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Density-functional calculation of van der Waals forces for free-electron-like surfaces

Erika Hult! Per Hyldgaard,Jan Rossmeigland Bengt |. Lundqvist
Department of Applied Physics, Chalmers University of Technology ateb®y University, S-412 96 Geborg, Sweden
2Center for Atomic-scale Materials Physics (CAMP), Department of Physics, Building 207, Technical University of Denmark,
DK-2800 Lyngby, Denmark
(Received 13 July 2001; published 26 October 2001

A recently proposed general density functional for asymptotic van der Waals forces is used to calculate van
der Waals coefficients and reference-plane positions for realistic low-indexed Al surfaces. Results are given for
a number of atoms and molecules outside the surfaces, as well as for the interaction between the surfaces
themselves. The densities and static image-plane positions that are needed as input in the van der Waals
functional are calculated self-consistently within density-functional theory using the generalized-gradient ap-
proximation, pseudopotentials, and plane waves. This study shows that the van der Waals density functional is
applicable to realistic surfaces. The need for physically correct surface models, especially for open surfaces, is
also illustrated. Finally the parameters for the anisotropic interactidd,ofvith Al are calculated.
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[. INTRODUCTION tional. On the other hand, a number of van der Waals density
functionals have been proposed, within different approaches.
At large separations the interaction between atoms, molOne suggests a simple asymptotic functidrthht is based

ecules, surfaces and other fragments of matter is dominatezh the concept of an effective medium, which leads to a local
by the weak but long-ranged van der Waals interaction. Thispproximation for the response. It gives surprisingly good
attraction is responsible for a number of phenomena, includresults for small objects, but fails for macroscopic
ing adhesion between surfaces and physisorption between &odies!®° This functional has later been rederived from a
adparticle and a solid surface. It is also very important fordifferent point of view, using a direct local approximation for
less dense matter, such as liquid crystals, polymers, and bithe respons&’® The failure for large bodies has then been
molecular surfaces. The origin of the van der Waals interacremedied by introducing more accurate electrodynamics, first
tion is nonlocal correlation between electrons, which is aonly for macroscopic object§;?° but later for all objects.
nontrivial effect to calculate. Furthermore, the van der WaalsThe resulting unified asymptotic functional, which corre-
energy is usually small compared with the total energy for asponds to a local approximation to the screened response,
typical system. This makes it difficult to treat accurately, andhas been tested for a large number of different systéms,
more so the larger the system is. Since it is ever present in afjiving very reasonable results for atoms, molecules, and
electronic systems, a simple scheme to estimate the van dsuarfaces’ Another approach uses a local approximation for
Waals interaction is very desirable. Density-functionalthe Kohn-Sham response of the noninteracting system,
theory"? (DFT) has proved to be a very useful tool for cal- which gives a saturated functional when applied to two in-
culating the ground-state properties of atoms, molecules, antgracting jellium slabs® Finally, an approach with calcula-
solids. This in principle exact theory requires in practice aptions in the time domamt is shown to give very accurate
proximations for the exchange-correlation energy. The localresults for He-He and He-H interactions. From all this
density approximaticit (LDA) is widely used in solid-state progress, there is hope that effective tools for the van der
physics and different generalized-gradient approximatiohs Waals interactions in DFT can be developed. To accomplish
(GGA's) have in the last years also been used extensively fosuch a tool, it is important that the limits and applicabilities
chemical applications. However, these approximations faibf the proposed functionals be tested in order to further re-
for the long-ranged van der Waals interaction. This is not dine the treatment of long-ranged interactions within a
failure of DFT itself, but an effect of the local or semilocal density-functional framework. Of the suggested functionals,
nature of the LDA and GGA. To be able to apply DFT to athe unified asymptotic functional above has been most
wider class of materials and phenomena it is essential thatroadly and extensively testéti The input needed in this
the van der Waals interaction be restored into the approximaunctional is the ground-state electronic densities of the in-
tion for the exchange-correlation energy. Recently, a numbeteracting objects and the static polarizabilities for atoms and
of studies of van der Waals interactions in DFT have beemmolecules or image-plane positions for surfaces. These quan-
performecf 18 On the one hand, there have been investigatities can be calculated within existing density-functional
tions of how different existing approximations for exchangeschemes. Earlier tests have used input for real atoms and
and correlation mimic the van der Waals interactit®  molecules but only a simple model input for surfaces at dif-
indicating the arbitrariness of the method. In one study, exferent levels of approximations—jellium, stabilized jellium,
plicit long-range expressions have been addeshowing the and Al surfaces from a quasi-one-dimensional pseudopoten-
need for inclusion of the van der Waals interaction to cor-tial model?! Today’s total-energy DFT codes allow quite a
rectly predict binding energies. In summary, these studiesealistic description of real surfaces, including possible cor-
illustrate the need for a general van der Waals density funcrugation, reconstruction, and relaxation. The purpose of this
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study is to show that our proposed general approach ts the centroid of the surface charge induteny a uniform
asymptotic interactions is possible to apply in practice toexternal electric field oriented perpendicular to the surface
metal surfaces. In this paper the total-energy calculations arend varying in time likee"!. For jellium, d(iu) has been
performed with the plane-wave pseudopotentimicAPo  studied by time-dependent DFT, within the LBAZ® For
code. Fully relaxed electron densities are calculated from ittwo interacting surfaces the interaction must be taken to in-
as are the positions of the static image pladéB). The finite order, because of the possibility of multiple reflections.
latter are obtained via self-consistent total-energy calculaThe asymptotic form of the van der Waals energy can be
tions in the presence of applied static electric fields of vary-written?”

