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A recently developed empirical dispersion correction (Grimme

et al., J. Chem. Phys. 2010, 132, 154104) to standard density

functional theory (DFT-D3) is implemented in the plane-wave

program package VASP. The DFT-D3 implementation is

compared with an implementation of the earlier DFT-D2 version

(Grimme, J. Comput. Chem. 2004, 25, 1463; Grimme, J. Comput.

Chem. 2006, 27, 1787). Summation of empirical pair potential

terms is performed over all atom pairs in the reference cell and

over atoms in shells of neighboring cells until convergence of

the dispersion energy is obtained. For DFT-D3, the definition of

coordination numbers has to be modified with respect to the

molecular version to ensure convergence. The effect of three-

center terms as implemented in the original molecular DFT-D3

version is investigated. The empirical parameters are taken from

the original DFT-D3 version where they had been optimized for

a reference set of small molecules. As the coordination

numbers of atoms in bulk and surfaces are much larger than in

the reference compounds, this effect has to be discussed. The

results of test calculations for bulk properties of metals, metal

oxides, benzene, and graphite indicate that the original

parameters are also suitable for solid-state systems. In particular,

the interlayer distance in bulk graphite and lattice constants of

molecular crystals is considerably improved over standard

functionals. With the molecular standard parameters (Grimme

et al., J. Chem. Phys. 2010, 132, 154104; Grimme, J. Comput.

Chem. 2006, 27, 1787) a slight overbinding is observed for ionic

oxides where dispersion should not contribute to the bond. For

simple adsorbate systems, such as Xe atoms and benzene on

Ag(111), the DFT-D implementations reproduce experimental

results with a similar accuracy as more sophisticated

approaches based on perturbation theory (Rohlfing and

Bredow, Phys. Rev. Lett. 2008, 101, 266106). VC 2012 Wiley

Periodicals, Inc.

DOI: 10.1002/jcc.23037

Introduction

Density functional theory (DFT) is currently the most widely

used method in quantum-chemical molecular and solid-state

calculations.[1] In solid-state chemistry and physics the local

density approximation is still popular, but is now superseded

by the generalized gradient approximation (GGA) and meta-

GGA functionals.[2] It is well known that standard local and

semilocal DFT methods fail to describe dispersion effects that

are of nonlocal nature. Consequently, DFT methods are often

inaccurate for calculations of molecular crystals, adsorption on

surfaces, and other systems in which dispersion forces play a

significant role for the structure and energetics.

In the last years much effort has been spent to remedy this

situation. Specially parameterized hybrid meta-exchange func-

tionals have been developed and tested for noncovalent

interactions.[3] Approximate nonlocal functionals have been

designed particularly for dispersion interactions (vdW-DFT).[4–6]

Combination of exact Hartree-Fock exchange with correlation

energy derived from the adiabatic connection fluctuation-dissi-

pation theorem has been suggested.[7] A similar idea was pro-

posed independently by Rohlfing and Bredow.[8] The latter

methods are based on first principles and computationally

demanding. An empirical, but much more efficient approach is

an a posteriori correction of the total Kohn-Sham energy by

effective interatomic potentials. Such simple schemes have

been proposed some time ago, see for example, Ref. [9]. A

recent review discussing advantages and drawbacks of the

various approaches to dispersion in solid-state quantum-chem-

istry can be found in Ref. [10].

For molecular systems, Grimme et al.[11–14] proposed several

versions of a damped empirical correction term called DFT-D.

One major difference between these approaches is the way to

calculate the empirical dispersion (C6) coefficients. The DFT-D2

correction[13] and the original parameterization[12] use an

empirically derived interpolation formula, whereas the D3 cor-

rection is a novel approach based on an ab initio calculation

of the C6 (and, additionally, C8) coefficients.[11] The most recent

DFT-D3BJ scheme[14] differs from DFT-D3 essentially only in

the weighting function. In all cases, the dispersion energy is

calculated separately from the DFT energy and does not

depend on the wavefunction. It does therefore not take into

account polarization effects and is solely a function of the

atomic positions and of the atom type. One advantage of the

Dn correction schemes is their computational efficiency and

careful parameterization. For molecules DFT-D3 provides
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results close to the coupled cluster singles doubles with per-

turbative triples (CCSD(T)) values at the cost of GGA-DFT cal-

culations.[11] However, as the DFT-D3 method is parameterized

for molecular benchmark sets it is not self-evident that its

applicability can be transferred to periodic systems. This is ba-

sically due to the hybridization-dependent C6 coefficients that

are based on the coordination number (CN). The CN-depend-

ent C6 coefficients are extrapolated from a reference set that

contains only small molecules and atoms. A systematic investi-

gation of the transferability of these approaches to solids and

surfaces with much higher CNs has been the subject of recent

studies. For Mg, Na,[15] and Ti (M€ollmann et al., in preparation)

it was found that the C6 coefficients decrease with increasing

CN due to the smaller dynamic polarizability. This is in agree-

ment to a previous work where it was found that the Mg C6

parameter for the D2 correction in MgO has to be reduced by

one magnitude compared with the value for the Mg atom.[16]

The extended D3 parameter set results in a slight improve-

ment of adsorption energies for acetylene on NaCl and CO on

MgO,[15] whereas the changes in energy and geometry of bulk

MgO, NaCl, and TiO2 are small. The C6 parameters for coinage

metals Cu, Ag, Au are already converged with the small CNs

contained in the standard reference set (Grimme, private com-

munication). For these reasons we did not consider reoptim-

ization of the C6 parameters in this study. All calculations were

performed with the standard parameter set.[11]

In recent years, the D2 correction was frequently used for

periodic systems,[17–26] whereas to the best of our knowledge

the D3 correction has been used only as a posteriori correction

to the total energy for the glycine adsorption on Cr2O3,[27] and

in our recent study[15] so far.

