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Research Center Jülich and Samara State Technical University

Introduction

Fluctuations produce forces

Casimir forces between graphene sheets

Casimir friction

Using graphene to detect Casimir friction

Radiative heat transfer in grapheme systems

Conclusion
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Fluctuations produce forces

H.Casimir 1948
E.Lifshitz 1954
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Rytov’s theory
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Application of Rytov’s theory

Lifshitz E.M. Theory of the Casimir-Lifshitz interaction
1955

Polder D. and Van Hove M. Theory of the radiative heat
transfer 1971

Volokitin A.I. and Persson B.N.J. Theory of the Casimir
friction 1998, 2008 .
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Temperature Effect

Quantum fluctuations dominate for d < λT = c~/kBT
Thermal fluctuations dominate for d > λT = c~/kBT
Sushkov A.O. et al 2011
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Doppler Effect

J.Pendry 1997
A.I.Volokitin and B.N.J.Persson 2008
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Casimir force between moving bodies

A.I.Volokitin and B.N.J.Persson 2008, 2013
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The rise of graphene

Quantum fluctuations dominate for d < ζT = vF~/kBT
Thermal fluctuations dominate for d > ζT = vF~/kBT

Drift velocity vD ≈ 106m/s
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Casimir force between graphene sheets
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Resonant photon tunneling enhancement

v > 2vF ≈ 2 · 106m/s
A.I.Volokitin and B.N.J.Persson 2013
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Casimir friction

A.I.Volokitin and B.N.J.Persson 2008, 2011
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Resonant photon tunneling

v

ω+q   vx ω-q   vx

Thermal fluctuations dominate at v < vT = kBTd/~
Quantum fluctuations dominate at v > vT = kBTd/~
(a) vqx = ω1 + ω2

(b) vqx = ω1 − ω2
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Quantum friction

grapheneelectrode

SiO2
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Current density-electric field dependence

in graphene on SiO2
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Fx(Td, Tg, v)v = Sz(Td, Tg, v) + αphon(Tg − Td)

vsat ∼ ωph/kF ∼ 106m/s

Jsat = ensvsat ∼ 1mA/µm
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Two ways to study Casimir friction
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Left:a metallic block is sliding relative to the metallic
substrate with velocity v.
Right: A drift motion of t he free carries of charge (electrons
or ions) is induced in the upper medium.

– p. 14



Frictional Drag in 2D-systems
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Theory. M. B. Pogrebenskii 1977, P. J. Price 1983
Experiment - Quantum wells T. J. Gramila et.al 1991, U.
Sivan et.al 1992
Experiment - Graphene Sheets S. Kim et.al 2012, R.V.
Gorbachev et.al 2012
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Frictional Drag between Graphene Sheets
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Frictional Drag between Graphene Sheets

High Velocities
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Radiative Heat Transfer.

d ≫ λT = c~/kBT

S =
π2k4B
60~3c2
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,

Theory. D.Polder and M. Van Hove 1971
Experiment. Rousseau E. et al 2009; Shen S. et al 2009

– p. 18



Radiative heat transfer between moving bodies

A.I.Volokitin and B.N.J.Persson 2008, 2011
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Friction generates Heat Transfer

Fx(Td, Tg, v)v = Sz(Td, Tg, v) + αphon(Tg − Td)
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Phononic and Radiative Heat Transfer

0.10 0.2 0.3 0.4 0.5 0.6
1

1.1

1.2

1.3

1.4

Td = 150 K

300 K

450 K

(a)

α/
α

ph

E (V/µm)E (V/µm)

Td = 450 K

300 K

150 K

0 0.1 0.2 0.3 0.4 0.5 0.6
0

2

4

6

8

10

(b)

T
g 

- 
T

d 
(K

)
n = 1016m−2, d = 0.35nm, αph = 1.0× 108W m−2K−1

α =
Sz(Td, Tg) + αph∆T

∆T
≈

(αph + S′

z0)Ft0v − Sz0F
′

t0v

Ft0v − Sz0

– p. 21



Quantum and Thermal Energy Transfer
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Radiative Energy Transfer
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Dependence of Heat Flux on Electric Field

0 40 80 120 160
0

40

80

120

160

Td = 150 K

300 K

400 K

(c)

Td = 150 K
300 K

450 K

0 40 80 120 160
0

200

400

600

800

1000

(d)

T
g 

- 
T

d 
(K

)

E (kV/m) E (kV/m)

S
z 
(M

W
/m

2 
)

d = 1nm

– p. 24



Conclusion

Electric current in graphene sheet can produce
measurable change of Casimir force between graphene
sheets

The thermal Casimir force as well as the Casimir friction
are strongly enhanced in the case of resonant photon
tunneling

Casimir friction and its limiting case - quantum friction
can be studied in frictional drag experiment between
grapheme sheets and by measuring electric
current-electric field dependence for graphene
field-effect transistor

Quantum fluctuations can generates radiative energy
transfer comparable with radiative heat transfer due to
thermal fluctuations
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Thank you for your attention!
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