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T̂ele +V ( R - r )+V (r)⎡
⎣

⎤
⎦ψ(r;R)= Epot (R)ψ(r;R)

F =Ma = −
∂Epot (R)
∂R

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟
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Ĥ = T̂nuc + T̂ele +V (R)+V ( R− r )+V (r)

= T̂nuc + Epot (R)
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Ĥele = T̂ele +V ( R - r )+V (r)

= −
1
2
∇i
2

i=1

Ne

∑ −
ZI
RI - riI=1

Nn

∑
i=1

Ne

∑ +
1

ri − rjj=i+1

Ne

∑
i=1

Ne

∑

Hartree-Fock 
and 
post H-F 

Hele
DFT[ρ(r)]=Tele[ρ(r)]+Vext[ρ(r)]+VH[ρ(r)]+VXC[ρ(r)]

=Tele[ρ(r)]−
ZIρ(r)
RI − r

d3r∫
I=1

Nn

∑ +
ρ(r)ρ(r')
r - r'

d3rd3r '∫∫ +VXC[ρ(r)]

Density Functional Theory 
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FI
HFT = −∇ I Ψ0 ĤeΨ0

= − ∇ IΨ0 ĤeΨ0 − Ψ0 ∇ I ĤeΨ0 − Ψ0 Ĥe ∇ IΨ0

= − Ψ0 ∇ I ĤeΨ0 − E0 ∇ IΨ0 Ψ0 − E0 Ψ0 ∇ IΨ0

∇† = −∇

= − Ψ0 ∇ I ĤeΨ0

Hellman-Feynman theorem! 
The wave functions here must be the solution of 
stationary Schrödinger equation. 

Problem: must be complete basis, containing infinite number of basis 
functions. Ideal only. 
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∇ Iφi = ∇ Iciυ( ) fυ (r;R)
υ

∑ + ciυ ∇ I fυ (r;R)( )
υ

∑

In practice: using Slater 
determinant, and LCAO. 

Use basis sets: 
Ψ0 =

1
N !
det φi{ }

φi = ciυ fυ (r;R)
υ

∑

So in practices, there will be additional terms appear. 
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FI
IBS = ∇ I fν He

NSC −εi fµ + fν He
NSC −εi ∇ I fµ( )

iνµ
∑

IBS: incomplete-basis-set correction 
NSC: non-self-consistency correction 

Another name:  
Pulay force 
 
There is no Pulay force in plane 
wave calculations, but once one 
uses finite basis, it appears. 

FI
NSC = − d3r(∇ In(r)) V

SCF −V NSC( )∫

FI = FI
HFT +FI

IBS +FI
NSC
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Epot ≈ E
EF(R) = υ1(RI )

I=1

Nn

∑ + υ2 (RI ,RJ )
I<J

Nn

∑

+ υ3(RI ,RJ ,RK )
I<J<K

Nn

∑ +!
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c: conventional, classical 
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rjk 

rkl 

rlm 

φ jklm = arccos ujklm{ }
ujklm =

!ejkl •
!eklm

!ejkl =
"rjk ×
"rkl

"rjk ×
"rkl

, !eklm =
"rkl ×
"rlm"rkl ×
"rlm

simplemd/run 

本
课
件
仅
供
学
习
参
考
，
禁
止
外
传
商
用



g`f[Mo�

J. S. Smith, O. Isayev and A. E. Roitberg  
Chem. Sci., 2017, 8, 3192 
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Sun, Jizhong, et al. "A simple transferable interatomic potential model for binary oxides applied to bulk α-Al2O3 and the (0001) α-
Al

2
O

3 
surface." Journal of crystal growth 290 (2006): 235-240. 
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F =Ma = −
∂Epot (R)
∂R

#

$
%

&

'
(

�UFINJQ:9/�
(�  1QFO>:NH�LUFINJQ:9�
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∂Epot
∂Ri

"

#
$

%

&
' ≈

Epot (Ri +δRi )−Epot (Ri −δRi )
2δRi
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qC

qDC
qO

qDO

qLP ,A

qLP ,B

KD KD

K22
D

α =
qD
2

KD
Polarizability 

Eelec,Coulomb =
1
4πD

qiq j
ri − rji≠ j

∑ +
qD,iq j
rD,i − rji≠ j

∑ +
qD,iqD, j
rD,i − rD, ji≠ j

∑
⎛

⎝

⎜
⎜⎜

⎞

⎠

⎟
⎟⎟

d = qDE
KD µ =

qD
2 E
KD

dipole induced dipole 

K33
D

K11
D

Uself =
KDd 2, homogeneous

1
2
K11
Dd 2 + K22

Dd 2 + K33
Dd 2( ), inhomogeneous

⎧

⎨
⎪⎪

⎩
⎪
⎪
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Li, Y. L.; Mei, Y.; Zhang, D. W.; Xie, D. Q.; Zhang, J. Z. H. J. Phys. Chem. B 2011, 115 (33), 10154-10162. 
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(a) (b) 

Background 
charge 

RESP charge 

Charge 
converge? 

PCC charge 

NO 

YES 

QM calculation of the 
molecules in the prime 

cell 

X. He et al. Acc.  Chem. Res. 2014, 47 (9), 2748-2757. 
Y. Li et al. J. Phys. Chem. B 2011, 115 (33), 10154-10162. Polarized Crystal Charge (PCC)  
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