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Improved adsorption energetics within density-functional theory using revised
Perdew-Burke-Ernzerhof functionals
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L. B. Hansen and J. K. Nekov
Center for Atomic-scale Materials Physics, Department of Physics, Technical University of Denmark, DK-2800 Lyngby, Denmark

(Received 23 September 1998

A simple formulation of a generalized gradient approximation for the exchange and correlation energy of
electrons has been proposed by Perdew, Burke, and Ernzé®B&) [Phys. Rev. Lett77, 3865 (1996)].
Subsequently Zhang and Yafighys. Rev. Lett80, 890(1998] have shown that a slight revision of the PBE
functional systematically improves the atomization energies for a large database of small molecules. In the
present work, we show that the Zhang and Yang functi¢redPBB also improves the chemisorption ener-
getics of atoms and molecules on transition-metal surfaces. Our test systems comprise atomic and molecular
adsorption of oxygen, CO, and NO on (00, Ni(111), Rh(100, Pd100, and Pd111) surfaces. As the
revPBE functional may locally violate the Lieb-Oxford criterion, we further develop an alternative revision of
the PBE functional, RPBE, which gives the same improvement of the chemisorption energies as the revPBE
functional at the same time as it fulfills the Lieb-Oxford criterion locall§0163-18209)02711-3

. INTRODUCTION is only found empirically to be obeyed globalt§ To avoid
the uncertainty with respect to the fulfilment of the Lieb-
Density-functional theory is widely accepted as a frame-Oxford criterion associated with the use of the revPBE, we
work for the study of the electronic ground-state propertieglevelop an alternative functionéRPBE), which gives prac-
of molecules and solids. It has long been realized that théically identical chemisorption energies. It does not involve
molecular bond energies and the cohesive energies of tHéting of parameters and it fulfills the Lieb-Oxford criterion
solids are overestimated when the electronic exchange arfyy construction.
correlation effects are described in the local-density approxi- The paper is organized as follows: First chemisorption
mation (LDA).! However, the development of nonlocal ex- energies calculated with the PW91, PBE, and revPBE func-
change and correlation functionals has demonstrated that thi®nals are presented. Next an analysis of the spatial and
bond energies of molecules, the cohesive energies of solidgradient-resolved exchange-correlation contributions to the
and the energy barriers for molecular reactions can be greatighemisorption energies for the three different functionals is
improved within density-functional theofy'? given. This leads to the suggestion of the RPBE functional,
In the present paper we investigate the behavior of thavhich is finally tested.
chemisorption energy of different atomic and molecular ad-
sorbates on some late transition-metal surfaces using differ- Il. CALCULATIONAL DETAILS
ent functionals for the exchange and correlation energy. We
limit ourselves to the study of functionals derived in the ~The density-functional theory calculations are done for
generalized gradient approximatiéBGA). The functionals adsorbates inp(2x2) structures on the f¢t00 and
we use include the Perdew-Wang-91 functiéri@\W93), the fcc(111) faces of Ni, Rh, and Pd surfaces. The surfaces are
Perdew-Burke-ErnzerhdPBE) functional’® and the revised Mmodeled by slabs of four and three layers thickness for the
PBE functional with one parametet, changed from 0.804 two facets(100 and(111), respectivelysee the Appendix,
to 1.245(revPBB as proposed by Zhang and Yalfgrhese issue(iii)]. The slabs are repeated periodically in three di-
three functionals have been reported to give similar value§iensions, leaving at least 10 A of vacuum between the
for the molecular bond energies of about 20 small moleculesslabs:® The ionic cores are described by ultrasoft
with some evidence that the revPBE functional is the mosPSeudopotential$ developed within the PW91 approxima-
accurate. Our calculations show, however, that the functiontion for the exchange and correlatiggee the Appendix, is-
als give rather different chemisorption energies. Judgingue(ii)]. The nonlinear core correctighis employed, using
from a comparison to experimental chemisorption energieghe core density beyond a cutoff, (rg=0.6y¢'=0.6y¢
the revPBE is found to be superior in the description of the=0.7y =1.2y8"=1.0y7=1.1 bohj and a second-order
energetics of atomic and molecular bonding to surfaces. Thpolynomial continuation for smallar (for the description of
construction of the revPBE functional involves a softening ofoxygen we make one improvement over the above—see is-
one of the criteria used in the construction of the PBE func-sue(i) of the Appendi¥. Within the slabs, the PW91 lattice
tional. Specifically, with the PBE functional, the Lieb- parameters of 3.52, 3.83, and 3.99 A for Ni, Rh, and Pd are
Oxford criteriort>® is obeyed locally and hence also glo- used throughout the work except when stated otherwise. For
bally by constructiort/ while with the revPBE functional it Ni, the calculations are done spin polarized. For each slab
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system, the adsorption of atoms and molecules is done on TABLE I. The lattice constana for bulk Pd and some proper-
only one of the two slab surfaces exposed and the electrdies for CO chemisorbed in the fcc-hollow site on(PHl) calcu-
static potential is adjusted accordinji’y. lated self-consistently with different exchange-correlation function-
The Kohn-Sham one-electron valence states are expand@@.z is the separation of the CO center of mass from the outermost
in a basis of plane waves with kinetic energies below 25 RyPd11D) layer,bis the CO bond length upon adsorption, &g
atk-point sampling meshes of 64 and E4oints within the IS the chemisorption energy.
first Brillouin zone for the fc€100 and fcd11l), respec-
tively. The self-consistent densities are determined by subse-
qguent iterative diagonalization of the Kohn-Sham Hamil-