ing magnitudes. The input densities ad¢0) values are

shown to be in good agreement with other ground-state cal- C,
culations. For comparative purposes results are also calcu- Evaw=— m ®)
lated for unrelaxed surfaces. Asymptotic van der Waals in- =2
teractions between single atoms or molecules and surfac&gere the van der Waals coefficient is
and between two parallel surfaces are calculated, illustrating
the feasibility of the proposed van der Waals density- 1 (= % x2dx
functional schemé&! When it comes to calculated numbers, C,= J duf . >y . (6)
h ; 32720 Jo eP(iu)+1 eP(iu)+1
owever, there are unfortunately no results to compare with. B B X
We have to content ourselves with the fact that our predic- ePiu)—1 eP(iu)—1

tions look very reasonable. The plan of the paper is as fol- . _
lows. In Sec. Il the expressions for the van der Waals energy e van der Waals reference plane positions are given by
are summarized and the essential approximations for the van

der Waals functional given. Calculations of the surface den- o1 fwdud (iu)
sities and the image planes are described in Sec. Ill. In Sec. ! 32w%C,J)o 1
IV the results are given and discussed.
» x2dx
IIl. DENSITY FUNCTIONAL FOR ASYMPTOTIC van der % fo ePiu)+1 ePin+1 @

WAALS INTERACTIONS

eP(iu)—1 e(Bz)(iu)—le
Mainly for reference purpose, this section gives a sum-

mary of available key results for van der Waals interactiongnd similarly forZ,. The van der Waals coefficien®; and

at surfaces. Thanks to the work of Zaremba and Kéand  C, depend only on the bulk dielectric functions of the sur-
subsequent studiéd;?°the treatment of surfaces is particu- faces and are the same for different surface structures, while
larly developed. The form of the asymptotic van der Waalsthe van der Waals reference planes depend on the details of
interaction between an atom and a surface can be derivefie surface. The asymptotic van der Waals functional used in
from second-order perturbation theory with respect to thdhis paper is based on the so-called adiabatic-connection
atom-surface interaction, assuming negligible overlap of théormula®"*for the exchange-correlation energy. Two basic

wave functions of the atom and the surface, gié?ng approximations are then made: the response is treated at the
level of the random phase approximati@®PA), and a local
Cs approximation is made for the screened response, which in
Evqw(2) = (1)  the RPA is equal to the Kohn-Sham response. In the