In the following, we present our implementation of the D3

correction into the plane-wave program package VASP[28]

which is widely used in quantum solid-state chemistry. We

also briefly discuss our implementation of the D2 correction as

it differs from the standard implementation in VASP 5.2.11[19]

in several details that will be described below.

We begin this article with a brief review of the DFT-D2 and

DFT-D3 approaches for molecules and describe their extension to

periodic systems. Details of our implementation in the VASP pack-

age are given in the following section. Then we apply the D2 and

D3 corrections to selected solids and surfaces. Results are pre-

sented for systems where standard DFT fails due to insufficient

description of dispersion interaction but also for systems which

are correctly described by standard DFT. For the latter systems, it

is important to investigate if an empirical dispersion correction

causes a deterioration of the results due to an overbinding.

Theory

Empirical dispersion terms

The total energy is calculated as the sum of the self-consistent

Kohn-Sham-DFT (KS-DFT) energy EDFT and the dispersion

energy ED2
[12,13] and ED3, respectively.[11,14]

EDFTþD2 ¼ EDFT þ ED2

EDFTþD3 ¼ EDFT þ ED3

ED2 and ED3 are empirical correction terms calculated as sums

over atom pairs (A, B).

The D2 correction describes the dispersion correction

according to:

ED2 ¼ �s6

XN
B>A

CAB
6

R6
AB

fdmpðRABÞ (1)

Here, N denotes the number of atoms in the molecule, s6 is a

functional-dependent scaling factor, CAB6 are the dispersion

coefficients, RAB is the distance between the two atoms A and

B, and fdmp(RAB) is a damping function which screens out the

dispersion interactions at short distances.

fdmpðRABÞ ¼ 1 þ e
�d

RAB

Rvdw
� 1

� �2
64

3
75
�1

Rvdw is the sum of the atomic van-der-Waals radii and d is an

empirical scaling parameter.[13] The composed dispersion coef-

ficients CAB
6 are calculated as the geometric mean of the

atomic coefficients CA
6 :

CAB
6 ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
CA

6 CB
6

q

Within the framework of the D3 correction the dispersion

energy is the sum of two-body (E(2)) and three-body (E(3)) terms:

ED3 ¼ Eð2Þ þ Eð3Þ

With this ansatz ED3 ¼ E(2) is given by:

Eð2Þ ¼
XN
B>A

X
n¼6;8

sn
CAB
n

RnAB

fd;nðRABÞ (2)

Here, CAB
n is the n-th-order dispersion coefficient (n ¼ 6,8) for

atom pair (AB). s8 is an empirical global functional-dependent

scaling factor, s6 is equal to 1 for all GGA and hybrid function-

als. RAB is the distance between atoms A and B. The damping

function

fd;nðRABÞ ¼
1

1 þ 6
RAB

sr;n � RAB
0

� ��an

determines the range of the dispersion correction. To allow

variation of dispersion coefficients with the chemical environ-

ment the CAB
n coefficients depend on the fractional CN. CN for

atom A is obtained in the following way:

CNA ¼
X
B 6¼A

1 þ e
�k1 k2 �

RA;cov þ RB;cov

RAB
� 1

� �2
64

3
75
�1

(3)
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RA,cov and RB,cov are scaled single-bond radii, and k1 ¼ 16 and

k2 ¼ 4
3 are scaling parameters. The CN dependent dispersion

coefficients CAB
6 (CNA,CNB) are obtained by a two-dimensional

interpolation scheme from the CAB
6;ref (CN

A,CNB) coefficients of a

reference set which consists of 254 atoms and small molecules:

CAB
6 ðCNA;CNBÞ ¼

PNA

i

PNB

j CAB
6;refðCNA

i ;CN
B
j Þ � LijPNA

i

PNB

j Lij
(4)

Lij ¼ e�4 CNA�CNA
ið Þ2þ CNB�CNB

jð Þ2
� �

(5)

Here, NA and NB are the numbers of the reference molecules

for atoms A and B, CNA
i and CNB

j are their fractional CNs within

the reference systems i and j and CAB
6;ref (CN

A
i ,(CNB

j ) is the corre-

sponding dispersion coefficient. The CAB
8 (CNA,CNB) coefficients

are calculated from the CAB
6 (CNA,CNB) coefficients.[11]

To take into account nonadditive effects of dispersion inter-

action three-body terms have been introduced:

EABC ¼ CABC
9 3 cosðhaÞ cosðhbÞ cosðhcÞ þ 1ð Þ

rABrBCrCA

Hereby, ha, hb and hc are the angles of the triangle which is

formed by atoms A, B, and C. The CABC
9 coefficients are

approximated by the geometric mean of the Cij6-coefficients:

CABC
9 ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CAB

6 CAC
6 CBC

6

q

The E(3) contribution to ED3 is calculated by multiplying EABC

with the damping function fd,(3)(rABC) and summing over all

atom triples ABC:

Eð3Þ ¼
X
ABC

fd;ð3Þ �rABCð ÞEABC

For small molecules the two-center terms dominate the disper-

sion correction so that the E(3) contribution is usually

neglected.[15] Their effect on properties of extended systems is

discussed in the next section.