LDA PWO1 PBE revPBE  RPBE

tonian, Fermi-population of the Kohn-Sham statdgT 4 A 3.89 3.99 3.99 4.01 4.02
=0.1 eV), and Pulay mixing of the resulting electronic » A 1.85 1.93 1.93 1.95 1.95
density?® All total energies have been extrapolatedkigT |, A 119 119 119 119 119
=0 ev. Echem €V 274 207 -194  -164  -165

The chemisorbed atoms and molecules have been place
in atop, bridge, and hollovfor fcc(111): fcc-hollow] sites
and have been relaxed to find the optimum chemisorptioftor o and 8 we will use four different functionals from the
energy, while the surface ions have been kept fixed at th@erature: LDA2> PW912 PBEX® and revPBE# and the
truncated bulk positiongsee the Appendix, issu@v)]. For  npew functional, RPBE, described below. For the four nonlo-
each adsorption system, only results for the most stable agdy| GGA functionals, PW91, PBE, revPBE, and RPBE, the
sorption site are reported. The chemisorption energy is Calaychange-correlation potential is constructed following

culated as the energy difference: White and Bird®
The accuracy of the physical and numerical approxima-
Echern=Eam—Ea— Ey= 2 piE;, f[ions made Wif[h the present calculational setup is discussed
i=AM,AM in the Appendix.
Pam=1, pa=pm=-1, 1)

lll. RESULTS AND DISCUSSION
whereE,), is the total energy of the system of adsorbAte
on metal surfacél, andE, andE,, are the total energies of
the isolated adsorbate and metal surface, respectively. In t
case of dissociative adsorption of a molecufeB, the
chemisorption energy is calculated according to

