behavior of the spin wave
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