Extension to periodic systems

To extend the ansatz of eq. (1) and (2) to periodic systems the

dispersion energy correction is calculated per reference cell

and includes the two-center terms of (i) the atoms in the refer-

ence cell with themselves and (ii) the reference cell with

neighboring shells of cells. The resulting term for the D2 cor-

rection is:

Ecell
D2 ¼ � s6

2

XN
A

XTm
T¼�Tm

XN
B

0 C
AB
6

R6
ABT

fdampðRABTÞ (6)

and for the D3 correction:

Ecell
D3 ¼ � 1

2

XN
A

XTm
T¼�Tm

XN
B

0
X
n¼6;8

sn
CAB
n

RnABT

fd;nðRABTÞ (7)

Here, T ¼ taa þ tbb þ tcc denotes the distance vector of the

neighboring cell T from the reference cell, a,b and c are the

lattice vectors and RABT is the distance between atom A in the

reference cell and atom B in the cell T. The primed sum over B

indicates that the case A ¼ B is omitted for T ¼ 0. The factor

1/2 is introduced to avoid the double counting of interactions.

Since the two-center terms rapidly decrease with 1/R6 or 1/R8,

only shells up to a predefined threshold Tm ¼ tmax
a a þ tmax

b b þ
tmax
c c are included. For simplicity, we used in general tmax

a ¼ tmax
b

¼ tmax
c ¼ tmax for bulk systems and tmax

a ¼ tmax
b ¼ tmax and tc ¼

1 for surfaces. Tm has to be determined for each system by add-

ing successively shells of neighboring cells until the dispersion

energy per cell is converged within a given threshold, here 1 kJ/

mol. At this point, our ansatz differs from the current implemen-

tation of the D2 correction within the VASP code. We use a

shell-wise summation over a predefined number of unit cells

surrounding the central reference cell instead of a cutoff radius.

As the summation in eq. (7) involves atoms BT of neighbor-

ing cells T for which no CNBT are calculated [required for the

calculation of CABT
n in eq. (5)], we applied periodic boundary

conditions to the CNs:

CNBT ¼ CNB0

Here, 0 denotes the reference cell.

The three-body dispersion correction E(3)(cell) is:

Eð3ÞðcellÞ ¼ �k
XN
A

XTm
T¼�Tm

XN
B

0
XTm

T0¼�Tm

XN
C

00fd;ð3Þ �rABTCT0ð ÞEABTCT0

(8)

Here, the primed sum over B indicates that the case A ¼ B is

omitted for T ¼ 0, the double primed sum over C indicates

that the case B ¼ C is omitted for T ¼ T0 and A ¼ C is omitted

for T0 ¼ 0. To avoid multiple counting of the three-body terms

the factor k is set to k ¼ 1
3 if atoms A,B,C are within the refer-

ence cell and to k ¼ 1
2 in all other cases.

Implementation

The dispersion corrections to DFT for periodic systems accord-

ing to eq. (6), (7), and (8) were implemented in the plane-

wave program package VASP.[28] Depending on the chosen

density functional Ecell
D2 or Ecell

D3 is added to the standard KS-DFT

energy calculated by VASP. To carry out structure optimizations

analytic gradients of the dispersion energy with respect to the

atomic positions at fixed lattice vectors were implemented.

When the three-body terms EABC are calculated we added the

numerical gradient of the three-body-dispersion interaction to

the analytical gradient.

A further difference to the original VASP code is that in our

present implementation of the D2 correction the atoms of the

reference cell can be divided into fragments. This allows a bet-

ter control over the dispersion interactions. While the dispersion

interactions between a fragment and all other fragments in the

reference cell and in the neighboring cells are always calculated,

one can switch off the dispersion interactions within a fragment
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and its translated images either completely or along selected

lattice vectors. This procedure may be useful in cases where

molecules physisorb on surfaces as it is possible to calculate

only the dispersion interaction between the adsorbate (frag-

ment 1) and the surface (fragment 2). We have used this proce-

dure previously for the study of formamide clusters on the

Ag(111) surface[29] as PBE-D2 results in an overbinding between

the adsorbed hydrogen bonded formamide clusters. We did not

implement the fragmentation for the D3 correction.

In periodic DFT-D3 calculations, it is important that not only

the dispersion energy per supercell but also the fractional CN

must be converged. For the calculation of the CNcell for atoms

within the reference cell the summation of the molecular

ansatz [eq. (3)] was modified.

