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Electrons transport across an elementary channel : charge and heat
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Heat Coulomb Blockade
What are the rules of thermal conductance composition in quantum circuits ?

Thermal conduction: 𝐺𝑡ℎ 𝒏, 𝑇Ω, 𝑇0 ?

TW

T0

𝒏 parallel ballistic modes :

𝐺𝑡ℎ 𝒏, 𝑇Ω, 𝑇0 ≠ 𝒏 𝐺𝑄(𝑇Ω, 𝑇0)Coulomb interactions

Electrical conduction: 𝐺𝑒 𝒏 = 𝒏 𝐺𝐾



Infering electronic thermal conductance
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Heat balance :

Infering electronic thermal conductance

How to focus on the electronic heat flow ?

𝐽 = 𝐽el 𝒏, 𝑇Ω, 𝑇0 + 𝐽e−ph 𝑇Ω, 𝑇0
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𝐽𝑒−𝑝ℎ 𝑇Ω, 𝑇0 = ΣΩ 𝑇Ω
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𝐽el 𝟏, 𝑇Ω, 𝑇0 =
𝜋2𝑘𝐵
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Extracting the electronic heat flow

b ~ 4 to 6, ΣΩ ~ 5 × 10−8 W.K-b
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Heat balance :
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Extracting the electronic heat flow

Reduce 𝑇0
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b ~ 4 to 6, ΣΩ ~ 5 × 10−8 W.K-b



Experimental implementationExperimental implementation
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𝐽 =
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Quantum point contacts

Fine control of the 
number of electronic
quantum channels

Experimental implementationExperimental implementation

𝑉𝐷𝐶

Joule power :

𝐽 =
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2𝑅sample



Van Wees et al., PRL (1988)

Warrham et al., Solid State Phys. (1988)

𝜀𝐶𝐵

𝜀𝐹

2D electron gas (Ulf Gennser, 
Antonella Cavanna , Abdelkarim
Ouerghi = C2N growers)

Electronic channels revealed by QPC

2DEG :
𝑛 = 2.5 × 1015/m2

𝜇 = 55 m2/𝑉. 𝑠
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ν = 2
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Quantum point contacts

𝑉𝐷𝐶

Joule power :

𝐽 =
𝑉𝐷𝐶

2

2𝑅sample

Na Nb

Nc

Experimental implementation

Na TW
T0

T0

T0

Nb

Nc

𝒏= Na+Nb+Nc



Temperature extraction

𝑇Ω?

Joule power :

𝐽 =
𝑉𝐷𝐶

2

2𝑅sample 0.2 nV/ Hz
with low current noise

HEMT
(Yong Jin, C2N) 

Cryogenic amplifiers

Ask for datasheet if 
interested

𝑉𝐷𝐶

Δ𝑆𝐼 =
2𝑘𝐵 𝑇Ω − 𝑇0

𝑅sample

Noise thermometry:

Excess current noise:
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Noise measurement

𝑇Ω = 𝑇0 +
𝑅sample

2𝑘𝐵
Δ𝑆𝐼

𝐽 =
𝑉dc

2

2𝑅sample

Convert to :

𝒏

𝑉𝐷𝐶

Δ
𝑆 𝐼

(1
0

-2
9

A
2
/H

z)

𝒏= Na+Nb+Nc



0 10 20 30
0

20

40

60

80

         

 2

 3

 4

 5

𝑇Ω−𝐽 characteristic

𝒏

𝐽(fW)

𝑇 Ω
(m

K
)

𝑇0

𝑇0= 8 mK



0 10 20 30
0

20

40

60

80

         

 2

 3

 4

 5

𝑇Ω−𝐽 characteristic
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𝐽 ≅ 𝐽el 𝒏, 𝑇Ω, 𝑇0
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Electronic heat flow at  TW< 25 mK

0 200 400

0.0

0.2

0.4

0.6

0.8

1.0

 2

 

 

 
𝐽
≅
𝐽e
l
𝒏
,𝑇
Ω
,𝑇
0

(f
W

)

𝑇Ω
2 − 𝑇0

2 (mK2)

𝒏

Predictions for n
independent channels 𝐽 = 𝒏 𝐽𝑄 = 𝒏

𝜋2𝑘𝐵
2

6ℎ
𝑇Ω

2 − 𝑇0
2

𝑇0= 8 mK



0 200 400

0.0

0.2

0.4

0.6

0.8

1.0

 

 

 

 2

𝐽
≅
𝐽e
l
𝒏
,𝑇
Ω
,𝑇
0

(f
W

)

𝑇Ω
2 − 𝑇0

2 (mK2)

𝒏

Predictions for n
independent channels

Electronic heat flow at  TW< 25 mK

2 𝐽𝑄

𝐽𝑄

𝐽 = 𝒏 𝐽𝑄 = 𝒏
𝜋2𝑘𝐵

2

6ℎ
𝑇Ω

2 − 𝑇0
2

𝑇0= 8 mK



0 200 400

0.0

0.2

0.4

0.6

0.8

1.0

 

 

 

 2

 3

𝐽
≅
𝐽e
l
𝒏
,𝑇
Ω
,𝑇
0

(f
W

)

𝑇Ω
2 − 𝑇0

2 (mK2)