(z=2Z)° asymptotic limit this lead$ to the correct asymptotic expres-
sions for the van der Waals interaction energy in terms of
a(iu) andd(iu). In practice, to calculate(iu) andd(iu) a

- es(iu)—1 local approximation in terms of the electron density is made
f dua(iv)—————, (2 for the dielectric function of each fragment. This is described

0 eg(iu)+1 in detail in Ref. 11. The polarizability:(iu) must be calcu-
lated numerically for each frequency, whereas, because of
the simple geometry, for the surface there exists a simple
x es(il)—1 eg(iu) explicit expression for the centrofd,

The van der Waals coefficient is given by

1

ngﬂ

and the van der Waals reference plane positiéh is

Z=—fdu iu)—- - d(iu). (3
" 47Cs)o o Teg(iu)+1 eg(iu)+1 (). (3 dx(ziu)
d(iu)=- . f dz, 8
Here translational invariance along the surface is assumed, x(—%,iu) dz
and the calculations will be performed for a surface that igypere
averaged over thry plane.«(iu) is the atomic polarizabil-
ity for the imaginary frequencyu and eg(iu) is the bulk _ 1 e(ziu)—1 2eg(iu)
dielectric function. Finally, x(z,iu)= yp. (1 eziv) 0(z—d(0)). (9
zén(z,iu)dz i i ion i —1_.,2 2
d(iu)= Jzon(z,iu) 4) The dielectric function is taken as(r,w)=1-wy(r)/w*,

~ [én(ziu)dz wherew), is the local plasma frequency given by the electron
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density,wf,(r)=477e2n(r)/m. As discussed in Ref. 11 the dicular to the metal surface is calculated. This centroid

local approximation tends to overestimate the response in the "
low-density tails. Hence, the responseis cut off atz . :f_mzén(z)dz
=d(0) to prevent this spurious behaviSrA similar condi- 0" [ _on(z)dz
tion applies to atoms, where the cutoff is determined from ) o )
the static polarizabilit} «(0). Theinput needed is thus the depends.on the magnltude of the applied field and determines
electron density of the interacting objects and for atoms and1€ location of the image plane whén-0. Thus the value
molecules the static polarizability(0) and for surfaces the for Zo when the electric field tends to zero must be calcu-
static centroidd(0), which coincides with the static image- lated. To do this, the app!led electric fields should be small
plane position. For the atoms and molecules in this paper, thghough so that the functiory(E) can be reasonably well
dynamic polarizabilities necessary for evaluatbgandz, fitted by a linear relatiorzo=a+bE. The zero-field image-
have been calculated earl#étn this paper the densities and Plane position is then taken @ As an extra check, both
static image plane positions for the low-indexed surfaces oPOsitive and negative electric fields are applitfee sign con-

Al must be calculated, however. This should of course b&/€ntion is that positivé& corresponds to charging the surface
done for as realistic surfaces as possible. In order to compaR@Sitively), andz, is interpolated to zero field. These calcu-

with earlier results, values for the unrelaxed surfaces are aldgtions are done with the atoms fixed in their unrelaxed and
calculated. relaxed positions. Slabs thinner than 12 atomic layers were

first used, but had to be extended to 12 layers to get conver-

gence in the calculations. Finally, the van der Waals coeffi-

IIl. CALCULATION OF ELECTRON DENSITY AND cients and the reference-plane positions are calculated from
STATIC IMAGE PLANE Egs. (2), (3), and (6)=(9). The densityn(z) oscillates peri-

