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Abstract

State-of-the-art van derWaals (vdW) corrected density functional theory (DFT) is routinely used to

overcome the failure of standardDFT in the description ofmolecule/surface long range interactions.

However, the systematic use of dispersion forces tomodelmetallic surfaces could lead to less accurate

results than the standardDFT and the effect of these corrections on themetal properties should be

properly evaluated. In this framework, the behavior of twowidely used vdWcorrectedDFTmethods

(DFT-D2 and vdW–DF/optB86b) has been evaluated on sixmetals, i.e. Al, Cu, Au,Ni, Co and Fe,

with respect to standardGGA–DFT and experiments. Regarding bulk properties, general trends are

found for the lattice parameter, cohesive energy andmagneticmoment variations when the vdW

correction is introduced. Surface energies, work functions and interlayer distances of closed packed

surfaces, Al(111), Cu(111), Au(111) andmagneticNi(111), Co(0001) and Fe(110), are also strongly

affected by the dispersion forces. Thesemodifications suggest a systematic verification of the surface

properties when a dispersion correction is included.

1. Introduction

London dispersion forces, usually referred as ‘van derWaals (vdW) forces’, originate from the instantaneous

interaction between dipoles induced by chargefluctuation. These interactions, varying as –1/r6 decay [1], are
missing in standard exchange-correlation (XC) functionals used in density functional theory (DFT). This

deficiencywas one of themain obstacles encountered byDFTmethods to properly describe weakly bonded

materials or the adsorption ofmolecules on surfaces.Moreover it was also demonstrated that the dipole–dipole

vdW forces contribute to the total cohesive energy inmetals [2–5].
While solutions have been proposed to take into account dispersion forces inDFT calculations since themid

of 90s, significant efforts in that regardwere undertaken onlywithin the past decade. In this framework, weakly

bonded systemsweremostly investigated andwere used as benchmark datasets (S22 [6, 7], S66 [7], X23 [8]) for
the validation of the proposed vdWcorrectionmethods. As a result, the description of rare gases ormolecular

crystals was significantly improved [9]. Considering the benefit of such vdWcorrectedDFTmethods, theywere

widely used formodeling the adsorption ofmolecules onmetallic surfaces and several reviewswere proposed in

the literature [7, 9–14]. For instance, Tkatchenko et al [15, 16] pointed out that amodeling of the structure and

stability of hybrid systems using dispersion corrected functionals is reliable and required. Indeed, an accurate

description of themolecule-surface interaction ismandatory for explaining and forecasting the behavior of

molecules onmetals, in various fields such as catalysis, stabilization of nanoparticles, surface functionalization,

or even in surface protections or nanotechnology. However, in spite of a quasi-systematic use of vdW

corrections in recentDFT studies ofmolecule-surface systems, the effect of the introduction of such a correction

on themetallic surfaces has been under-researched.We found important to point out themodifications of the

surface properties induced by such corrections.

For bulkmaterials, Klimeš et al [17, 18] andCarrasco et al [19], have shown a good behavior of optB86b,
theirmodified vdWdensity functional (vdW–DF) on lattice parameter, bulkmodulus and atomization energy of



differentmaterials such as some noblemetals, transitionmetals, alkali and alkaline-earthmetals, ionic crystals,

oxide and semiconductors. In 2013, Schimka et al [20] have computed the lattice constants and cohesive

energies of a series of alkali, alkaline-earth and transitionmetals with the randomphase approximation (RPA)

andwith a vdWcorrectedDFTmethod (optB88-vdW). The sophisticated RPAmethod gave the lowest errors

when comparedwith experiments but this approach is too computationally demanding to be applied on large

surfacemodels such as those used for studyingmolecular adsorption. The optB88-vdW functional scored less

well as it seemed to overestimate the dispersion forces in alkali and alkaline earthmetals and thus lead to

underestimated lattice parameters for these solids. However, Ding et al [21] showed that the same functional

gave results particularly close to experimental counterpart for the bulk properties and plasticity ofmagnesium.