We start by considering one chemisorption system, CO
sorption in the fcc hollow on PH1l), in some detail.
able | summarizes the structural and energetic results for
the system as computed fully self-consistently within the
various exchange-correlation approximations considered.
Echer=Eam+ Esy—Eas—2Ey . 2) The distanceZ of the center of mass of the chemisorbed CO
from the outermost surface layer, and the bond lermtf
The isolated atoms and molecules are treated in very largge chemisorbed CO, have apparently only little dependence
supercells of dimensions 10.800.25<10.50 A® with  on the choice of nonlocal exchange-correlation functiodal.
I"-point sampling of the Brillouin zone. The odd shape of theis, however, somewhat smaller when using local exchange-
supercells guarantees that nonspherical densities result wheterrelation (LDA), which is consistent with the LDA also
required® favoring a smaller lattice constars,®~’ Despite the small
For self-consistently determined chemisorption energiesgchange in structural properties, the chemisorption energy
the exchange-correlation potential entering the Kohn-Sharg, .., of the CO depends strongly on the choice of
Hamiltonian is the functional derivative of the exchange-exchange-correlation functional. With the various GGA
correlation energy functional evaluated at the ground-stateunctionals considered,er, Varies by as much as 0.4 eV
density. The variational principle of density functional (approximately 20%and when comparing the result of the
theory"®, guarantees, however, that the density and the porDA calculation with the set of GGA calculations, the dif-
tential input to the Kohn-Sham Hamiltonian may be variedference is of the order of 1 eV.
independently while only giving rise to errors in the total  The large differences in chemisorption energies found in
energies that are second order in the variations of the densityie fully self-consistent calculations remain even when the
and potential from their ground-state values. We shall thereexchange-correlation energies are evaluated only non-self-
fore also report on non-self-consistently determined chemiconsistently, according to E¢3). This is clear from the up-
sorption energies, where the electron densitigand ionic  per half of Table Il, which shows such non-self-consistent
coordinates resulting from self-consistent, relaxed calculachemisorption energieScer, 3 as the regular entries and the
tions with one choice of exchange-correlation potential andself-consistent ones as the highlighted entries. Each column
energy functionaluyc_, andExc_,, are input to different  of the table gives chemisorption energies with one choice of

types of exchange-_correlation energy functior)aE[§C,3. B, i.e., oneExc_4, cf. Eq.(3). Comparing down a column,
Such non-self-consistent chemisorption energies are calcit-is seen that the self-consistently and non-self-consistently
lated according to determined chemisorption energies differ somewhat less than
the E¢pem for different Exc_ g functionals. This is a conse-
E _ (E—E:ve NT4E: ve n.T). quence of the varlatlon_al principle as d|scgssed aboye. The
chems i:A%A,M PI(E~Eixc-olNel * Eixe-plNal) only noteworthy errors in the non-self-consist&ht,.  arise

(3)  when an LDA density is input to a GGEy functional or
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TABLE II. Non-self-consistent chemisorption energies, B8, TABLE lll. Calculated chemisorption energies as a function of
for CO/Pd111) as a function of the input density, and the Pd the exchange-correlation energy functiomalcompared to mea-
lattice constant (see Table)l In the upper half of the table, the sured chemisorption energies. All numbers are in eV per adsorbate.
lattice constant and hence the volume is chosen tabei.e., The rms deviations for the calculated chemisorption energies for O,
consistent with the density, while in the lower half of the table, theCO, and NO,oq, 0¢o, and oyg, and for all three adsorbates,
volume is kept fixed at the PW91 value. The highlighted entries ino,;, have been compiled against the experimental numbers from
the upper half are the self-consistent chemisorption energies, whilRefs. 26 and 27 only. The values in parenthesis arise when the
the highlighted entries in the lower half are the approximated value€0O/Rh(100 data is neglected. THESR,,for O have been evaluated
to be used in the remainder of the paper. The two sets of highlighteds 3{ESXP (O,)—ES*X(0,)} with the value 5.11 eV(117.96

che

chemisorption energies are very similar. kcal/moP) for the O, bond energyEL*X(0,).
Echem,B Echemﬁ Egﬁgm
LDA PW91 PBE revPBE RPBE LDA PW91 PBE revPBE RPBE
Self-consistent volume O(fcc)/Ni(11D) -6.68 -5.38 -5.27 -4.83 -4.77 -4.84
NLbA apa -274 -180 -169 -1.30 -1.28 O(hol/Ni(100  -6.97 -5.66 -555 -510 -5.03 -5.41
Newol apwey 295 -207 -196 -159  -1.56  O(hol/Rh(100  -6.64 -5.34 -523 -477 -471 -4.56
Npae apge  -294 -2.06 -1.94 -157 -155  O(fcc)/Pd1l)  -5.34 -4.08 -3.98 -3.54 -3.49