These calculations of the electron densities and the statigdically due to the ion potential. When calculatiog and
image planes are performed within the density-functionalC2 from Egs.(2) and(6), the average, corresponding ttg
theory_ The p|ane-wave pseudopotentia| COAEAPO, par- =2.07 a.u., is taken as the bulk electron denSlty. The inte-
allelized over both the sampling points and electronic gration overzdy(z,iu)/dzin Eqg. (8) is from far inside the
bands?® is used. The reader is referred to Refs. 30—33 foPulk (z— —), where the integrand is nonvanishing because
further details of the DFT method and its plane-wave imple-Of the density oscillations. Hence the functigfz.,iu)
mentations. Here only some specifications are given. All cal= 7 dz zdy(z,iu)/dz oscillates as a function af; around a

culations have been done using the generalized-gradient apean value that is attained already fmrjust a few atomic
proximation GGA-PW91 (Ref. 34 for the exchange- units from the surface. This mean value is taken as the value
correlation energy. The Kohn-Sham orbitals are expanded iBf the full integral. Sinced(iu) depends crucially on the
plane-waves and truncated at the cutoff energy 16 Ry. Thisurface region, the essence of it should be captured by aver-
cutoff energy should be sufficient for the pseudopotentialsiging out the oscillations in the bulk region.

used, and test runs with 20 Ry show no change in the results.
For thek-point sampling of the Brillouin zone a Monkhorst-
Pack schen®is used. To keep down the numberkapoints
used, the true ionic potentials are replaced by pseudopoten- The main point of this paper is to show that our “unified”
tials, in this case a norm-conserving GGA pseudopotentiaban der Waals density functiortais feasible for applications
for Al.®" For the relaxation of the outermost atomic layers ato real metal surfaces. Such a study has basically two parts.
preconditioned quasi-Newton method is udtdin the  One is to calculate the input parameters, the electron density
present work, the Al surfaces are represented as slabs with Bhd the static image-plane position, and to check that the
Al layers and 12 vacuum layers for the (AD0O) and the obtained results are reasonable. The other is to use this input
Al(110 surfaces and 12 Al layers and 9 vacuum layers forto evaluate the van der Waals density functional in the
the Al(112) surface. The rather large vacuum d#pe small-  asymptotic limits. The “input” calculations should be done
est corresponds to 17)As to ensure that the potential step with full realism. The corresponding total energy should be
used when creating an applied electric field is placed whereninimized, which for metal surfaces typically means that
there will be no induced electron density. The calculationghey should be relaxed. The effects of relaxation typically are
are performed using 50 irreducibkepoints in the Brillouin  described in terms of a lattice-plane characterization in rela-
zone for the(111) surface, 36 for thé100 surface, and 35 tion to what the ideal, i.e., unrelaxed, bulk lattice would look
for the (110 surface. In the relaxation calculations the four like. In Table | the calculated surface-induced changes of the
central layers of the slab are kept fixed at the bulk positionstop interplanar distances are compared with other
The three top layers on each side are allowed to fully relaxcalculation®*° and experimental low-energy electron dif-
whereas the fourth layer is allowed to relax only in the fraction dat#?~** The small outward relaxations of the
direction, that is, perpendicular to the surface. FmazArPo  Al(111) and the A{100 surfaces found in other studies are
the electron density is obtained on a real-space grid. In theeproduced, as are the oscillatory behavior of th€l2(0)
asymptotic van der Waals functional only the lateral averagenultilayer relaxations. The minor discrepancies in the values
n(z) is used. To find the static image plane, needed as inpuhight be due to the present use of a thicker slab, different
in the van der Waals density functional the centrpjaf the  number of atoms in each slab layer, and the use of different
chargesn(z) induced by an electric fiel& applied perpen- pseudopotentials. The smallness of the GGA correction for

(10

IV. RESULTS AND DISCUSSIONS
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TABLE |. Calculated results for the interlayer relaxatiakd,,, T 7 '
Ad,z, andAds,, for Al surfaces, in percent. Results from experi- AL(LLD) |
ment (marked Expd. and from other calculations within the LDA
and GGA are given for comparison. Bulk interlayer spacidgsre
given in column 2.