Bucko et al [22] have compared the vdWcorrectionmethod proposed by Tkachenko and Scheffler [23]with and
without self-consistent screening (TS-SC) on different solids including rare gas solids (Ne, Ar, Kr, Xe), molecular

solids (αN2, sulfur dioxide, benzene, naphthalene and cytosine), layeredmaterials and chain-like structures

(graphite, hexagonal boron nitride, vanadiumpentoxide,MoS2 andNbSe2), materials with chain-like structures

(selenium, tellurium, cellulose I-β), ionic crystals andmetals (nickel, zinc, cadmium). They found that the

calculated structures are in good agreementwith experiment but that the vdWcorrections often overestimated

the binding energies. They pointed out that the TS-SCS approach leads to significantly better results in some

problematic cases.

For surfaces, very few studies have assessed the quality of the data (lattice parameter and/or bulkmodulus

and/or surface relaxation) obtained using vdW-correctedDFTmethods [10, 24, 25].Moreover, in these studies,

these parameters were evaluated only for themethod they used for studying the adsorption. To our knowledge,

only one study describes a comparison of the surface energy and relaxation of different facets of a givenmetal

obtainedwith andwithout a dispersion correction [26, 27]. The purpose of this work is neither to give an
exhaustive list of themetal surface properties obtained using all the existing corrections, nor to seek for the best

vdWcorrected functional for describing a givenmetal surface. It is rather intended to show the typical

modifications one could expect on the surface properties arising from the use of vdWcorrected functionals.

To this end, we have evaluated the effect of dispersion corrections on the surface properties of six compact

metallic surfaces, i.e. Al(111), Cu(111), Au(111), Ni(111), Co(0001) and Fe(110). Five of the sixmetals studied

are transitionmetals and all have been chosen because of their frequent use asmolecular adsorption substrates

or as stable facets of nanoparticles [28–30].We tested one example for each of the twomost representative classes

of vdWcorrectionmethods (non-local correlation functional and semi-empirical additiveDFT-D). After the

verification on lattice parameter, bulkmodulus and cohesive energy for the bulk, we have focused on surface

energy, surface relaxation andwork function of these surfaces. Formagneticmetals, themagnetic properties

have also been computed. These results provide an indication of themodification of the surface properties

arising from taking into account the dispersion forces.

2. Computational details andmodels of the surfaces

Calculations in the framework of theDFTwere performed by using theVienna ab initio simulations package

(VASP) [31–33], a plane-wave basis implementation ofDFT. Pseudopotentials based on the projector

augmentedwave (PAW)method [34, 35]which allows an accurate description of the electronic structurewere
usedwith different functionals. As a reference, lattice parameter, cohesive energy, bulkmodulus, surface energy,

surface relaxation andwork functionwere calculated atfirst with thewell knownPerdew–Burke–Ernzehof

(PBE) [36] functional in the generalized gradient approximation (GGA). These quantities were then compared

to that evaluatedwith vdWcorrectedDFT. Among the semi-empirical corrections, we selected theDFT-D2

method proposed byGrimme [37], which consists in adding a pair wise potential to theDFT total energy after

each self-consistent cycle.

( )E E E 1KS disp

and

( )
( ) ( )E S

C

R
F R dispersion term, 2

i

N

j i

N ij

ij
ij

disp 6

1

1

6

6 dmp

( ) ( )
⎛

⎝
⎜

⎞

⎠
⎟

F R
1

1 e

damping function, 3ij
dmp

d Rij

R i R
j

0 0 1

( )C C C dispersion coefficient, 4ij i j
6 6 6

where S6 is a global scaling factor,R
ij the distance between atoms i and j, d a damping parameter, C6

i the atomic

parameter andR0
i the vdW radius of atom i. Note that the C6

i andR0
i parameters are identical for Fe, Co andNi.