NreypBE  Qreppse  -2.98  -2.12  -2.00 -1.64  -1.62 O(hol)/Pd(100) -5.39 -4.14 -4.04 -359 -3.53
NRPBE agpge  -3.00 -215 -2.03 -167 -1.65

oo 1.84 057 047 022 0.24
PW91-volume
N pa apywey -3.01 -205 -1.93 -1.55 -1.52 )
Nevie apyey  -2.95 207 -1.96 -1.59 156 CO(fcc)/Nll(lll) -285 -199 -1.88 -152 -149 -1.385
Npae apuey  -2.94 206 -1.94 1.57 155 CO(hol)/Ni(100 -3.05 -2.11 -2.00 -1.62 -158 -1.%26

CO(brd)/Rh(100 -3.02 -2.28 -2.16 -1.84 -1.81 -1.f9
CO(fcc)/Pd11) -2.95 -2.07 -1.96 -1.59 -1.56-1.47°"
CO(brd)/Pd100 -2.77 -1.98 -1.87 -153 -150 -1.69

Neypse  @pwor 292 -2.06 -1.94 -158  -155
NRpaE apwey 292 -2.06 -1.94 -158 -155

vice versa, i.e., Whe&chemcea NLpal OF Echemipal Necal oco 158 078 0.67 039 0.37
are evaluated. At first glance, this suggests that the densities (1.49 (0.64 (0.549 (0.29 (0.23
resulting from self-consistent LDA and GGA calculations
differ somewhat. That this is probably not the case can be _

deduced from the lower half of Table II. Here are given theNO(hoD*/Ni(100 -6.31 -4.52 -4.41 -379 -3.68 -3.99
non-self-consistent chemisorption energies that have all bedhO(brd/RN(100 -3.73 -2.76 -2.67 -2.31 -2.28
evaluated on the basis of self-consistent calculations dorO(fco/Pd11l)  -3.27 -2.20 -2.12 -1.72 -1.67-1.8°

using the PW91 value for the Pd lattice constapiyo; . NO(hoD/Pd100 -3.19 -2.12 -2.04 -1.63 -1.58 -1.61
The non-self-consistent chemisorption energies at the
PW91 volume given in Table Il are seen for egého be  ono 198 052 043 014 0.22

practically independent of the exchange-correlation func-

tlor_1al_ used in the underlying self-co_nf5|stent calculathns.o N 176 066 056 030 030

This is the case even when LDA densities are used as input' (176 (0.58 (0.48 (021 (0.23

for a non-self-consistent GGA chemisorption energy, and ' ' ' ' '

shows that the densities are indeed very similar in the LDA«pjssociative adsorption.

and the GGA's. It is thus the usage of a volume differentayc experiments reviewed by Brown, Kose, and King, Ref. 26.

from the equilibrium one, which causes most of the error inbrpp experiment by Conraett al., Ref. 49.

a non-self-consistent calcu_lat|on. The volumes resultmg_ fr_omTPD experiment by Ramsiet al., Ref. 50

the GGA's presently considered are, however, very similafy c experiment by Yeo, Vattuone, and King, Ref. 27.

(cf. Table ) and working with any of the self-consistent

GGA volumes will therefore result in small errors in non- sented for a range of different adsorption systems, using the

self-consistent GGA calculations. In the remainder of theself-consistent PW91 density and volume. In order to allow

paper, we therefore choose to report only on chemisorptiofor an assessment of the overall quality of the calculated

energies for the various exchange-correlation functionals cakhemisorption energies we include in the table—where

culated non-self-consistently on the basis of self-consisteravailable—the experimental initial chemisorption energies

PW91 calculations at the PW91 volume. For CGMd)  from the microcalorimetri¢MC) measurements reviewed by

these values have been highlighted in the lower half of Tabl@rown, Kose, and Kintf*’ [see the Appendix, issu)].

