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Van der Waals (dispersion) energy

� Ubiquitous interatomic and 
intermolecular interaction
� Scales linearly with system size
� Weak compared to hydrogen
or covalent bonds
... but is a significant component 
of intermolecular binding energies !
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Van der Waals interactions:
Which theoretical method ?
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Methods
CCSD(T):

Quantum chemistry 
“gold standard” (20-40 atoms)
                   MP2: 
Perturbation theory based on 
Hartree-Fock with approximate 
dispersion energy (~ 200 atoms)
                DFT-PBE: 
Gradient-corrected density-
functional theory (1000's atoms)
          Langreth-Lundqvist: 
Non-local DFT (~ 1000 atoms)
                  EX+cRPA: 
Exact exchange plus approximate
correlation in RPA (~ 100 atoms)
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Van der Waals dispersion interactions 
are exceedingly difficult to treat 

accurately with computationally feasible 
electronic structure methods !
(even for rather small systems)



Challenging systems for materials modeling

Nanoelectromechanics (NEMS)
Complex polymers

Proteins / drugs Hybrid interfaces



In
te

ra
ct

io
n 

en
er

gy
 (m

eV
)

DFT-PBE

EX+cRPA

CCSD(T)

DFT-PBE

CCSD(T)

DFT-PBE

DFT-RPA

CCSD(T)

MP2+ΔvdW

Van der Waals dispersion interactions 
are exceedingly difficult to treat 

accurately with computationally feasible 
electronic structure methods !
(even for rather small systems)

… How do we treat LARGE systems?
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VdW interactions are highly non-local

� The medium is important: Interaction between two 
jellium spheres inside jellium is 5.2 (!) times smaller 
than in vacuum*

� Accurate many-body��(r1,r2;iu) is extremely expensive 
to calculate

*J. Tao et al., PRB (2010).

VdW interactions in Complex Materials: 
General case



VdW interactions: 
Langreth-Lundqvist functional

�(r1,r2;iu)
r1 r2�

�

� Non-local functional derived with approximations from ACFDT

� Only depends on the ground-state electron density. No excited 
states needed

� The new 2010 version yields good accuracy for intermolecular 
interactions

M. Dion et al., PRL (2004); K. Lee et al., PRB (2010).



VdW interactions: 
LL functional limitations
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�

� Local approximation for �: �(r1,r2;iu) = �(n(r1),n(r2))

� Leads to 520% error for vdW energy between jellium spheres in 
vacuum*

� Many-body vdW effects and anisotropy are neglected

� May be improved with empirical adjustments*

*O. Vydrov and T. van Voorhis, PRL (2009); et al.



VdW interactions: C6R
-6 correction
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�

� Based on the summation of interatomic vdW energies. Used 
since 1970s for correcting Hartree-Fock calculations. Became 
popular in DFT after the work of S. Grimme

� Computationally very efficient

� Very accurate results for inter-/intra-molecular interactions

R. Ahlrichs, G. Scoles, W. Yang, S. Grimme, A. Becke, P. Hobza, et al.



VdW interactions: C6R
-6 limitations

�(r1,r2;iu)
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�

� Hybridization (semi-local screening) taken into account. Long-
range screening is not included 

� Parameters (C6 coefficients and vdW radii) are mostly (highly) 
empirical or not very accurate

� Validity beyond molecular interactions is not fully established. 
Many-body effects and anisotropy are neglected

R. Ahlrichs, G. Scoles, W. Yang, S. Grimme, A. Becke, P. Hobza, et al.
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TS method: Basic ingredients

1) Ab initio free-atom polarizability and C6 coefficients (Chu and 
Dalgarno): Excited state information only for free atoms.

2) Relative ab initio atom-in-a-molecule / free-atom polarizability– 
avoiding inaccurate absolute polarizability of (semi-)local DFT.