In theGrimme correctionmethod, the parameters Ci
6 andR

i
0were obtained byfitting experimental data

[37]. For this class of correctionmethods, Tkatchenko and Scheffler proposed to obtain these same parameters

from the electron density [23].
Among the non-local functionals, also called vdW–DF [38], we selected the optB86b one, a functional

optimized byKlimeš et al [18], and known for its ability to describe structural properties of solids. In this
method, the vdW interaction is considered implicitly by the nonlocal contribution of the electronic density
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2.1. Bulk calculations

For bulkmaterials, the convergence (less than 1meVper atom)with respect to the cutoff energy (Ecut),

Methfessel–Paxton smearingσ [39] and size of theMonkhorst–Packmesh of k-points [40]was carefully
checked for each system. The calculation parameters used are presented in table 1. The value of the smearingσ

was taken to 0.05 eV for allmetals.

By fitting the total energy versus the lattice volume using equation (6), the optimized lattice parameters were

deduced from the volume at theminimumenergy:

( )E a a V a V , 6bulk 0 1 2
2

whereEbulk is the energy of the unit cell withN atoms andV the volume of the unit cell.

Cohesive energies Ecoh per atomwere calculated using equation (7):
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whereEatom is the energy of the isolated atom in vacuum.

The bulkmodulusB0measures the volume variation due to external pressure. It is defined as in equation (8).

This quantity was calculated by using theMurnaghan equation of state [41]
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2.2. Surfaces calculations

For surface calculations, symmetric slabswere chosen. The height of the vacuum regionwas checked to

minimize the interaction between periodic slabs in the z-direction. The total surface energies were calculated

with the same accuracy as the bulk, but using (n×n×1) k-points grid, n being given in table 1. That leads to

good convergence of the surface energy [42]. The number of atomic layers was gradually increased to get the

convergence of the surface energy ( < 0.005 eV atom −1
) and convergence of the interplanar distance

variation in themiddle of the slab (see figure 6). The number of atomic layers was 19 layers for the Al, Cu andAu

slabs, 15 layers for Co andNimetals and 20 layers for the Fe slab.

All atomswere fully relaxedwith the conjugate gradient algorithmuntil forces on each of themwere less than

0.001 eVÅ−1. Spin polarizationwas taken into account formagneticmaterials, i.e. Ni, Co and Fe.

The surface energy γ for a symmetric slabwas calculated using:
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Table 1.Parameters used for the bulk cal-
culations.Ecut is the cutoff energy,
k-points is the size of the k-points
grid (n × n × n).

Metal Ecut (eV) k-points

Al 450 15×15×15

Cu 500 17×17×17

Au 600 19×19×19

Co 650 21×21×21

Ni 600 19×19×19

Fe 400 18×18×18



whereEslab is the total energy of the fully relaxed slab, n the number ofmetallic atoms in the supercell andA is the

surface area of the slab.

The relaxation of the surfaces was described by the interlayer distances variation:

( )d
d d

d
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where dij are the interlayer distances and i and j the index of the atomic layers from the surface, i.e. d12 is the

distance between the surface (index 1) and the subsurface (index 2) layers. dbulk is the interlayer distance in

the bulk.

Thework functionf is theminimumenergy required to extract an electron from the surface to the vacuum.

Work function changes are particularly studied for the adsorption processes onmetal surfaces.We

calculated thework function of themetals from the difference between the Fermi energy of the system and the

electrostatic potential energy in themiddle of the vacuum region.f is thus given by:

( )V E , 11F

whereEF is the Fermi energy of the system andV
∞
is the electrostatic potential in the vacuum.No dipole

correctionwas necessary aswe used symmetric slabmodels.