CNA
cell ¼

XTm
T¼�Tm

XN
B

0 1 þ e
�k1 k2�

RA;covþRB;cov
RAB

�1

� �" #�1

(9)

Again, the prime indicates that A ¼ B is omitted for T ¼ 0.

However, we noticed that CNcell calculated with eq. (9) does

not converge with increasing tmax, see Figure 1. In most cases,

this did not affect the results as the fractional CNA
cell in periodi-

cal calculations are usually larger than the largest CNA
i value of

the corresponding reference set, and CAB
6 (CNA,CNB) did not

change with CNcell. The problem is, however, more delicate if

CNA
cell is in between two CNs of the reference set for atom A.

In this case, the CAB
6 (CNA,CNB) values decrease with increasing

tmax since the tmax-parameters of all reference systems

decrease with increasing CNi, see Ref. [11] for further details.

One example is graphite. The carbon reference set given in

Ref. [11] contains (in addition to three other systems with CNi

< 2) ethene (C2H4) with CN4 ¼ 2.99870 and CCC
6;ref (CN

C
4 ,CNC

4 ) ¼
25.7809 a.u. and ethane (C2H6) with CN ¼ 3.98440 and

CCC
6;ref (CN

C
5 ,CNC

5 ) ¼ 18.2067 a.u. Ecell
D3 seems to be converged for

tmax ¼ 8, see Figure 2. The calculated parameters for carbon

are CN ¼ 3.344 and CCC
6 ¼ 23.8 a.u. A further increase of tmax,

however, leads to an increase of CN (e.g., CN ¼ 3.483 for tmax

¼ 30) and in turn to a decrease of the C6-parameter and Ecell
D3

(CCC
6 ¼ 21.9 a.u. for tmax ¼ 30), see Figures 1 and 2. Conse-

quently the dispersion interaction between the graphite layers

is reduced and the optimized lattice parameter c is increased.

As example, we obtain c ¼ 6.96 Å for tmax ¼ 8, and c ¼ 7.03 Å

for tmax ¼ 30 (Fig. 2).

Figure 1. Fractional CNcell calculated according to eq. (3; CN old) and eq.

(11; CN new) is plotted against tmax. Upper panel: Cu bulk, lower panel:

graphite [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 2. Graphite: Convergence behavior of C6 and Ecell
D3 with increasing

tmax [CN according to eq. (3)] [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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To correct this numerical instability we slightly modified the

calculation of the fractional CNs by scaling with a damping

function CNdamp(RAB):

CNdampðRABÞ ¼
1

2
erfc RAB � 15 � k2 � RA;cov þ RB;cov

� �� �
(10)

CNcell is calculated according to eq. (11)

CNA
cell ¼

XTm
T¼�Tm

XN
B

0 1 þ e
�k1 k2�

RA;covþRB;cov
RAB

�1

� �" #�1

� CNdampðRABÞ

(11)

With these modifications the fractional CNA and therewith the

C6-parameter and Ecell
D3 converge well with tmax (see Figs. 1 and

2). For graphite, calculations with tmax ¼ 8 and tmax ¼ 30 result

in the same lattice parameter c, see Figure 3.

For the D2 correction we compared results obtained with

our implementation with results with the original VASP code

for selected systems. Both versions produce–within a few

meV–the same dispersion correction energy. The small differ-

ences can be ascribed to the different cutoff criteria.

Convergence tests

In our implementation, the dispersion correction for the calcu-

lated supercell depends on the chosen values for ta, tb, and tc.

These must be large enough to ensure that the dispersion

energy term is converged. But although its calculation is not ex-

pensive, the summation in eq. (6) and (7) may become quite

cumbersome for large supercells. Therefore, we checked the con-

vergence behavior in preliminary calculations on simple systems.

E(3) terms were not calculated for this check. We chose the Cu

bulk with the primitive unit cell containing one atom and the

benzene adsorption on the Ag(111) surface with a supercell con-

taining 72 atoms (60 Ag Atoms). For the Cu bulk, we find conver-

gence for tmax ¼ 8, see Figure 4, and for the benzene adsorption

on Ag(111) convergence is already reached for tmax ¼ 4.

Methodology

All calculations were performed with the plane-wave code VASP

in combination with the projector-augmented wave method to

account for the core electrons.[30–33] A relatively high cutoff

energy of 600 eV for the plane-wave valence basis was used for

the calculations of the bulk systems. This value was reduced to

400 eV for adsorption of benzene and Xe on the Ag(111) surface

for computational reasons. The chosen Monkhorst-Pack integra-

tion setup depends on the system. As example, we used a 21 �
21 � 21 k-point mesh for Cu, Ag, Au and graphite, a 4 � 4 � 4

k-point mesh for the molecular crystals benzene, urea and form-

amide, and a 3 � 3 � 1 k-point mesh for the adsorption on the

Ag(111) surface using a supercell. The chosen values are a com-

promise between accuracy and computational efficiency.

We applied the Perdew-Burke-Ernzerhof (PBE) functional

because it is widely used in quantum solid-state chemistry and

because PBE-D2 and PBE-D3 have been successfully used in our

previous studies of formamide adsorption on Ag(111)[29] and the

interactions within the formamide bulk.[34] We used the D3 imple-

mentation without the E(3) terms except where noted otherwise.