Il and comparing with the self-consistent values highlightedWe consider these values to represent a most reliable set of

in the upper half of the table, we judge that the usage ofxperimental chemisorption energies and we therefore com-

non-self-consistent chemisorption energies evaluated at coipile the root-mean-squareéms) deviationsog, oco, and

stant volume can be made without a notable loss of accuracyy o for the calculated chemisorption energies with respect
In Table Il calculated chemisorption energies are preto the measured ones for O, CO, and NO chemisorption,
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It appears clearly from the table that the LDA functional
gives adsorbates overbound by more than 1.5 eV. The PW91
and PBE functionals, on the other hand, give more moderate
chemisorption energies, which, however, are still too large
numerically by about 0.6 eV per adsorbate. Finally, the
revPBE functional and the RPBE function(& be discussed Lo
below) prove rather accurate in the description of the chemi- - = /,\i—*-fQ'fj‘r{_)
sorption energies for the present set of adsorbate-metal sys- ' }
tems. For these functionals, the typical discrepancy between
the theoretical and experimental chemisorption energies is of FIG. 1. Outside a solid surface, e.g., Pd, and all round a mol-
the order 0.30 eV. We note that regardless of whichecule, e.g. CO, the electron density falls off. These regions of “sur-
exchange-correlation functional is considered, in particularface,” here shown shaded, have thus large reduced density gradi-
the CO/RIf100) system gives rise the the large rms devia-ents,sx|Vp|/p*% Once a chemisorption bond between the solid
tions. This raises some question about quality of this onéurface and the molecule is formed less surface results. The loss of
experimental value of 1.19 eV for the initital chemisorption SUrface appears in the region between the solid surface and the
energy. The value further compares poorly with the temperaShemisorbed molecule.
ture programmed desorptioifPD) and isothermal desorp-
tion experiments in Ref. 28, which are reported to give val- _
ues for the saturation chemisorption energy around 1.42 eV. %A,M PNl €eeal) ~ o],
Values foroco and oy evaluated without the CO/Rh00 4
system are included in the table in parentheses. It is seen that
neglecting the CO/RH00) system theo,, would become Wheren;(r)e; xc(r) is the XC energy densitjevaluated lo-
approximately 0.5 eV for the PW91 and PBE functionals andcally, XC=LDA, or nonlocally, XC=GGA) atr for each of
less than 0.25 eV for the revPBE and RPBE functionals. wéhe systemsi=AM,A,M. A plane perpendicular to the
note that the uncertainty of the measurements of the chem?d100 surface, through two Pd atoms in the surface and

sorption energies is of the order 0.2 eV and 0.1 eV for atomidhrough a t_)ridge-bonded CO, mo_lecule at these Pd atoms Is
and molecular chemisorption, respectivéy. chosen. It is apparent that, in this plane, the change in the

e indng of lrge ovebindng o adsobates 1o TSN eI Soes o e e of o b
transition-metal surfaces in the LDA and less so in the GGA“Ioss of surface area” caused b thé éd;or tion Onegshould
e.g., represented by the PW91, was realized eafly'6and y ption. '
many groups are now routinely using the GGA functionals
for such surface studié$-*° Besides the evidence for the a)
improvement of the chemisorption energetics with the
revPBE presented in this work, there is at present one ex-
ample where the revPBE has been used for a chemisorption
study—N, adsorption and dissociation on &l (Ref.
41)—in which case similar improvements were found. Sev-
eral suggestions for the reason for the reduction in the
overbinding have been put forward, the simplest of which is
the following#? (i) GGA functionals favor reduced density
gradientssx|Vpl|/p*3 (ii) the volume of space with large

respectively, andr,; for all adsorption systems considered. @

echemGGA(r) :i

values scales with the free surface area, where “surface” b) 04 — r T T
may represent both a solid surface and the surface of mol- — PWOI
ecules and atomgjii) a system of a molecule chemisorbed 03 ——- PBE A
on a solid surface exposes less surf@r® therefore has less = revPBE

) > 0.2 N\ —em 1
volume with larges valueg than do the reference systems of o, RPBE
a clean solid surface and a gas phase molecidg;conse- O i
qguently, the adsorption system is destabilized over the refer- §
ence system—i.e., the chemisorption will become less attrac- £ 00
i i i ; Q Pd C (0]
tive and the chemisorption energy will become less 3 L I

negative—when using a GGA. The loss of surface and hence -0.1 :
loss of regions with large reduced density gradients in a A
chemisorption event is illustrated schematically in Fig. 1. z1A]

Some evidence for this simple picture of the effect of the F|G. 2. (a) The spatially resolved contribution to the chemisorp-
GGA functionals on a chemisorption system can be gainegon energy from nonlocal exchange-correlatia®y e mpwo(r) for
from Fig. 2. In Fig. 2a) is plotted for CO/P@L00), the  CO adsorption on RA00. The contours are separated by 0.19
gradient-dependent contributions in the GGA to the chemieVv/A3. (b) The same quantity, but layer integratétt.pemcca(2)
sorption energy: plotted for the different GGA’s considered.