3. Results and discussions

3.1. Bulk

The equilibrium lattice parameters obtained by using the PBE,DFT-D2 and optB86b functionals are

summarized in table 2. The general trend of the a0 variation is a graduated shift to smaller values fromPBE to

optB86b andfinally toDFT-D2 as shown infigure 1. This behavior of the lattice parameters agrees with literature

results [18, 19]. The authors showed that the optB86b-vdW functional gives smaller lattice parameters than the

PBE functional for allmetals. The results obtained by optB88-vdWare not constant: the calculated lattice

parameters are similar using optB88 and PBE functionals for transitionmetals, whereas the optB88 functional

gives worst lattice parametres than the PBE functional for alkali and alkali-earthmetals. In the present study, for

fcc Al andNi, hcpCo and bcc Fe, the lattice parameters calculatedwith PBE best agree with the experimental

values. For Cu, the best agreement was obtainedwith optB86bwith a0=–0.4%,whereas for Au the a0
calculatedwithDFT-D2 gives a deviation a0 of+0.4%. Therefore the inclusion of vdW forces in the

calculation tends to decrease the volume of the unit cell at 0 K for all studiedmetals.

The variation of the bulkmodulusB0 is presented in table 3 and infigure 2. The analysis of the results of our

computations shows a shift ofB0 to larger values with the optB86b functional andDFT-D2 corrections for Cu,

Au,Ni andCo, following thus the expected trend.On the contrary, the value ofB0 is decreased for Al whenwe

turn fromPBE to dispersion correctedmethods and for Fewhen the optB86b functional is used. For three of the

six studiedmetals (Cu,Ni, Co), the PBE functional gives the results that are in best agreementwith their

experimental counterparts. For Al, Au and Fe, the best approach for the calculation of the bulkmodulus is the

DFT-D2 one. The lack of clear trend for the variation of the bulkmodulus with the functionalmight be

attributed to thewell-knownDFT error (with orwithout dispersion correction)which is around±20% , for

standard calculations. One could improve the agreement of the calculated bulkmoduluswith experiment by

increasing the accuracy of the calculation (finer k-points grid and higher cutoff). However, since themain

purpose of this paper is to show the effects of the vdWcorrectedDFTmethods on themetal properties compared

to standard PBE, we decided towork at the same standard level of accuracy for all functionals.

The calculated value of the cohesive energy of a givenmetal is alsomethod dependent. The cohesive energy

calculatedwithout andwith vdWcorrections are presented in table 4 and compared to the experimental values.

Table 2.Calculated and experimental lattice parameters a0 (Å) for fcc and bcc,
a0/c0 for hcp crystals.

Metal PBE DFT-D2 optB86b Exp. [43]

Al(fcc) 4.037 4.008 4.031 4.04/4.05

Cu(fcc) 3.635 3.570 3.597 3.61

Au(fcc) 4.174 4.096 4.138 4.08

Ni(fcc) 3.525 3.464 3.494 3.52

Co(hcp) 2.491/

1.625

2.463/

1.600

2.472/1.616 2.51/1.62

Fe(bcc) 2.835 2.804 2.807 2.87



DFT is known to estimate reasonably well this quantity [18, 20]. In agreement with the previous studies [2, 3],
taking into account dispersion interactions increases the cohesion of themetallic bulks. Infigure 3, the general

trend is that ∣ ∣Ecoh
PBE

< ∣ ∣Ecoh
optB86b

< ∣ ∣E D
coh
DFT 2 , except for Fe for which the calculated optB86b and PBE-D2

cohesive energies are similar. This variation of the cohesive energy is similar to the variation already shown for

the lattice parameter because, for a givenmetal, the values of the lattice parameter and of the cohesive energy are

in close relation: smaller a0 lead to higher Ecoh (in absolute value). Theminimumdeviation to experimental

values is for Cuwith a relative error of –0.57% (PBE), while the largest deviation is for Co, with a relative

variation of +34.17% (DFT-D2).

Figure 1.Deviation of the calculated lattice parameters from the experimental values, ( )a a a a1000 0 0
exp

0
exp

(and a c0 0

for Co).

Table 3.Calculated and experimental bulkmoduliB0 (GPa).

