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“C
hem

istry of the 20
th century w

as about 
intram

olecular interactions; chem
istry of the 

21
st 

century 
w

ill 
be 

about 
interm

olecular 
interactions.”M

ark R
atner, 2004
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There is plenty of room
 …

 at the top



N
anoscale: van der W

aals Interactions in B
iology

M
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. Tkatchenko, Science A
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C
urrent state of the art of atom

istic m
odeling

Em
pirical potentials (“force fields”)

Sem
i-em

pirical m
ethods 

(based on D
FT or Q

.C
.)

D
ensity-functional theory 

w
ith approxim

ate functionals

Em
pirical potentials (“force fields”)

A
pproxim

ate Q
.C

.
m

ethods 
(M

P2, C
C

SD
(T),...)

Full
C

I, Q
M

C

A
ccuracy 
and 

Predictive
Pow

er

C
om

putational 
C

ost; 
C

onceptual 
Insights?



D
ensity-functional approxim

ations (D
FA

): 
Solid starting point

E
xchange and C

orrelation 
functionals

✗  Self-interaction error
✗  L

ack of long-range correlation 
(van der W

aals interactions)
L
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Failure of D
FT approxim

ations for 
ubiquitous van der W

aals interactions
(long-range electron correlation) 



Failure of D
FT approxim

ations for 
(long-range) van der W

aals interactions 
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C
hem

. R
ev. 117, 4714 (2017); R

ev. M
od. Phys. 88, 045003 (2016). 



(A
pproxim

ate)
vdW

-inclusive D
FT m

ethods

R
eview

s: 
J. K

lim
es and A. M

ichaelides,  J. C
hem

. Phys. 137, 120901 (2012).

J. H
erm

ann, R. A. D
iStasio Jr., and A. Tkatchenko, C

hem
. R

ev. 
117, 4714 (2017).

M
. Stöhr, T. Van Voorhis, and A. Tkatchenko, C

hem
. Soc. R

ev.
48, 4118 (2019).  



C
oncepts and m

ethods for 
dispersion in D

FT



W
u and Yang JC

P (2002); G
rim

m
e J. C

om
p. C

hem
. (2004,2006); D

ion et al. 
PR

L (2004); Zhao and Truhlar JC
P (2006); von Lilienfeld et al. PR

L (2004); 
Johnson and Becke JC

P (2005-2007); Tkatchenko and Scheffler PR
L (2009); 

Perdew
 et al. PR

L (2015); and m
any others ...

C
oncepts and m

ethods for 
dispersion in D

FT

●
N

on-local functionals (depend explicitly on r and r') (Langreth, 
Lundqvist et al.).

●
M

odified pseudopotentials (von Lilienfeld et al.) 
●

H
ighly em

pirical (hybrid) m
eta-G

G
A

 functionals (Truhlar et al.);    
“non-em

pirical” SC
A

N
 (Perdew

 et al.)
●

Interatom
ic (pairw

ise or beyond) dispersion corrections (M
any people)



Langreth-Lundqvist functional
(vdW

-D
F-04 and vdW

-D
F-10,

and V
V

10, opt-vdW
-D

F, ...)



Langreth-Lundqvist functional

D
ion, Rydberg, Schroeder, Langreth, Lundqvist, PR

L (2004).
Lee, M

urray, K
ong, Lundqvist, Langreth, PR

B
 (2010).



Langreth-Lundqvist functional   
(vdW

-D
F-04 and vdW

-D
F-10)

(*) Vydrov and van Voorhis, PR
A

 (2010).

     vdW
-D

F-04
●

Exchange: revPB
E

●
Local corr.: LD

A
●

N
o free param

eters
●

C
6  error: ~ 20%

  

    vdW
-D

F-10
●

Exchange: PW
86

●
Local corr.: LD

A
●

2 param
eters

●
C

6  error: ~ 40%
(*)



A
pproxim

ations for               in vdW
-D

F 
functional

1) Local approxim
ation for the response function

2) O
nly pairw

ise density-density interaction, not 
including non-additive m

any-body vdW
 energy

A

B

See J. F. D
obson and T. G

ould, J. Phys. C
ondens. M

atter 24, 073201 (2012).