Calculations where E(3) terms are considered are denoted as PBE-

D3(ABC). Their results are discussed in a separate section Influence

of Three-Body Terms. As gradients for the cell relaxation are not yet

implemented in the dispersion correction code we perform the

optimizations of the lattice parameters numerically. Due to restric-

tions of computer resources we did not calculate the zero-point

and thermal corrections to the cohesive and adsorption energies.

Metals and metal oxides

Our first test set consists of the coinage metals copper, silver,

and gold. Their crystal structures belong to cubic space group

Fm3m. The calculated lattice parameters and cohesive energies

are summarized in Table 1. Standard PBE gives only a small

deviation of þ0.6% for the Cu lattice parameter a. The overes-

timation of a increases to about 2% for Ag and Au. PBE-D2

does not show a well-defined trend. The lattice parameter a is

underestimated by about 1.5% for Cu and Au, whereas it is

still overestimated for Ag because there is almost no change

Figure 3. Graphite: Potential curves for lattice parameter c for tmax ¼ 8

and tmax ¼ 30. CNold according to eq. (3), CNnew according to eq. (10).

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 4. Convergence test for the Cu bulk: ED2 and ED3 are plotted

against tmax. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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compared with PBE. One reason for this behavior might be that

the D2-correction is not explicitly parameterized for each d-ele-

ment. Applying the D3 correction the lattice parameter a is

reduced by 0.06–0.07 Å with respect to PBE for all three ele-

ments. This results in an underestimation of a for Cu by 1.3%, a

nearly perfect agreement for Ag and an overestimation by 0.7%

for Au. The D3 correction gives considerably better results for

Ag and Au, whereas it leads to a deterioration for Cu whose lat-

tice parameter is already well described with PBE.

The calculated cohesion energies Ecoh (see Table 1) reflect the

results for the lattice parameters. PBE gives a good agreement

with experimental results for copper, whereas Ecoh is largely

underestimated, by 45 kJ/mol for Ag and by 78 kJ/mol for Au. In

contrast PBE-D3 shows only small deviations of þ2 kJ/mol for

Ag and of �15 kJ/mol for Au but a larger deviation of þ48 kJ/

mol for Cu. The D3 correction increases the cohesion energy by

an almost constant energy value ranging from 50 to 60 kJ/mol.

Again, no clear trend for the PBE-D2 functional was observed.

The second test set consists of the binary oxides MgO

(space group Fm3m), Al2O3 (corundum, space group R3c), and

TiO2 in both the rutile (P42/mnm) and the anatase (I41/amd)

polymorphs. As shown in Table 2 standard PBE works quite

well for these systems which was expected because the oxides

are to a large extend ionic and have a relatively small polariz-

ability. Dispersion effects should therefore be small. The devia-

tion from experimental results is in the range of 1% for most

lattice parameters. The only exception is lattice parameter c

for anatase with a deviation of þ2.2%. In these cases PBE-D2

and PBE-D3 give results similar to each other. Most lattice pa-

rameters are decreased by 0.03–0.10% compared to PBE. But

overall the PBE-D3 functional gives the best results. Its maxi-

mum deviation is 1.1% and it is the only method which gives

a satisfactory result for the c lattice parameter of anatase.

In the next test set, we consider the layer compounds V2O5,

MoS2, and graphite, see Table 3. In these compounds, the weak

interaction between the layers is dominated by dispersion. Not

surprisingly, the standard PBE functional fails for these systems.

The lattice parameter c that describes the interlayer distance is

overestimated by about 11% for vanadium pentoxide and by

approximately 30% for molybdenum disulfide and graphite. This

difference can be understood by the fact that the graphite and

MoS2 layers are only held together by dispersion interaction

between the carbon and sulfur atoms, respectively, whereas

additional dipole-dipole interactions play a role for V2O5. In our

optimization, the other lattice parameters of MoS2 and graphite

were fixed to their experimental values to circumvent problems

with numerical stability of the numerical optimization with PBE.

As expected, the PBE-D2 and PBE-D3 functionals represent a

considerable improvement for the interlayer parameters: The

attractive interlayer binding of graphite and MoS2 is correctly

described, and the deviation for V2O5 is reduced to 2.4% (PBE-

D2) and 0.8% (PBE-D3), respectively. However, both approaches

have problems with graphite. The D2-correction underestimates

the lattice parameter c by about 4%, whereas the D3-correction

overestimates it by about 3%. In all cases, the cohesive energies

are severely overestimated by the DFT-D methods. This is due

to the counterintuitive overbinding of the underlying PBE

method of 290 kJ/mol (V2O5) and 50 kJ/mol (graphite). Only for

MoS2 the PBE error DEcoh is negative, �35 kJ/mol.

Molecular crystals

The last bulk test set consists of molecular crystals of benzene,

formamide, and urea. These systems were chosen as they repre-

sent some of the most important intermolecular interactions:

The benzene bulk is mainly held together by dispersion

Table 1. Comparison of calculated and measured bulk properties of crystalline copper, silver, and gold (space group Fm3m); lattice parameter a in Å,

relative deviation Da from experimental values[35] in percentage, cohesive energy Ecoh, total deviation from experimental values[35] DEcoh in kJ/mol.