Metal PBE DFT-D2 optB86b Exp. [43]

Al(fcc) 80 71 79 72

Cu(fcc) 139 144 149 137

Au(fcc) 136 154 146 173

Ni(fcc) 195 219 209 186

Co(hcp) 201 211 208 191

Fe(bcc) 186 176 199 168

Figure 2.Deviation of the calculated bulkmoduli from the experimental values. ( )B B B B1000 0 0
exp

0
exp .



In the literature, Klimeš et al [18] computed these same quantities for Al andCuusing the PBE and optB86b.

Their values for the lattice parameters, bulkmodulus and cohesive energies were slightly different than ours due

to slight differences in the computational conditions (number of k-points andEcut). These properties have been

calculated formany solids using several vdWdensity functionalmethods. The cohesive properties for alkali

metals and alkali halides were improved by including dispersion non-local correlation term [18, 20].
Formagneticmaterials (Ni, Co and Fe), the atomicmagneticmoments calculatedwith PBE, optB86b and

DFT-D2 are compiled in table 5. The PBE functional gives values of the atomicmagneticmoment that are

decreasedwhen using dispersion correctedmethods. This is simply due to the fact that thesemethods decrease

the lattice parameter for a givenmetal (compared to the PBE functional), and therefore the hybridization

between the orbitals of neighbouring atoms is increased inducing a decrease of themagneticmoments.

To sumup, in comparison to PBE results, the application of vdWcorrections in the semi-empirical scheme

(DFT-D2) orwith the non-local functional approach (optB86b) decreases the lattice parameter and increases the

cohesive energy (in absolute value), inducing a decrease of the atomicmagneticmoments for themagnetic

materials. The bulkmodulus is alsomodified by the use of these functionals but no general trendwas found.

Globally, we can conclude that the use of dispersion correctedmethodsmodifies the calculated properties of

the six studiedmetals. Depending on the performance of the PBE functional for a givenmetal, the use of a vdW

functionalmight improve the agreementwith experiment or deteriorate it. Note that, for Au, the PBE

functional, as well as all gradient corrected exchange and correlation functionals, does not take into account the

spin–orbit coupling and then leads to inaccurate results for the lattice parameters and the bulkmodulus. In that

case, the correction induced by taking into account the dispersion forces compensates artificially the error

coming from the lack of spin–orbit coupling.

Table 4.Calculated and experimental cohesive energies (eV).

Metal PBE DFT-D2 optB86b Exp. [43]

Al(fcc) −3.55 –3.80 −3.65 –3.39

Cu(fcc) −3.47 –3.89 −3.76 –3.49

Au(fcc) −2.98 –3.69 −3.55 –3.81

Ni(fcc) −4.87 –5.35 −5.08 –4.44

Co(hcp) −5.41 –5.89 −5.54 –4.39

Fe(bcc) −4.85 –5.27 −5.31 –4.28

Figure 3.Deviation of the calculated cohesive energies from the experimental values. ( )E E E E100coh coh coh
exp

coh
exp .

Table 5.Calculated and experimental atomicmagneticmoment
in B/at.

Metal PBE DFT-D2 optB86b Exp.

Ni(fcc) 0.65 0.59 0.58 0.61 [44]
Co(hcp) 1.61 1.55 1.56 1.71(at 77K) [45]
Fe(bcc) 2.21 2.15 2.12 2.22 [44]



3.2. Surface properties

When a surface is created by cutting a solid, the atoms in and close to the surface tend to relax in order to

minimize the surface energy and surface strains. By the same time, the surface electronic structure as well as the

surface reactivity aremodified consequently. It is thus of prime importance forDFT simulations to reproduce

correctly surface properties. In this study, only themost close-packed orientations were considered for each

metal, i.e. Al(111), Cu(111), Au(111), Ni(111), Co(0001) and Fe (110). To describe these surfaces, we used

symmetric slabs as described in the ‘computational details’ section.