Interatom
ic m

ethods for 
vdW

 interactions



Interatom
ic vdW

 m
ethods

●
Tw

o param
eters per atom

ic pair: (1) vdW
 C

6  interaction coefficient 
and (2) vdW

 radius.
●

C
learly, if (1) and (2) are em

pirical, this leads to m
any fitting 

param
eters. This w

as frequently the case before 2008.



Evolution of interatom
ic vdW

 m
ethods

●
G

rim
m

e's D
1,D

2,D
3 (2004,2006,2010): Param

eterization for m
any 

elem
ents in the periodic table
–

H
ighly em

pirical, som
e very ad hoc approxim

ations 
●

Jurečka et al. (2007): A
ccurate param

eterization for organic m
olecules

–
B

etter theoretical ground, but still very em
pirical

●
 Johnson and B

ecke (2005-2008), Silvestrelli (2008): C
6  and vdW

 radii 
from

 H
F or D

FT orbitals
–

R
educed em

piricism
, errors of ~ 20%

-40%
 in C

6  coefficients
●

Tkatchenko and Scheffler (2009): C
6  coefficients and vdW

 radii from
 

ground-state electron density
–

First-principles C
6  accurate to 5%

●
…

.



W
hat is m

issing in 
interatom

ic vdW
 corrections ?

1) Long-range electrodynam
ic response for fluctuating dipoles

2) N
on-additive m

any-body vdW
 energy beyond tw

o-body 

A

B

See A. Tkatchenko, A. Am
brosetti, R. A. D

iStasio Jr., 
J. C

hem
. Phys. 138, 074106 (2013).
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C
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F
rom

 D
ream

 to R
eality: 

A
rgon dim

er described accurately by tw
o oscillators

●
C

oupled Q
H

O
 correlation energy 

com
puted through D

iffusion M
onte 

C
arlo (exact for bosons)

●
Exchange and electrostatic energy 
from

 H
artree-Fock (H

F)

H
F+cQ

H
O

: alm
ost exact binding energy curve (w

ithin 3 m
eV

 at m
inim

um
)        

w
ithout any specific adjustm

ents. 

Ferm
ionic effects in correlation energy kick in only at very short distances.

A
r

A
r

A
lberto

A
m

brosetti



E
fficient m

odel for valence excitations: 
Q

uantum
 H

arm
onic O

scillator (Q
H

O
)

 in the dipole approxim
ation

N
ucleus (q)

H
arm

onic bond (
)

“Electron” (-q,m
)

In the dipole approxim
ation:

(,
) fully characterize the Q

H
O

 



Q
uantum

 H
arm

onic O
scillators in 

M
olecules and Solids from

 First Principles

α
0 and ω

0 include short-range hybridization 

A. Tkatchenko and M
. Scheffler, Phys. R

ev. Lett. (2009)



M
odeling R

eal M
aterials: D

FT
+M

B
D

 M
ethod

A. Tkatchenko, 
R. A. D

iStasio Jr., 
R. C

ar, M
. Scheffler,

Phys. R
ev. Lett. (2012)

A. Am
brosetti, 

R. A. D
istasio Jr.,

A. M
. Reilly,

A. Tkatchenko,
J. C

hem
. Phys. (2014)

Valence electrons
projected to oscillators

(Tkatchenko-Scheffler)

D
yson-like 

short-range
electrodynam

ic 
screening

A. Tkatchenko and
M

. Scheffler, 
Phys. R

ev. Lett. (2009)

Long-range 
correlation

energy
calculated
using SE

123
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odeling R

eal M
aterials: M
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ark

M
. Stöhr, T. Van Voorhis, and A. Tkatchenko, C

hem
. Soc. R

ev.
48, 4118 (2019).  







D
ecay as a com

plex 
sum

 over R
-n term

s

H
ighly non-additive

N
ature C

om
m

. 9, 3017 (2018)
In presence of charges
vdW

 couples to electric fields

Very long range
(20-30 nm

 at nanoscale;
µm

 or longer at 
m

esoscale)

PR
L 114, 176802 (2015)

C
an have visible effect on 

electronic properties

R
epulsive under confinem

ent
PR

L 118, 210402 (2017)

PR
L 118, 266802 (2017)

R
etardation

(finite speed of light)
can be im

portant

C
hem

. R
ev. 117, 4714 (2017); R

ev. M
od. Phys. 88, 045003 (2016). 

C
ouple strongly to phonons,

leading to “vdW
 entropy”