0.03 -

2 00

dg (@u) Ady (%) Adyz (%) Adgy (%) :N:
(112) a
This work 441 +0.9 ~023 +0.1 001
Ref. 39(GGA) +1.1 -0.1 +0.05
Ref. 40(LDA) +0.8 +0.5
Ref. 41(Expt) +0.9+0.5 0.00
Ref. 42 (Expt) +1.7+0.3 +05+0.7

T T T
(100) 0.03 | Al(100) |
This work 3.82 +1.5 +0.6 +0.5
Ref. 39(GGA) +1.7 +0.6 ~0.4
Ref. 40(LDA) +0.9 2 oo
Ref. 43(Expt) +1.8 s
(110 o
This work 2.70 -8.2 +4.4 2.4 =
Ref. 39(GGA) —9.2 +5.1 -28 0.01
Ref. 40(LDA) -85 +4.8 -2.0
Ref. 44 (Expt) -86+0.8 +50+1.1 —1.6+1.2
000 -

Adi, in the (112) surface is likely to be due to its very high ] :
electron density. The calculated average electron density dis- 003 L Al(110) |
tributionsn(z) for the relaxed Al111), (100, and(110) sur-

faces are shown in Fig. 1. The oscillatory behavior is appar-
ent. This behavior causes the convergence problems

=)
discussed in Sec. lll. To be able to compare with other cal- = 0.2
culations, the values for the static image-plane positions are S
calculated for both relaxed and unrelaxed surfddasle ). =
However, the calculations for the relaxed surfaces show that 0.01

the image-plane position “follows’ the outermost atomic
layer. The values for the image-plane positions, with respect

to the outermost layer, are thus the same for the relaxed 0.00 , , . .
surfaces, the difference being that the outermost atomic lay- L0 S 0 3
ers have moved somewhat. Figure 2 gives an example of the z (aw)

extrapolation to the zero-field value of the centroid of the
induced surface charge for the unrelax€dlQ surface.
There have been rather few self-consistent three-dimension
calculations of the screening charge density. Lam an
Need§® have calculated the image-plane positions for the

(112) and (110 faces, using a pseudopotential technique(110 image-plane value is even larger. It should be noted
within the LDA. In that calculation the surfaces are repre-that the one-dimensional calculations do not allow lateral
sented by six layers of Al and six layers of vacuum.redistribution of the electrons, which may be especially im-
Inglesfield® has used an embedded linear augmented plangsortant for the operi110) surface. According to Eq1) the
wave (LAPW) method with two layers in the surface region. van der Waals interaction potential for an atom or a molecule
Compared with thesab initio calculations the image-plane outside a surface has the formCs;/(z—Z,)3. Results for
results of the present work are somewhat higher, but théhe van der Waals coefficie; and the van der Waals
trends over the faces are the same. One-dimensional methodference-plane positiaf, for a number of atoms and mol-
based on jellium do not show the same trends. A calculatiocules outside the Al surfaces are displayed in Table Ill. The
using stabilized jellium with face corrugatithgives a value origin is taken as the jellium edge for the unrelaxed surfaces;
for the image-plane position for tH&10) face that is as large that is,z=0 is here taken at half an interplanar spacing out-
as that for the(100 face. For a modified jellium model, side the outermost atomic layer for the unrelaxed surfaces.
which includes laterally averaged pseudopotenffilthe  The values folC; depend of course on the adparticle and the

FIG. 1. The calculated average electron density distributions
n‘z) for the relaxed Al111) (top), (100 (middle), and (110 (bot-
m) surfaceqorigin at the outermost layers
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TABLE Il. Calculated image-plane positiorts,, (a.u) for the 3.3 . T T
unrelaxed surfaces, taken from the outermost atomic layer. The re- :
sults are compared with those from other calculations using differ-
ent treatments of the surfaces.

Face d,, abinitio Modified jellium? Stabilized jellium®

(11)) 3.27 3.1€ 331 3.37 8
(100 3.15 3.01° 3.21 3.48 N
(110 3.00 2.87F 3.50 3.46

8Reference 48.
bReference 47.
‘Reference 45. -3 4 N——

dReference 46. -0.8 -0.4 0.0 0.4 0.8
E (Viau.)