The calculated surface energies are summarized in table 6. For all themetals, the dispersion corrected

methods give a surface energy that is higher than the PBE values. TheDFT-D2 approach gives accurate results

for the Al(111), Cu(111) andAu(111) surfaces, whereas the optB86b functional describes well the surface energy

of theNi(111) andCo(0001) surfaces. The PBE functional gives results in best agreementwith experimental

value only for the Fe(110) surface. Looking at figure 4, one can see that the dependence of the surface energies on

the functionals is similar to that of the cohesive energies in bulkmaterials ( ‐PBE optB86b DFT D2). From the

definition of the surface energy (equation (9)), one can try to understand thesemethod dependent variations.

Taking into account dispersion forces decreases the lattice parameter a0, therefore the surface area, and increases

the cohesive energy (in absolute value). Thus the increase in surface energy observed in dispersion corrected

DFT compared to PBE can be explained by changes in the bulk properties.

As different vdWcorrections significantlymodify the bulk properties and the surface energies, we expect to

find noticeable differences for thework function fromonemethod to the other. For the sixmetallic surfaces

investigated in the present work, thework functions are presented in table 7. The general variation trend here is

PBE ‐DFT D2 < optB86b (seefigure 5). The PBE andDFT-D2methods give similar results and the best
agreementwith experiment for theCo(0001) and Fe(110) surfaces whereas the optB86b functional describes

better the (111) surface of the Al, Cu, Au andNimetals. Tkatchenko et al also noticed an increase of thework

function for the (111) surface of Cu, Rh andAuwhen applying the self-consistent PBE+vdWcorrection [47].
This variation is indeed linked to the change in the surface electronic density description. As the electronic

redistribution is at the origin of the surface relaxation [48], we also studied in details the dependence of the
surface relaxation of the slab on themethod.

Table 6.Calculated surface energies γ in J m−2 and deviation from the experimental values.

PBE DFT-D2 optB86b

Metal γ [J m−2] Error [%] γ [J m−2] Error [%] γ [J m−2] Error [%] Exp. [46]

Al(111) 0.78 −31.98 1.08 −6.55 0.96 −16.98 1.16

Cu(111) 1.25 −31.42 1.95 +6.44 1.61 −11.91 1.83

Au(111) 0.71 −52.60 1.52 +1.60 1.10 −26.53 1.50

Ni(111) 1.92 −21.63 2.77 +13.14 2.33 −5.02 2.45

Co(0001) 2.12 −16.70 2.98 +16.74 2.57 +0.94 2.55

Fe(110) 2.42 −2.42 3.02 +21.93 2.89 +16.33 2.48

Figure 4.Deviation of the calculated surface energies from the experimental values. ( ) 100exp exp .



In themiddle of the slabs, the interlayer distance should converge to its value in the bulk. Infigure 6, the

deviation of the interlayer distances dij as defined in equation (10) are presented for the six studied surfaces

and for the three functionals. One can notice that the interlayer distances converge to their bulk values for

Ni(111)whatever the calculationmethod used and for Fe(110) in the case of optB86b and PBE calculations. The

largest deviation is obtained for Al(111)with an interlayer distance variation of +1.0% relatively to the bulkwith

the three functionals. To reach the bulk value, the number of atomic layers used to describe theAl slab should be

much larger (> 40). These deviations are usually attributed to quantum effects which decrease very slowlywith

the number of atomic layers [49]. The calculations with a 40-layers slab being too computationally expensive, we

checked that the threemethods give interlayer distance deviations that are in the same range of values for the 19-

layers slab and can be compared. For the other systems, the interlayer distances converge to the bulk value in the

middle of the slabwith an incertainty of less than±1%.

It is interesting to notice that the surface relaxations,measured by the d12 and d23 deviations of the

interlayer distances, can be very different fromonemethod to the other for a givenmetal. These surface

relaxations are reported in table 8.

