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I - Casimir-Polder effect and Quantum Reflection

II - A brief  review of  graphene and graphene-family materials
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I - Casimir-Polder effect and Quantum Reflection

(Hendrik Casimir)
Proc. K. Ned. Akad. 

Wet. 51, 793 (1948).

The attraction between two

metals plates is related to zero-

point energy fluctuations of the

quantized electromagnetic field.
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Casimir formula for attraction

(perfect metal plates): 𝑃𝐶𝑎𝑠𝑖𝑚𝑖𝑟 = −ℏ𝑐
𝜋2

240

1

𝑑4
= −0,013

1

𝑑4
dyne/𝑐𝑚2

1 dyne=10−5 Newtons

signal“−” for attraction



I - Casimir-Polder effect and Quantum Reflection

Experimental demonstration of  Casimir force on long-distance 

regime (1997) by S. K. Lamoreaux.

S. K. Lamoreaux



I - Casimir-Polder effect and Quantum Reflection

- Casimir effect: interaction between

neutral (but polarizable) macroscopic

bodies mediated by vacuum

fluctuations.

-Usually, it is an attractive interaction.

Ex: Nature volume 457, pages170–173 (2009)

-In some particular situations, the Casimir

interaction can be repulsive.



Technological application: NEMs and MEMs (Nano/Micro electro mechanical machines) 

-Casimir (dispersive) forces are dominant at 

microscale and nanoscale. 

R. S. Decca, et al. Phys. Rev. D 68, 116003 (2011).

I - Casimir-Polder effect and Quantum Reflection

-These forces are important in understanding 

the operation of  NEMs and MEMs.



I - Casimir-Polder effect and Quantum Reflection

- Casimir-Polder interaction: Interaction

between a microscopic particle (atom) and a

macroscopic body (neutral planar surface)

mediated by vacuum fluctuations.

Lifshitz formula for planar geometry [JETP 2, 73 (1956)]: 

: “TE Fresnel coeficiente”

: “TM Fresnel coeficiente”

“optical polarizability of  the particle”

Lorentz Model:



I - Casimir-Polder effect and Quantum Reflection

Example:  Casimir-Polder energy between He atom 

and a gold plate. 

V. Bezerra, et. al. Phys. Rev. A 78, 042901 (2001).

The Casimir-Polder interaction

between an atom and a

translational invariant surface is

attractive:

𝑈(𝑧) < 0



I - Casimir-Polder effect and Quantum Reflection

Quantum Reflection (QR) is the reflection of  a quantum particle by an attractive potential. 

Ex: The reflection of  a low-energetic atom by the attractive Casimir-Polder potential U(z).

Applications of  QR:

1- “Atom-optics” Ex: (i) atomic mirrors, (ii) wave 

matter diffraction gratings, (iii) atomic traps, etc…
See: “Optics and interferometry with atoms and molecules”, Rev. 

Mod. Phys. 81, 1051 (2009).

2- Action of  gravity field in antimatter 

(GBAR experiment - CERN):
See: “The GBAR antimatter gravity experiment”, Hyperfine

Interact. 233, 21 (2015).



I - Casimir-Polder effect and Quantum Reflection

Wave equation of  incident particle with energy (𝐸):

QR Probability!

Atom-Surface (CP) interaction: Lifshitz formulaFor details: M. Silvestre et. al., Phys. Rev. A 100, 033605 (2019)

P. P. Abrantes et. al., Phys. Rev. B 104, 075409 (2021)

Assuming a WKB-like wave-function



I - Casimir-Polder effect and Quantum Reflection

Classical Regime

(Particle)
Quantum Regime

(Wave)

Transient Regime

(Wave + Particle)

Energy of  incident particle

Typical curve of  QR probability as a function of  the energy of  the incident atom



I - Casimir-Polder effect and Quantum Reflection

- The surface may be a 2D material !

- If  we know the Fresnel coefficients of  the 

material 𝑟𝑠,𝑠 and 𝑟𝑝,𝑝 we can compute the 

CP interaction and the QR probability.

Where: 

- The Fresnel coefficients of  a 2D material 

can be straightforwardly computed: 
2D - Material

𝜎𝑥𝑥(𝑖𝜉)

𝜎𝑥𝑦(𝑖𝜉)
Longitudinal Conductivity 

Hall Conductivity

2D - Material

Fresnel coefficients



I - Casimir-Polder effect and Quantum Reflection

- In 2D materials, the electronic structure is 

highly tunable by external agents: Electric 

field, Magnetic Field, Strain, Stacking, etc.

-The modifications of  electronic structure 

translate into a modification of  optical 

conductivities 𝜎𝑥𝑥(𝑖𝜉) and 𝜎𝑥𝑦(𝑖𝜉). 

𝐸𝑧
𝐵𝑧
Λ
...

Affect Affect Affect Affect

(External 

Parameter)
(Optical 

Conductivities)

(Fresnel 

Coefficients)
(Casimir-Polder 

Interaction)

(Quantum 

Reflection 

Probability)

In 2D-Materials:

2D - Material



II - A brief  review of  graphene and graphene-family materials

Graphene (Highly tunable 

electronic structure): 
Near the valleys, we can model graphene using the Dirac model.