-
[u,
[\S)
w F
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however, not& that the gradient-dependent exchange- 2.0 » ' ' ' '
correlation energy densit\e;nemcca(r), does not have a | local Lieb—Oxford bound
physical meaning as such except when integrated over all i R
space: T T

M ———

& P
;& 15 // PR ——-PBE
- = 1evPBE
Echemcoa™ EchemLDA:J’ AechemGGA(r)dr ®) A —-— RPBE

where it gives the net effect of the nonlocal exchange and
correlation on the chemisorption energy—a term that can
also be deduced from Table Ill. In Fig(H, the nonlocal b) 2
contribution to the chemisorption energy in each of the four 20 L \ — PW9l ]
GGA's considered has been integrated ovemtf@x 2) unit o

cell areaA parallel to the PALOO surface and is plotted as a 10 | —-— RPBE .
function of the distance from the outermost layer of Pd at-

oms:

AE a4 (8)

0.0

-1.0 | §
AechemGGA(Z): fAAechemGGA(r)dXdy- (6) . . . .

From this quantity, it is seen that the change in the chemi-
sorption energy is caused by changes in the exchange corre
lation energy contributions from a region in space highly
localized between the solid surface and the molecule. It fur-
ther appears from the figure that the difference in chemisorp-
tion energies determined with the four GGA’s considered 4
comes about as merely a scaling of the gradient-dependen=*
exchange correlation energy contributions.

The PW91 and PBE functionals are seen in Figp) 20
have very similar gradient-dependent exchange correlation
energy contributions, which causes the very similar chemi- FIG. 3. (a) The exchange enhancement factor for the different
sorption energies given in Table IlI. This is to be expected a&GA functionals as a function of the reduced density gradient,
the PBE functional has been developed to mimic the PW91b) The distribution of nonlocal exchange-correlation energy contri-
functional, but with fewer parameters and a simpler funcbutions, AEchemeca(S), to the chemisorption energy of CO on
tional formX3 The revPBE functional, on the other hand, Pd100. (c) The integrated distribution of nonlocal exchange-
deliberately deviates from the PBE functional with one pa_correlation energy contributions to the chemisorption energy of CO
rameterx that has been changed to improve the descriptior?n Pd100.
of atomic total energies and molecular atomization
energies’ The parametek appears in the exchange energy

chemcaa(8)dS’

energy is therefore in every point in space subject to the
following inequality (using atomic units

functional:
oA n(r)ex(r)=—1.67N(r)*3 (10)
E [n]=j n(r)e (r)dr=f n(r)ex " (N(r))Fx(s(r))dr,
X X X X @ With this criterion oney(r), the Lieb-Oxford bound>1®
where n(r)ex?”(r) is the local exchange energy density 3 J an
from the LDA, s is the reduced density gradient: Ex{n]=Excln]=~1.679) n(r)™dr, (1)
s(r)=|Vn(n)|/[2(37%)¥3n(r)*?], (8) automatically becomes fulfilled. In the construction of the
_ revPBE, Zhang and Yarfgpoint out that for ajivenelectron
andFy is a local exchange enhancement factor density a fulfilment of Eq(10), which may be considered a

local Lieb-Oxford bound, is only a sufficient but not a nec-
K essary requirement for the fulfilment of the true, integrated
1+,u$2/;<’ ©) Lieb-Oxford bound, Eq(11). In the revPBE functionak
=1.245 is therefore chosen and it is reported that the Lieb-
whereu andx are constants. In the PBE a valde-0.804is  Oxford bound is always fulfilled in practidé.However, as
used while in the revPBEc=1.245 is used. The two en- stressed by Perdew, Burke, and Ernzethemmploying the
hancement functionSx(s) are plotted in Fig. @). The PBE  local bound in the GGA construction ensures that the inte-
and revPBE functionals are identical otherwise, i.e., alsgrated bound will be satisfied f@ny possible electron den-
with respect to the correlation energy terms not given heresity. In the present calculations for atoms and molecules ad-
The reasoning of Perdew, Burke, and Ernzeffidfehind  sorbed on transition-metal surfaces we also find that the
their use ofk=0.804 in the PBE functional is thdty(s) Lieb-Oxford bound is fulfilled when using the revPBE func-
thereby becomes upper bound by 1.804 and the exchangenal.