3) Merging ground-state DFT treatment for molecules and excited-state 
treatment for free atoms is the key to accuracy:

A. Tkatchenko and M. Scheffler, PRL (2009).



C6 is a functional of the density
(Carbon-Carbon C6 coefficient / HartreeBohr6)

24.1 33.0 43.1 

sp3 sp3sp2



DFT+vdW(1) & MP2+ΔvdW(2)

 Leading dispersion term (or ΔC6 
term) is added to DFT or MP2 total 

energy, damped at short interatomic distance,

� Effective vdW parameters are functionals of the electron density: 

  C6 = C6[n(r)],   RvdW = RvdW[n(r)]

(1)DFT+vdW: Tkatchenko and Scheffler, PRL (2009)
(2)MP2+ΔvdW: Tkatchenko, DiStasio Jr., Head-Gordon, Scheffler, JCP (2009)



Short-range damping function:
The only (slightly) weak point

� Analytical form known for spherical atoms (Koide, Meath, 
Tang, Toennies, …).

� Fitted to high-level reference databases when used with DFT 
(Yang, Grimme, Hobza, ...).

� Consistently accurate results for inter- and intra- molecular 
interactions with a single fitted parameter.

� Similar performance for different functionals:                  
PBE, PBE-hybrid, B3LYP.



Performance for intermolecular 
interactions: S22 database

S22: Jurecka, Sponer, Cerny, Hobza, PCCP (2006).
Langreth-Lundqvist S22: Gulans, Puska, Nieminen, PRB (2009); EX+cRPA S22: X. Ren et al.



Chemical accuracy (1 kcal/mol ~ 43 meV)
can be achieved with PBE+vdW and 
MP2+ΔvdW at a fraction of cost of 

reference “gold standard” CCSD(T) 
calculations



TS method has been applied to ...

Organic/inorganic interfaces:
E. McNellis, K. Reuter et al.

Organic/organic interfaces, hBN stacking:
N. Marom, L. Kronik, O. Hod et al.

Structure and dynamics
of biomolecules:
M. Rossi, V. Blum 
et al.

Ice phases:
B. Santra et al.

Water:
R. DiStasio Jr.,
R. Car et al.

and many other systems ...



Two of the posters in Trieste

Cohesive properties of 
semiconductor solids

G. X. Zhang et al.
Poster D1 T2 75

Electromechanical 
properties of h-BN

Noa Marom et al.
Poster D2 A5 42



VdW interactions: What is missing ?
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VdW interactions: Coupled-dipole model

RPA screening in the dipole approximation

Silberstein (1917), Applequist (1972), Thole (1981), ...
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VdW interactions: Coupled-dipole model 
(CDM)

From the TS scheme

TS+CDM:
The self-consistent screening equation is solved by matrix inversion



Coupled-dipole model (CDM): 
The case of H6

                                C6�                       C6�               C6
iso                        

TS:                  166                161             165                        
TS+CDM:       89       692             223  
LR-CCSD:      115                638             238    (Reference)

All values in HartreeBohr6



TS+CDM: Silicon clusters

27% error

TDLDA: S. Botti et al., PRB (2008). 



Many-body vdW energy



Many-body vdW energy:
Coupled-fluctuating-dipole model (CFDM)
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Every atom is a fluctuating dipole 
(with polarizability � and frequency 
)

A. Lucas, M. W. Cole, A. G. Donchev et al.



Coupled-fluctuating-dipole model (CFDM)
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Every atom is a fluctuating dipole 
(with polarizability � and frequency 
)



� Seamlessly includes short- and long-range screening 
with minimal empiricism

� Naturally includes molecular anisotropy

� Models both polarization and depolarization

� Treats many-body vdW effects to infinite order

Important features of TS+C(F)DM
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Summary and Outlook
� Developed the TS scheme for first-principles modeling of 

inter- and intra-molecular vdW interactions

� Extended the TS scheme to insulating and semiconductor 
materials: self-consistent screening and many-body energy

� Address the issue of the empirical short-range damping 
function (derive it from screened Coulomb potential for 
overlapping densities)

� Extend the model to metallic systems and adsorption

These developments will allow accurate modeling of vdW 
interactions in a broad range of complex materials
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