𝒏

Predictions for n
independent channels

Electronic heat flow at  TW< 25 mK

2 𝐽𝑄

𝐽𝑄

𝐽 = 𝒏 𝐽𝑄 = 𝒏
𝜋2𝑘𝐵

2

6ℎ
𝑇Ω

2 − 𝑇0
2

𝑇0= 8 mK



0 200 400

0.0

0.2

0.4

0.6

0.8

1.0

 

 

 

 2

 3

 4

 5

𝐽
≅
𝐽e
l
𝒏
,𝑇
Ω
,𝑇
0

(f
W

)

𝑇Ω
2 − 𝑇0

2 (mK2)

𝒏

𝐽𝑒𝑙 = (𝒏 − 𝟏)
𝜋2𝑘𝐵

2

6ℎ
𝑇Ω

2 − 𝑇0
2

The n channels are not 

independent !2 𝐽𝑄
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Heat Blockade
Gth=

d𝐽𝑒𝑙

d(𝑇Ω−𝑇0)
= (𝒏 − 1)GQ ≠ 𝒏 GQ

TW

J

T0

Principle

VI

TW
T0

T0

J=IV/2
Implementation

𝒏

Electronic heat transfer = Propagation of current fluctuations 
d I

0



Heat Blockade

= Floating node
no charge 
accumulation (if C=0)

 Correlations between the n channels for heat transfer

TW

J

T0

Principle

VI

TW
T0

T0

J=IV/2
Implementation

Only neutral
excitations are 
allowed

e.g.

𝒏

Electronic heat transfer = Propagation of current fluctuations 
d I

0

Gth=
d𝐽𝑒𝑙

d(𝑇Ω−𝑇0)
= (𝒏 − 1)GQ ≠ 𝒏 GQ



Heat Blockade
Floating node => Correlations between the n modes

Ψ1

Ψ2

Ψ3

Ψ𝑛

New basis
(Ψ1+Ψ2 +Ψ3 +⋯+Ψ𝑛)

(Ψ1−Ψ2)

(Ψ1−Ψ3)

(Ψ1−Ψ𝑛)

One forbidden
« charge » mode

(n-1) independent « neutral » 
modes

Gth= (𝒏 − 1) GQ



Heat Blockade
Floating node => Correlations between the n modes
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n = 3
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New basis
(Ψ1+Ψ2 +Ψ3 +⋯+Ψ𝑛)

(Ψ1−Ψ2)

(Ψ1−Ψ3)

(Ψ1−Ψ𝑛)

One forbidden
« charge » mode

(n-1) independent « neutral » 
modes

Gth= (𝒏 − 1) GQ



Violation of Wiedemann Franz law

Gth=
d𝐽𝑒𝑙

d(𝑇Ω−𝑇0)
= (𝒏 − 1)GQ

n channels of heat conductances GQ  n independent modes for heat transfer

TW
T0

T0

J

n channels of charge conductances GK = n independent modes for charge transfer

VI

GK
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Ballistic channels Fano = 0

no charge Dyanmical Coulomb Blockade



Heat « Coulomb » Blockade
T fluctuations 

upper frequency

kBTW / h

TW
T0

T0

J

C

Capacitive cut-off 
frequency

1/2pRC=nGK/2pC

kBTW / h << nGK / 2pC

(Ψ1+Ψ2 +Ψ3 +⋯+Ψ𝑛)

(Ψ1−Ψ2)

(Ψ1−Ψ3)

(Ψ1−Ψ𝑛)

C

Gth= (𝒏 − 1)GQ

𝒏 − 𝟏 modes



Heat « Coulomb » Blockade
T fluctuations 

upper frequency

kBTW / h

Capacitive cut-off 
frequency

1/2pRC=nGK/2pC

kBTW / h << nGK / 2pC

(Ψ1+Ψ2 +Ψ3 +⋯+Ψ𝑛)
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(Ψ1−Ψ3)
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𝒏 − 𝟏 modes

kBTW / h >> nGK / 2pC
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(Ψ1−Ψ3)

(Ψ1−Ψ𝑛)

C

Gth= 𝒏 GQ

𝒏 modes

(Ψ1+Ψ2 +Ψ3 +⋯+Ψ𝑛)

0.01 0.1 1 10

1

2

3

4

5

𝑇Ω(K)

𝐽e
l (
𝒏
)/
𝐽 𝑄

𝒏 =2

𝒏 =3

𝒏 =4

𝒏 =5

A. Slobodeniuk, I. Levkivskyi & E. Sukhorukov, 
Phys. Rev. B 88, 165307 (2013)
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𝐽(𝒏) = 𝐽el 𝒏, 𝑇Ω, 𝑇0 + 𝐽e−ph 𝑇Ω, 𝑇0

Experiment:

Non negligeable when TW > 25 mK

Theory: 𝐽el 𝒏, 𝑇Ω, 𝑇0

A. Slobodeniuk, I. Levkivskyi & E. Sukhorukov, Phys. Rev. B 88, 165307 (2013)
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Heat Coulomb Blockade: data vs theory

𝐸𝐶=300 mK



Heat Coulomb Blockade: data vs theory
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Focus on the electronic heat flow : J(2)-J(nref=4)



Focus on the electronic heat flow
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Conclusion and perspectives
Heat Coulomb blockade without charge Coulomb blockade :
New quantum rules checked

Heat Coulomb blockade for non ballistic channels ?

Quantum coherence and correlations ?
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