PBE PBE-D2 PBE-D3

a Da Ecoh DEcoh a Da Ecoh DEcoh a Da Ecoh DEcoh

Cu 3.636 þ0.6 335 �2 3.572 �1.2 376 þ39 3.569 �1.3 385 þ48

Ag 4.165 þ1.9 240 �45 4.157 þ1.7 295 þ10 4.090 þ0.1 287 þ2

Au 4.173 þ2.3 288 �78 4.014 �1.7 429 þ63 4.115 þ0.7 351 �15

Table 2. Comparison of calculated and measured bulk properties of crystalline MgO, Al2O3, and TiO2 (anatase and rutile); lattice parameters l in Å,

relative deviation Dl from experimental values[36] in percentage, cohesive energy Ecoh, total deviation from experimental values[35] DEcoh in kJ/mol.

PBE PBE-D2 PBE-D3 exp.

l Dl Ecoh DEcoh l Dl Ecoh DEcoh l Dl Ecoh DEcoh l Ecoh

MgO

A 4.24 þ0.5 1004 þ1 4.19 �0.7 1059 þ56 4.20 �0.4 1044 þ41 4.22 1003

Al2O3

A 4.81 þ1.1 3129 þ46 4.79 þ0.6 3244 þ161 4.79 þ0.6 3204 þ121 4.760 3083

C 13.13 þ1.0 13.03 þ0.3 13.06 þ0.5 12.99

TiO2:Rutile

A 4.66 �0.6 1961 þ46 4.62 �1.5 2015 þ100 4.65 þ1.3 2013 þ102 4.59 1915

C 2.97 0.0 2.98 þ0.3 2.96 �0.3 2.97

TiO2:Anatase

a 3.82 þ1.1 1969 þ59 3.80 þ0.5 2012 þ102 3.82 þ1.1 2017 þ117 3.78 1910

c 9.71 þ2.2 9.73 þ2.4 9.58 þ0.8 9.50
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interaction, the urea bulk by an extended three-dimensional

hydrogen bond network, and the formamide bulk by a two-

dimensional amide hydrogen bond network within the (101)

layers and by dispersion and CAH ��� O hydrogen bonds

between the (101) layers.[34] The results are summarized in Table

4,5, and 6. As expected, PBE does not accurately describe the

benzene bulk structure. The lattice parameters are overestimated

by up to 14%. In contrast, PBE-D2 gives parameters which are

too short by more than 2.5%. Only PBE-D3 gives satisfactory

results with a maximum deviation of 1.2%. PBE-D3 also shows

(with a deviation of only 0.1%) the best performance for the

urea bulk, whereas PBE results in too long and PBE-D2 in too

short parameters. Also the bulk structure of formamide is not

correctly described with PBE. A much too large value of 4.65 Å

(not shown in Table 6) is obtained for lattice parameter a (exp.

value: 3.54 Å). This can be explained by the fact that the forces

along the a direction are dominated by dispersion interaction

and weak CAH ��� O hydrogen bonds. Both, PBE-D2 and PBE-D3,

give a reasonable agreement with experimental results. PBE-D3

gives smaller deviations for the lattice parameters b and c within

the (101) layer, but overestimates the a parameter by 2.1%.

Adsorption on surfaces

Finally, we examined the adsorption of Xe and benzene on the

Ag(111) surface as benchmarks for the adsorption on metal surfa-

ces. These systems have been subjected to numerous theoretical

studies.[41–43] For both systems, the adsorbate-surface binding

consists predominantly of dispersion interactions. For the ben-

zene adsorption, we studied the adsorption on a threefold-hol-

low site with both C3v(rv) and C3v(rd) symmetry and an on-top

position for Xe. Figures 5 and 6 show potential curves for both

adsorption sites. The PBE description of the benzene and the Xe

adsorption leads to potential curves with extremely flat minima

of about �5 kJ/mol (benzene) and �2 kJ/mol (Xe), respectively.

In both cases, we get a much too large distance to the surface

of about 3.8 Å for benzene and of about 4.2 Å for Xe.

PBE-D2 and PBE-D3 give considerably improved the agree-

ment with available experimental data. For benzene, PBE-D2

gives a minimum at a distance of 2.95 Å and an adsorption

energy of �90 kJ/mol. The PBE-D3 minimum lies at 3.15 Å and

corresponds to an adsorption energy of �71 kJ/mol. Both meth-

ods overestimate the absolute value of the experimental

adsorption energy (�51 kJ/mol) for the C3v(rv) configuration.[44]

However, the deviation with the PBE-D3 functional is consider-

ably smaller than with PBE-D2. Again one has to keep in mind,

that the zero point energy and thermal corrections, that are

expected to lower the adsorption energy, are not considered. In

agreement with experiment, we find that the C3v(rd) configura-

tion is more stable than C3v(rv). To the best of our knowledge,

no experimental data for the benzene-Ag distance are available

until now. For the Xe adsorption PBE-D2 and PBE-D3 give similar

results. The adsorption energy is �27 kJ/mol (PBE-D2) and �26

Table 4. Comparison of calculated and measured bulk properties of

benzene; lattice parameters a,b,c in Å, relative deviation from

experimental values[37] in percentage, heat of sublimation Hsub, deviation

from experimental values[36] in kJ/mol.