Some experimental studies in the literature have shown that formost of the fccmetals, the surface relaxation

is inward, i.e. the distance between the two topmost atomic layers decreases when compared to this distance in

the bulk. But, some surfaces show an outward relaxation such as Al(111) andAu(111) orCu(111) [50–52]. Since
experimental values are difficult to obtainwith a reasonable uncertainty, the prediction of this opposite behavior

could be considered to evaluate the performance of the dispersion corrected approaches.

For Al(111), the calculated d12 is positive for the threemethods, i.e. PBE,DFT-D2 and optB86b but it is

much increased by the use of the vdW functionals, especially DFT-D2. This outward relaxation agrees with the

experimental observations andwithin acceptable errors for PBE and optB86b. ForCu(111), both PBE and

optB86b give a negative (inward) relaxation.Only theDFT-D2 reproduce the outward behavior

with d12=+0.74%.

For Au(111), allmethods reproduce the outward relaxation observed experimentally [51] but itsmagnitude

ismuch bigger for theDFT-D2method. TheNi(111) surface shows experimentally an inward relaxation, which

is reproduced by the threemethods.However, the optB86b value (–1.31%) agrees better with the –1.2%±1.2%

estimated by Lahtinen et al [56]. For theCo(0001) surface, allmethods reproduce the inward relaxation. Finally

Table 7.Calculated and experimental work functionΦ in eV.

Metal PBE DFT-D2 optB86b Exp. [46]

Al(111) 4.05 4.05 4.18 4.24

Cu(111) 4.76 4.82 4.98 4.94

Au(111) 5.09 5.17 5.32 5.31

Ni(111) 5.09 5.11 5.27 5.35

Co(0001) 4.91 4.91 5.17 5.00

Fe(110) 4.75 4.78 5.00 4.50

Figure 5.Deviation of the calculated surfacework functions from the experimental values. ( ) 100exp exp .



for the Fe(110) surface, theDFT-D2method gives an outward relaxation (+1.01%), while PBE and optB86b

simulate an inward relaxation of –0.29% and –0.18% respectively.

For allmetals, the agreement with experiment is difficult to evaluate because of the dispersion of the

experimental values. Globally, we note that for the d12 variation, the PBE and optB86b functional show the

same trendswhereas DFT-D2 has a different behavior for Cu(111) and Fe(110). These trends and the

comparisonswith experimental values are shown in figure 7, where the d12 are depicted. From this figure, it is

clear that theDFT-D2method tends to increase the surface deviation d12 compared to the PBE and optB86b

ones and this effect changes the relaxation from inward to outward in some cases (Cu(111) and Fe(110)).

Formagnetic surfaces, themagneticmoment of atoms belonging to the different layers shows a similar

variation for the threemethods (see figure 8). Similarly towhatwas observed in the bulk, the decrease of the

lattice parameter when the dispersive forces are included induces a decrease of the atomicmagneticmoment in

themiddle of the slabs. At the surface, due to the lack of neighbouring atoms, themagneticmoment of the

surface atoms is exalted. This exaltation is obtainedwith the three functionals and the differences between the

obtained values are simply due to the change in bulk atomicmoments.

Figure 6.Deviation of the calculated interlayer distances from the interlayer distance in the bulk (in %).



To summarize, similarly to the bulk properties, the variation trend of surface properties using PBE,DFT-D2

and optB86bmethods strongly depends on the system. For the surface energy, it is clear that the use of the

dispersion forces increases the value of the surface energywhen compared to the PBE results, for allmetals. The

method dependence of thework function is different with a systematic increase of the value using the optB86b

functional. But the use of theDFT-D2method does not affect systematically the PBE value of thework function.

Table 8.Calculated and experimental deviation of the interlayer distances
d12, d23, and d34, from the corresponding bulk values (in%).

Element PBE DFT-D2 optB86b Exp.

