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Single-Layer BP and bP 

van der Waals (vdW) interactions 
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Many Allotropes 
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BP bP 
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BP vs Graphene 

Electron mobility  
4.4 weaker 1 

Tunable  
band gap 3 

Low thermal 
conductivity 2 

Stable? 
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Previous Research on Single-Layer 



6	bP is more stable than BP on different substrates 

J. L. Zhang, Nano Lett., 16 4903 (2016) 
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C. Gu,  ACS Nano, 11 4943 (2017) 

Previous Research on Substrates 



Ø  Is it reasonable to neglect vdW interactions? 

 
 
 
Ø Why is bP more stable than BP? 
 
Ø  Is it always the case at high temperature? 
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Ø Methods: 
 

    Helmholtz free energy w/ & w/o anharmonic effects 
 
 

Ø Comparison between single-layers of BP & bP: 
 
     Structural & energetic properties w/ & w/o vdW interactions 
 
 
Ø Comparison between BP & bP on Au(111): 

     Vibrational properties including interface interactions 

 
Ø Conclusions & Outlook 

•  Vibrational Properties: Including Interface Interactions 
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Outline 



C. Sevik, Phys. Rev. B 89 (3) 035422 (2014) 

Ground 
energy 

Zero-point 
energy 

Vibrational 
energy 
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Helmholtz Free Energy 

Thermal expansion Phonon-Phonon 
coupling 
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Anharmonic Effect 

  n > 2

n = 3 phonon process 

n = 4 phonon process 



11	

Anharmonic Effect (Γ point) 
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Frequency downshifts with increased temperature 
A. Łapińska, J. Phys. Chem. C, (9), 5265 (2016) 



300 350 400 450 500
Frequency (cm

-1
)

0

5

10

15

20

25

30

In
te

n
si

ty
 (

a.
u
.)

12	

Anharmonic Effect (Γ point) 

Ø Ab initio molecular dynamics simulations (60 ps):1 
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Anharmonic Effect (Γ point) 
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Anharmonic Effect (Γ point) 
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M. Balkanski, Phys. Rev. B, 28 (4), 1928 (1983) 
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Anharmonic Effect (Γ point) 

Mode A	(cm-1) B	(cm-1) 

Theo.	/	Exp.1 Theo.	/	Exp.1 

A1
g -0.85	/	-0.81	±	0.20 -0.10	/	-0.18	±	0.03 

B2g -2.73	/	-4.21	±	0.40 0.04	/	-0.06	±	0.02 

A2
g -1.08	/	-3.26	±	0.28 -0.48	/	-0.28	±	0.05 

1 A. Lapinska, J. Phys. Chem. C, 120 (9), 5265 (2016)  

A & B: qualitative agreement with experiment 
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From Anharmonic to Harmonic Effect 

 N. Mounet, Phys. Rev. B, 71, 205214 (2005)  

Anharmonic interactions in graphite and diamond: 
neglect up to 1000 K 
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Harmonic Effect 
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Obtain DM: finite-displacement & supercell methods 
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Diagonalized: obtaining eigenvalues and eigenvectors 
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Dynamical Matrix 
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Phonon Dispersion 
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Contraction of BP along zigzag 
direction until 168 K 

Expansion of BP along zigzag 
direction at any temperature 
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Temperature Dependent Lattice Constants 
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Energy Barrier Between BP and bP 



0 1 2 3 4 5 6 7 8 9
Reaction Coordinate

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

E
n

er
g

y
/A

to
m

 (
eV

)

Path-1
Path-2

0.63 eV/Atom 

0.43 eV/Atom 

0 1 2 3 4 5 6 7 8 9
Reaction Coordinate

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

E
n

er
g

y
/A

to
m

 (
eV

)

Path-1
Path-2

0.65 eV/Atom 

0.48 eV/Atom 

10-3 
eV/Atom 

0.02 
eV/Atom 

22	

0 1 2 3 4 5 6 7 8 9
Reaction Coordinate

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

E
n
er

g
y
/A

to
m

 (
eV

)

Path-1
Path-2

0 1 2 3 4 5 6 7 8 9
Reaction Coordinate

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

E
n

er
g

y
/A

to
m

 (
eV

)

Path-1
Path-2
Bond Breaking 
Bond Rotating 

Bond Breaking 
Bond Rotating 

0 1 2 3 4 5 6 7 8 9
Reaction Coordinate

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

E
n
er

g
y
/A

to
m

 (
eV

)

Path-1
Path-2

0 1 2 3 4 5 6 7 8 9
Reaction Coordinate

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

E
n

er
g

y
/A

to
m

 (
eV

)

Path-1
Path-2

Energy barrier is 10% higher including vdW interactions Zi
gz

ag
 

Armchair 

 
!a

 
!
b

 
!a

 
!
b

Nudged Elastic Band (NEB) 

   F
!"

vdW    F
!"

vdW



23	

(a) (b) 

BP and bP Adsorbed on Au(111) 
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(a) (b) 
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Force calculations Phonon calculations 
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Temperature Dependent Free Energy 
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Ø  Is it reasonable to neglect vdW interactions? 
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Conclusions 

No phase transition
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Ø Why is bP more stable than BP? 

Modified structure
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Ø  Is it always the case at high temperature? 

New method
Emergence of modes

No phase 
transition
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