PBE PBE-D2 PBE-D3 exp.

a 7.981 þ8.5 7.169 �2.6 7.418 þ0.8 7.357

b 10.194 þ8.8 9.102 �2.9 9.353 �0.2 9.373

c 7.667 þ14.4 6.482 �3.3 6.780 þ1.2 6.701

Hsub 11 �31 56 þ15 57 þ16 41

Table 5. Comparison of calculated and measured bulk properties of

urea; lattice parameters a,c in Å, relative deviation from experimental

values[38] in percentage, heat of sublimation Hsub, deviation from

experimental values[36] in kJ/mol.

PBE PBE-D2 PBE-D3 exp.

a 5.804 þ4.3 5.461 �1.9 5.558 �0.1 5.565

c 4.704 þ0.4 4.652 �0.7 4.681 �0.1 4.685

Hsub 82 �21 116 þ13 117 þ14 103

Table 3. Comparison of calculated and measured bulk properties of crystalline V2O5, MoS2 and graphite; lattice parameters l in Å; relative deviation Dl
from experimental values[36] in percentage, cohesive energy Ecoh, deviation from experimental values[35] DEcoh in kJ/mol.

PBE PBE-D2 PBE-D3 exp.

l Dl Ecoh DE l Dl Ecoh DE l Dl Ecoh DE l Ecoh

V2O5

A 11.56 þ0.3 4115 þ290 11.63 þ1.0 4200 þ375 11.65 þ1.1 4190 þ365 11.519 3825

B 3.56 0.0 3.53 �1.0 3.55 �0.4 3.564

C 4.85 þ10.9 4.48 þ2.4 4.41 þ0.8 4.373

MoS2

a —[a] — �1414 �35 3.19 þ1.2 1565 þ117 3.16 þ0.3 1565 þ117 3.15 1448

c �14.9 �30 12.42 þ1.0 12.34 þ0.3 12.30

Graphite

c �8.8 �30 �768 þ50 6.432 �3.9 779 þ62 6.906 þ3.1 777 þ60 6.69 717

[a] Not optimized.

Table 6. Comparison of calculated and measured bulk properties of

formamide; lattice parameters a,b,c,b in Å and degrees, relative deviation

from experimental values[39,40] in percentage, heat of sublimation Hsub,

deviation from experimental values[36] in kJ/mol.

PBE-D2 PBE-D3 exp.

a 3.514 �0.8 3.617 þ2.1 3.543

b 8.850 �1.1 8.995 þ0.5 8.951

c 6.979 þ0.1 6.952 �0.3 6.974

b 101.8 þ0.7 100.0 �1.1 101.1

Hsub 85 þ18 87 þ20 67

FULL PAPERWWW.C-CHEM.ORG

Journal of Computational Chemistry 2012, 33, 2023–2031 2029

http://c-chem.org/
http://onlinelibrary.wiley.com/


kJ/mol (PBE-D3), and the distance to the surface is 3.56 Å with

both methods. These values are in good agreement with the ex-

perimental results of RAgXe ¼ 3.6 Å and Eads ¼ �22 kJ/mol.[45]

Influence of Three-Body Terms

The D3-correction takes into account the nonadditivity of dis-

persion interaction on the basis of the three-body terms EABC.

As it was found that E(3) has only an insignificant contribution

to ED3 for small and medium-sized molecules, their usage has

not been recommended for such systems. However, their con-

tribution was expected to grow for extended systems.[11]

To study the importance of nonadditive effects for solids

and surfaces, we performed for all systems–with exception for

the formamide bulk where convergence problems occurred–

additional PBE-D3(ABC) calculations. The results are summar-

ized in Table 7. As a general trend it was observed that E
ð3Þ
6 is

repulsive for all systems. The ratio |E
ð3Þ
6 |/E

ð2Þ
6 is between 0.07

for V2O5 and 0.21 for Cu, thus the three-center contributions

are not negligible. As consequence of the repulsive behavior

PBE-D3(ABC) gives larger lattice parameters than standard PBE-

D3. This effect is more pronounced for lattice parameters for

which dispersion is important (e.g., parameter c for graphite,

MoS2 and V2O5, and all benzene lattice parameters), whereas it

is less important for the strongly bound systems like Al2O3,

MgO, and TiO2. On the other hand, the effect of E(3) on cohe-

sive energies and heats of sublimation are small, 2–13 kJ/mol

which is negligible compared with other contributions such as

the zero-point energy. The situation is different for adsorption

studies. The PBE-D3(ABC) and PBE-D3 potential curves for the

adsorption of benzene and Xe on the Ag(111) surface are

compared in Figures 6 and 5. The three-body terms lead to an

increase of the adsorbate-surface distance, to 3.20 Å for ben-

zene and 3.59 Å for Xe. The adsorption energies decrease to

�60 kJ/mol for benzene and �23 kJ/mol for Xe.