𝐻𝑔 = ℏ𝑣𝑓 𝜂𝜏𝑥𝑘𝑥 + 𝜏𝑦𝑘𝑦
Two “problems” of  graphene:

1  - Small spin-orbit coupling (~𝜇eV) No topological phase transitions

2 - Flat material
Does not respond to the external electric fields.

(No controllable band-gap.)



II - A brief  review of  graphene and graphene-family materials

P. P. Abrantes et al., 

PRB 104, 075409 (2021).

2 - The buckled lattice (ℓ) of  graphene-family materials makes 

that it respond to perpendicular electric fields: 

3 – We may also expose graphene family material to a 

circular polarized optical field (Λ): 

𝐻𝐺𝐹 = ℏ𝑣𝑓 𝜂𝜏𝑥𝑘𝑥 + 𝜏𝑦𝑘𝑦 + 
1

2
𝜂s𝜆𝑆𝑂 −

1

2
𝑒ℓ𝐸𝑧 −

1

2
𝜂Λ

1 - The graphene Family materials have a high intrinsic spin-

orbit coupling (𝜆𝑆𝑂): 

Graphene Family Materials

2.ℓ

Hamiltonian of  Graphene Family Materials



II - A brief  review of  graphene and graphene-family materials

𝐻𝐺𝐹 = ℏ𝑣𝑓 𝜂𝜏𝑥𝑘𝑥 + 𝜏𝑦𝑘𝑦 + 
1

2
𝜂s𝜆𝑆𝑂 −

1

2
𝑒ℓ𝐸𝑧 −

1

2
𝜂Λ

Electronic Spectra - Path I: Λ = 0

I

graphene-family low-energy Hamiltonian

P. P. Abrantes et al., PRB 

104, 075409 (2021).

Topological Phase Diagram



III - Casimir-Polder and Quantum Reflection in 2D-Materials

General Idea:

𝐸𝑧
𝐵𝑧
Λ
...

Affect Affect Affect Affect

(External 

Parameter)
(Optical 

Conductivities)

(Fresnel 

Coefficients)
(Casimir-Polder 

Interaction)

(Quantum 

Reflection 

Probability)

All details:

P. P. Abrantes et al., PRB 104, 075409 (2021).

M. Silvestre et al., PRA 100, 033605 (2019).

T. Cysne et al., PRA 90, 052511 (2014).

In this presentation



III - Casimir-Polder and Quantum Reflection in 2D-Materials

(Quantum Reflection of  atoms 

by graphene Family materials)

(Topological Phase diagram of  Graphene Family materials)
P. P. Abrantes et al., PRB 104, 

075409 (2021).

I

II

III

IV

V



III - Casimir-Polder and Quantum Reflection in 2D-Materials

(Atom: Rb / 2D Material: Stanene/ Neutrality 𝜇 = 0/ Path I: 𝜦 = 𝟎 )P. P. Abrantes et al., PRB 104, 075409 

(2021).

I- [ QSHI ] I - [ BI ]

I

II

III

IV

V

I- [ QSHI ]

I- [ BI ]

𝐸∗ = 10−4neV

𝐸∗ = 10−4neV



III - Casimir-Polder and Quantum Reflection in 2D-Materials

P. P. Abrantes et al., PRB 104, 075409 

(2021).

I

II

III

IV

V

(Atom: Rb / 2D Material: Stanene/ Neutrality 𝜇 = 0)

𝑬∗ = 𝟏𝟎−𝟒neV



III - Casimir-Polder and Quantum Reflection in 2D-Materials

P. P. Abrantes et al., PRB 104, 075409 

(2021).

I

II

III

IV

V

(Atom: Rb / 2D Material: Stanene/ Neutrality 𝜇 = 0)

𝑬∗ = 𝟏𝟎−𝟒neV

Electronic 

Spectra

Path I: Λ = 0



III - Casimir-Polder and Quantum Reflection in 2D-Materials

T. Cysne et al., PRA 90, 052511 (2014).

M. Silvestre et al., PRA 100, 033605 (2019).

- Graphene has no spin-orbit coupling (𝜆𝑆𝑂~0) 

and is flat (ℓ = 0).

- There are no topological phase transitions and, 

the material does not respond to the external 

electric fields (𝐸𝑧).

(Atom: Rb / 2D Material: Graphene/ elec. doped 𝜇 = 𝜇𝑐)

The magnetic 

field (𝐵𝑧)

generates a 

Landau 

quantization of  

electronic levels 

in graphene.

- On the other hand, graphene responds to 

external magnetic fields (𝐵𝑧).



IV - Main conclusions of  the presentation

A. The high tunable electronic structure of  2D materials can be explored to control quantum vacuum 

fluctuations effects (Casimir/Casimir-Polder/ quantum reflection).

B. Our theoretical results can be used to design novel nano/micro-mechanical devices and atom-optical 

systems based on two-dimensional materials. 



Thank you for your attention!

e-mail: (ppabrantes91@gmail.com)

e-mail: (tarik.cysne@gmail.com)