Al(111)

d12 +1.34 +2.39 +1.69 +1.8±0.3/

+1.7±0.3 [50, 53]
d23 +0.22 +0.48 +0.38 +0.1±0.7/

0.5±0.7[50, 53]
d34 +1.12 +1.29 +1.29

Cu(111)

d12 −0.30 +0.74 −0.68 +0.5–

1±1–2.5% [52]
d23 +0.35 +0.19 −0.06

d34 −0.71 +0.43 +0.27

Au(111)

d12 +0.82 +2.93 +0.89 +1.5/

+3.3±0.4 [51, 54]
d23 −0.84 –0.12 −0.66 –0.8±0.4 [54]
d34 −0.53 –0.33 −0.44

Ni(111)

d12 −0.82 –0.11 −1.31 –1.2±1.2 [55]
d23 +0.14 −0.05 –0.35

d34 +0.13 −0.09 +0.09

Co(0001)

d12 −3.24 –1.18 −2.81 –2.1 [56]
d23 +1.41 +2.02 +2.30 +1.3[56]
d34 −1.13 +0.03 −0.80

Fe(110)

d12 −0.29 +1.01 −0.18 +0.5±2 [57],
+1±2 [58]

d23 +0.57 +0.80 +0.54 +0.5±2 [58]
d34 −0.32 –0.34 −0.36

Figure 7. Surface relaxations 12 with respect to the bulk interlayer distances (in %) and comparisonwith the experimental values.



Concerning the surface relaxation, theDFT-D2method clearly increases the interlayer distance between the

topmost layers.However the comparisonwith experiments is not conclusive. Forwhat concerns the surface

magneticmoments, the trend follows that found for the bulkmagneticmoment, i.e. it is closely related to the

lattice parameter.

Figure 8.Calculated atomicmagneticmoment (in B/at.) at different layer positions in theNi(111), Co(0001) and Fe(110) slabs.



4. Conclusion

In this paper, we have evaluated the performance of two vdW-correctedDFT functionals (DFT-D2 and vdW–

DF/optB86b) on sixmetals, i.e. Al, Cu, Au,Ni, Co and Fe by comparingwith PBE results and experiments. A

systematic decrease of the lattice parameter compared to the PBE valuewas observedwhich is directly related to

the inclusion of the attractive dispersion forces in themetal. For the same reasons, the cohesive energy is

systematically increased in absolute value and themagneticmoment is decreasedwhen vdWcorrected

functionals are used, with respect to PBE. Based on the investigatedmetals (including transition 3d/5dmetals),

one could generalize this trend: the use of vdWcorrectedDFT induces a decrease of the lattice parameter, a

decrease of themagneticmoment and an increase of the cohesive energy in absolute values with respect to

standardGGA–DFT calculations. However, for the bulkmoduli which is linked to the elastic properties of the

materials, no general trend could be found.

Surface energies, work functions and surface relaxations of Al(111), Cu(111), Au(111) andmagnetic

Ni(111), Co(0001) and Fe(111) surfaces were computedwith andwithout the vdWcorrections. A variation

trendwas underlined for the surface energy: PBE < optB86b < ‐DFT D2, which can be attributed to the changes in

the bulk properties. Concerning thework function, the ordering is different and the trend is: PBE

‐DFT D2 < optB86b. For surface relaxations, theDFT-D2 correction tends to increase the distance between the
two topmost layers compared to the very similar behavior foundwith PBE and the optB86b functionals.

A proper description ofmolecule/surface systems implies to take into account London dispersion forces

which is not done in standardGGA–DFT calculations. The state-of-the-art vdWcorrected functionals are now

routinely used to overcome this failure ofDFT. Care should be taken regarding the effects induced by these

forces on themetal properties. In this work, we have observed that the use of vdWcorrected functionals strongly

affects the bulk and surface properties of the investigatedmetals. In order to avoid this effect, for semi-empirical

corrections based on pairwise additive interactions, one could introduce the corrections between the atoms of

themolecule and of the surface only [59]. This strategy can not be used for non-local vdW corrected functionals.

In this latter case, the general trends pointed out in the present study could be used to predict the change of the

metal properties with respect to standardDFT.
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