Our conclusion is that the EABC terms have a noticeable effect

on distances and energies for solids and surface adsorption. We

do not recommend PBE-D3(ABC) for solids, as most lattice pa-

rameters deteriorate compared with PBE-D3. This is particularly

Figure 6. Potential curve [PBE, PBE-D2, PBE-D3, and PBE-D3(ABC)] for the

adsorption of Xe on the Ag(111) surface.

Table 7. Comparison of PBE-D3(ABC) results with PBE-D3 and

experimental data; l is the PBE-D3(ABC) lattice parameter in Å, Dl is the

relative deviation from the experimental value[35] in percentage, Dl (ABC)

is the deviation from the PBE-D3 results in Å (left) and percentage

(right),
E
ð3Þ
6

E
ð2Þ
6

is the ratio between the three-center and two-center terms, E

is the cohesive energy Ecoh or heat of sublimation Hsub (urea and

benzene), respectively, for PBE-D3(ABC) in kJ/mol, DE (ABC) (kJ/mol) is

the change of Ecoh or Hsub due to inclusion of three center terms.

System l Dl Dl (ABC)
E
ð3Þ
6

E
ð2Þ
6

E DE (ABC)

Cu

a 3.592 �0.5 þ0.02 þ0.6 0.21 374 �11

Ag

a 4.115 þ0.6 þ0.03 þ0.6 0.18 278 �9

Au

a 4.136 þ1.6 þ0.02 þ0.5 0.18 336 �12

Al2O3

a 4.80 þ0.8 þ0.01 þ0.2 0.11 3191 �13

c 13.08 þ0.7 þ0.02 þ0.2

MgO

a 4.21 �0.2 þ0.01 þ0.2 0.17 1036 �8

Rutile

a 4.65 þ1.2 0.00 0.0 0.14 2005 �8

c 2.96 �0.3 0.00 0.0

Anatase

a 3.83 þ1.3 þ0.01 þ0.2 0.12 2013 �4

c 9.59 þ0.9 þ0.01 þ0.1

V2O5

a 11.65 þ1.1 0.00 0.0 0.07 3815 �10

b 3.56 0 þ0.01 þ0.3

c 4.45 þ1.8 þ0.04 þ0.9

MoS2

a 3.17 þ0.6 þ0.01 þ0.3 0.15 1553 �12

c 12.57 þ2.2 þ0.23 þ1.8

Graphite

c 7.080 þ5.8 þ0.17 þ2.5 0.14 775 �2

Urea

a 5.58 þ0.2 þ0.02 þ0.4 0.09 113 �4

b 4.68 �0.2 0.00 0.0

Benzene

a 7.48 þ1.6 þ0.06 þ0.8 0.08 50 �7

b 9.46 þ1.0 þ0.11 þ1.1

c 6.86 þ2.4 þ0.08 þ1.1

Figure 5. Potential curves [PBE, PBE-D2, PBE-D3, and PBE-D3(ABC)] for the

adsorption of benzene on the Ag(111) surface.
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the case for weakly bound systems like graphite, MoS2, ben-

zene, and V2O5. In addition, one has to keep in mind that the

computational effort for the D3-correction strongly increases

due to the O(N3) behavior of E(3). The benzene adsorption of

Ag(111) is the only case where PBE-D3(ABC) gives considerably

better results than PBE-D3. Therefore, the three-center terms

are recommended for adsorption studies.

Summary and Conclusion

We implemented two empirical dispersion corrections into the

plane wave-code VASP and tested their applicability to the cal-

culation of solids and adsorption on surfaces. Results obtained

with the more recent D3 correction are compared to D2 and

corresponding standard PBE results. As expected a large

improvement is obtained for all cases where standard DFT fails

due to its insufficient description of dispersion. Both empirical

PBE-D2 and PBE-D3 corrections give qualitatively and quantita-

tively correct results for the c parameter of the layer com-

pounds graphite, MoS2, and V2O5, for the a parameter of the

formamide bulk, for the lattice parameters of the benzene

bulk and for the adsorption of benzene and Xe on the

Ag(111) surface. For oxides and metals which are already well

described with standard PBE, we observe neither a general

improvement nor deterioration. For example, best results for

Cu and rutile are obtained with PBE, whereas the results for

Ag, Au, Al2O3, anatase, and urea are best with PBE-D3. A com-

parison of the PBE-D2 and PBE-D3 results shows that PBE-D3

performs in almost all cases better than PBE-D2. Furthermore,

we find no example where the PBE-D3 method completely

fails. The consideration of three-body terms E(3) causes a slight

increase of most lattice parameters due to their repulsive char-

acter. This leads to an overestimation of lattice parameter for

weakly bound systems. As a result of this study we can recom-

mend to use the D3 method as default for periodic calcula-

tions of bulk and surface properties. It is a computationally ef-

ficient method particularly well suited for the calculation of

structural and energetic aspects of adsorption and structures

of molecular crystals. In adsorption studies where dispersion

plays a major role the inclusion of three-center terms should

be considered.

Keywords: density functional theory � dispersion interac-

tion � solids � surfaces
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