Al bulk properties, whereas th#, results depend also onthe ~ FIG. 2. The position of the center of mazg of the induced
face of the surface. An earlier calculation for atoms and moldensity plotted against the applied field for th¢ 40 surface. The
ecules outside stabilized-jellium surfateéshows a strong straight line is a linear fit to the calculated values.

face dependence . With the jellium edge as the origin,

that calculation gives the largest valuesZ for the open layers represented by laterally averaged pseudopoténtials
(110 face and the smallest for the close-pack&til) face. also overestimates the interaction fop Mith Al surfaces,
The same trend is observed in the present work, however ndiable V. Here, too, the reason is the overestimation of the
as pronounced. Especially for tfiEL0) surface the values for image-plane position for th€l10) surface. In this jellium

Z, are overestimated within the stabilized-jellium model. Asmodel, relaxation is taken into account for tfid0) surface

is seen from the static image-plane positions, stabilized jelby placing the two outermost planes in accordance with ex-
lium gives too large a value for the op€tl0) surface. Since perimental positions. Relaxation effects do not play a major
d(0) is used as input into the functional, this of course af-role, however, as can be seen from Table IIl. In Table V
fects the results. A jellium model with the four outermostresults for the van der Waals reference-plane positions for

TABLE lIl. Calculated van der Waals coefficien@; (Ryag) and van der Waals reference plangs
(a.u) for atoms and molecules outside the low-indexed Al surfaces. The origin is taken as the jellium edge for
the unrelaxed surfaces, half an interplanar spacing outside the outermost atomic layer of the unrelaxed

surfaces.
OF Zy
Al(111) Al(100 Al(110
Unrelaxed Relaxed Unrelaxed Relaxed Unrelaxed Relaxed

He 0.097 0.54 0.53 0.68 0.65 0.88 0.91
Ne 0.21 0.49 0.48 0.63 0.60 0.81 0.84
Ar 0.74 0.56 0.55 0.70 0.67 0.91 0.94
Kr 1.07 0.57 0.57 0.71 0.69 0.93 0.96
H 0.21 0.68 0.67 0.83 0.79 1.08 1.13
Li 2.57 0.90 0.89 1.06 1.00 1.41 1.48
Na 2.83 0.86 0.85 1.02 0.96 1.35 1.42
K 4.62 0.86 0.85 1.02 0.96 1.35 1.42
Be 1.29 0.76 0.75 0.92 0.89 1.21 1.26
Mg 2.13 0.78 0.77 0.93 0.88 1.23 1.29
Ca 3.86 0.81 0.80 0.96 0.91 1.27 1.33
H, 0.30 0.62 0.62 0.77 0.74 1.01 1.05
0O, 0.73 0.56 0.55 0.69 0.66 0.89 0.93
N, 0.77 0.57 0.56 0.71 0.68 0.92 0.96
Cco 0.84 0.57 0.56 0.72 0.69 0.93 0.97
Ceo 35.2 0.59 0.58 0.73 0.70 0.95 0.99

195414-5



HULT, HYLDGAARD, ROSSMEISL, AND LUNDQVIST PHYSICAL REVIEW B64 195414

TABLE IV. The van der Waals planeg, (a.u) for H, outside TABLE V. The van der Waals plane, (a.u) for the interaction
the low-indexed Al surfaceghe origin is taken as in Table )lIFor between the low-indexed Al surfacébe origin is taken as in Table
comparison resultzéP for jellium with pseudopotentials represent- 1l1). For comparison resul'rziP for jellium with pseudopotentials
ing the ions in the three outermost layers, from Ref. 21, are giventepresenting the ions in the three outermost layers, from Ref. 20, are
given, as are results for stabilized-jellium surfa@%{ (input den-

