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van der Waals (vdW) interactions
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S. Zhang et al., Angew. Chem. 128 1698 (2016)



Electron mobility Low thermal Tunable
4.4 weaker conductivity 2 band gap °

1G. Long, Nano Lett., 16 (12) 7768 (2016) / 2R. Fei, Nano Lett., 14 6393 (2014) /
3V. Tran, Phys. Rev. B: Condens. Matter. Mater. Phys., 89 235319 (2014)
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H. Sun, Phys. Lett.A, 380 2098 (2016) Y. Aierken, Phys. Rev. B, 92 081408 (2015)

Not observed experimentally! °



Blue Phosphorus
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Au(111)

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

~(>-3D —O—dispersed —{1—zigzag chain —(O— black-P
~/\—ring-based 1D chain  =%g—multiring 2D island BAs BP Cu Au GaN

ay (A) 341 322 256 295 325

BlackP 5, (%) 435 -1.65 -1.78 =225 —0.60
5, (%) 307 -286 342 299 —182

Eypp (€V) 042 056 069 076 071

Eyrs V) 020 027 037 033 042

Eppr (€V) 018 029 030 031 041

BlueP S5 (%) 370 =227 223 175 =122

Epmp V) 049 058 08 088  0.88
e Eyqs €V) 023 032 053 037 049
02 4 6w 1012 1 16 1820 22 Eypre (€V) 020 031 044 033 045
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N. Hang, J. Phys. Chem., 121 (33) 17893 (2017) J. Zeng, Phys. Rev. Lett., 118 046101 (2017)

bP is more stable than BP on different substrates ;




- Qqestiéns ,f

"% 7% | > Isitreasonable to neglect vdW interactions?

» Why is bP more stable than BP?

> |s it always the case at high temperature?




» Methods:

Helmholtz free energy w/ & w/o anharmonic effects

» Comparison between single-layers of BP & bP:

Structural & energetic properties w/ & w/o vdW interactions

» Comparison between BP & bP on Au(111):

Vibrational properties including interface interactions

» Conclusions & Outlook



Helmholtz Free Energy

ho

F(a,b,T)= E(a,b)+ 2 Do kTS In| 1 exp| -t
GeBZ,j qeBZ,j kBT
Ground  Zero-point Vibrational
energy energy energy

V

Thermal expansion Phonon-Phonon
coupling 9

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



Anharmonic Effect -

y=v +2 2 Y ol (El’.’Rn
iRy OOl

—_—

)ua (Rl)mua (Rn)

Interatomic force

constants

Potential Energy

1 v 1 f

— - Harmonic Potential !
— Anhammonic Potential | ;s

Displacement

—
N\ /
A
—
Z \
A

n =4 phonon process

10



A A
g
g |\ T=400K
— LA T=360K
-}
S T=300K
> 5o .
B 2 T=260K
Q PN
2e xs =
§ T=200K
‘_é’ T=150K
o
Z _ T=100K
A’ i
g ' T=50K
A T=4K
L) l L) I Ll
350 400 450 500

Raman Shift (cm™)

Frequency downshifts with increased temperature
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A. Lapinska, J. Phys. Chem. C, (9), 5265 (2016)



> Ab initio molecular dynamics simulations (60 ps):*
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K. Wendler, J. Chem. Theory Comput., 8 (5), 1570 (2012)
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Frequency (cm™)

Balkanski's model: @(7) =+ A[l +

345 : - - - . -f

0 100 200 300
Temperature (K)

+ B| 1+
e —1

x=ho [2kT, y= hw0/3kB7_"

M. Balkanski, Phys. Rev. B, 28 (4), 1928 (1983)
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Mode A (cm?) B (cm™)

Theo. / Exp.t Theo. / Exp.t
Alg -0.85/-0.81£0.20 -0.10/-0.18 £ 0.03
B,g -2.73/-4.21£0.40 0.04 /-0.06 £ 0.02
AZg -1.08 /-3.26 £ 0.28 -0.48 /-0.28 £ 0.05

A & B: qualitative agreement with experiment
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TA. Lapinska, J. Phys. Chem. C, 120 (9), 5265 (2016)
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AF _=F (harmonic) -F. (anharmonic, 300 K) =~ 0.02 eV

vib,I" vib,I" vib,

Anharmonic interactions in graphite and diamond:
neglect up to 1000 K
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N. Mounet, Phys. Rev. B, 71, 205214 (2005)



- Harmonic Effect
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Dynamical matrix (DM)

Obtain DM.: finite-displacement & supercell methods
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Lattice Parameter of SL Black P (A)
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Lattice Parameter of SL Blue P (A)

Lattice Parameter of SL Black P (A)
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Lattice Parameter of SL Blue P (A)



mperature Dependent Free Energy
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Not observed experimentally
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™ Energy Barrler Between BP.and bP _

Path-1: Bond Breaking

Q Q Q Q Q Q ‘

Path-2: Bond Rotating
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Energy barrier is 10% higher including vdW interactions
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bP’s structure: distorted
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bP’s structure: distorted

J. L. Zang, Nano Lett., 16, 4903 (2016)
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E =-560eV/Atom >  E =-5.66cV/Atom
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Include the interface interactions
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Reduce the size of the system

26




Frequency (cm

Phonon modes: continuous surface in interaction
with a substrate
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Free Energy/Atom (eV)
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Modified structure

> |s it always the case at high temperature?
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Emergence of modes
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