
Imaging work and dissipation
in quantum Hall state in graphene 

Eli Zeldov − Weizmann Institute of Science

http://www.google.co.il/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.bsf.org.il/bsfpublic/ViewAnnounement.aspx?PageId%3D8&ei=gTZDVdbsGIX_Uor_gJAN&bvm=bv.92189499,d.d2s&psig=AFQjCNFSJ3-x9kwvZOLGEqn-WrDS6pqFBw&ust=1430554464213315
https://www.google.co.il/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=https://tuebingen.mpg.de/en/jobs-career.html&ei=rjdDVYqGG8n1ULbEgagO&bvm=bv.92189499,d.d2s&psig=AFQjCNF4NKRSemhra0MkVn7Ncj2D48becw&ust=1430554923095798


SQUID on tip

SQUID loop

superconducting
lead

superconducting
lead

Al, Nb, Pb, In, Sn

∅ 30 - 400nm

D. Vasyukov et al., Nature Nanotech. 8, 639 (2013)

Flux noise: 𝑆𝑆Φ = 50 nΦ0/Hz1/2

Spin noise: 𝑆𝑆𝑛𝑛 = 0.38 µB/Hz1/2

Loop diameter < 40 nm
Operating field > 1 T 
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Dissipation in hBN encapsulated graphene
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Dissipation from a single atomic defect in graphene



Dissipation in graphene – evolution of ringsDissipation from a single atomic defect in graphene
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Vacancies and adatoms form localized 
states near Dirac point in graphene 
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Resonant inelastic scattering by a single localized state



Spectroscopy of bulk defects
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Resonant inelastic scattering 

Hydrogen adatom



Spectroscopy of edge defects
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Dissipation in the quantum Hall state

II. Plateau transition
Dissipation in the bulk

III. Topological state is robust
against local perturbations

I. QH plateau 
Chiral edge channels carrying 
current with no dissipation. 
Dissipation only at contacts.

Guiding principles of idealized QH
QH in graphene    B = 1 T    T = 4 K
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Guiding principles of idealized QH
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Dissipation in the quantum Hall state

Vtg

tSOT hBN/Gr/hBN

SiO2

Si
Vbg

Bz = 1 TIdc

Idc

T = 4.2 K



Idc

2 μm 

×

×

×

Tac [μK]

-40

40

ν ∼ -10

ν ∼ -1.5

Guiding principles of idealized QH

II. Plateau transition
Dissipation in the bulk

I. QH plateau 
Chiral edge channels carrying 
current with no dissipation. 
Dissipation only at contacts.

III. Topological state is robust
against local perturbations

R2p [kΩ]

26

30

Dissipation in the quantum Hall state



Idc

2 μm 

Tac [μK]

-40

40

ν ∼ -10

ν ∼ -1.5

R2p [kΩ]

26

30
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R2p [kΩ] 24.9 25.3Tdc [μK] 400 700

ν ∼ -1.9
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Work and dissipation
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Work and dissipation
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Edge reconstruction and separation of work and dissipation
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Summary

Nanoscale thermal 
imaging of quantum 
systems with 
sub 1 µK sensitivity

Dissipation dominated 
by edge detects in 
graphene

Spectroscopy of edge 
states in graphene

Detection of phonon 
emission from a 
single atomic defect

Inelastic electron 
scattering by a 
resonant localized 
state
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Independent 
imaging of work and 
dissipation
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