Face Zo z® sities and image planes the same as in Ref. 49
Unrelaxed Relaxed Face Z, zP z3
(111 0.62 0.62 0.61 Unrelaxed Relaxed
(100 0.77 0.74 0.83
(110 1.01 1.05 1.27 (111 0.72 0.71 0.67 0.80
(100 0.89 0.85 0.84 1.06
(110 1.16 1.21 1.29 1.40

interacting surfaces are shown, compared with results from
the above-mentioned jellium-based models. Trends with re-
spect to surface dense packing are the same, but the simple V. CONCLUSIONS
models give exaggerations. The differences can be explained

by the same reasoning as . Of Interest for the d.ynamlc':s' Our van der Waals density functional has previously been
of thermal molecules at metal surfaces is the anisotropic in;:

teraction. As a final application of the van der Waals densit)}ESted for simple surface models, where it has proved to

functional in this paper, the anisotropic interactions betwee ork weII._ Here it is applleq fo realistic Iow-mfjexed Al sur
the O, molecule and the Al surfaces are given. The van de aces, which are self-consistently calculated in three dimen-

Waals energy for a homonuclear molecule outside a surfacdonS Within DFT. Results in the present work agree with the
can be expressed s most realistic from the earlier calculations, as, for example,

the result for H outside A[(111). For the less close-packed
1 surfaces, the results illustrate the need for a physically cor-
Evaw(0) = — ﬁ[Cgso)JFCgZ)Pz(COS@)], (1D rect treatment. To show trends, simple jellium-based models
(d=Zo) are useful, but for calculations where a higher accuracy is
where§ is the angle between the molecule axis and the surneeded, more realistic surfaces should be used. Similar cal-
face normal. The coefficiert; and the van der Waals plane culations as in the present work can easily be done for other
positions are given in Table ||[;§2) is expressed in terms of free-electron-like surfaces. Most of the work is related to
the anisotropic polarizability, which can be calculated withcalculating the input density and image-plane position. When
the van der Waals density functiorfalFor O, outside Al  these quantities exist, the asymptotic van der Waals interac-
surfaces, this yield€{?’=0.072 RyaJ. The rotational an- tion is easily evaluated. The asymptotic forfig and(5) of
isotropy is thus about 10%, which should affect the dynamicdhe van der Waals interaction are singular at small separa-
of thermal molecules at metal surfadds>®The sticking is at  tions and should obviously be corrected for with so-called
low kinetic energies dominated by the steering effect and@turation effects. Such saturation effects seem for many sys-
sensitive to the rotational quantum numideSuch behavior t€ms to be sizable only at surprisingly small distarie8.
has been observéddand calculated for K on Cu110 by The asymptotic form; might then in some cases be appl_|—
means of quasiclassical trajectoffesand predicted by cgb!e even at separations close to phyS|sorpt|on.and the_smn
quantum-dynamical calculation®® and observed for H, ~ Minima, as has been frequently assumed. With shrinking
on Pdlll), where typical parameters for the sticking- separations the kinetic energy repulsmn_ mlght dominate the
coefficient measurement are incident translational energy ifPtal energy before the saturation condition of the van der
the range 31-94 meV, rotational states frdm0-5, and a Waals attractl_ongh_as grown to a size of |_mportance. Estimates
surface temperature of 423 K. The sticking coefficient ini-°f the repulsiof’ indicate that there might be a few such
tially decreases with increasinly because more quickly ro- CaSes.
tating molecules are less easily steered to dissociation
channels?®® It has recently been shown for the growth of
Cu/Cu001) that steering may have an important influence on ACKNOWLEDGMENTS
the morphology of growing film2® Steering originates from
long-range attractive forces between incoming atoms and Financial support from the Swedish Natural Science Re-
substrate atoms and leads to preferential arrival of atoms osearch Council and allocation of computer time at the
top of islands. This general phenomenon should routinely b&NICC facilities at Chalmers University of Technology are
considered in growth studiés. gratefully acknowledged.
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