Fx(s):1+ K—
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Considering the great improvement reported in Table Il ofbelow 2.5 is resulting in very similar GGA contributions to
the chemisorption energies resulting from the slight changéhe chemisorption energy, as can be judged from Fif9, 2
in the functional from PBE to revPBE, it is interesting to 3(b), and 3c) where the spatially and gradient-resolved con-
trace which values of the reduced gradismfive rise to the tributions to Echemrpee— EchemLpa for CO/Pd100) have
improvement. Such an analysis has been done by Zupaseen plotted. From the RPBE based chemisorption energies
etal. for molecular and solid systen$.To do so for a given in Table Iil for the different adsorption systems it can

chemisorption system we plot in Figsth3 and 3c) for CO/' e seen that the revPBE and the RPBE functionals generally
Pd100 the s-resolved nonlocal exchange correlation contn-give very similar results. When comparing the calculated

butions to the change in the chemisorption endrglative to chamisorption energies with the experimental ones, the rms

the LDA): deviations reported in Table Ill for the RPBE are thus as
AE good as the ones for the revPBE. In other words, when fo-
chemGGA(S) . . . . .
cussing on the improved chemisorption energies, the RPBE
_f S (e (M functional represents an alternative to the revPBE. This also
) AT Am PiNi{r)i€i e holds for the molecular bond energigsee the Appendix,
issue(i)].
— € Lpa(r)}a(s—s;(r))dr, (12) While improving the chemisorption energies, the revPBE
and and RPBE functionals may worsen other physical properties.

This is apparent from Table I, showing revPBE and RPBE

s based Pd lattice constants that are 0.5-0.75% larger than
fOAEchemGGA(S')dS'- (13)  with the PW91 and PBE functionals. These functionals al-

ready give lattice constants that are too large by about 2.5%
When integrated over als, the quantity AE pemcca(S) compared to an experimental value of 2.89 A. Another ex-
gives the chemisorption energy change due to the use of ample is the worsening of LDA surface exchange enefgies

nonlocal exchange-correlation functiorjaf. Eq. (5)]: by the PBE and presumably more so with the revPBE or
RPBE.
” We would like to stress that while the revPBE functional
E —-E = | AE s)yds. (14 . X X
chemGGA  =chemLDA Jo cnemGeA(S) (149 deviates from the PBE functional in the value of one param-

eterx in the exchange enhancement fadtq(s), the RPBE

From Figs. 80) and 3c) it can be seen that the change in functional deviates from the PBE functional in the functional
the chemisorption energy from the LDA to a GGA mainly form of Fy(s) itself. The selection in the revPBE of a larger
originates froms values between 0.5 and 2.5. Specifically, x to some extent challenges the principles used in the deri-
the non-negligible differences betwe&E emppe(S) and  vation of the PBE—the Lieb-Oxford bound is no longer ful-
AEchemrespee(S) can be seen to lie in this range also. It is filled by construction. The use of a different functional form
interesting to note from Fig. (3 that in the 0.5Xs<2.5  for Fy(s) in the RPBE, on the other hand, is as good a
range the exchange-enhancement fadeq(s), still fulfills  choice as the one made in the original PBE derivation. The
the local Lieb-Oxford bound, when formulated &(s)  differences in the chemisorption energies resulting from the
<1.804" This suggests that it should be possible to con-PBE and RPBE functionals are therefore indicative of the
struct from the PBE a new GGA functional, that changes theincertainty in the physical properties of a GGA functional

chemisorption energies as does the revPBE, but without vioresulting from the arbitrariness in the choice of functional
lating the local Lieb-Oxford bound. A means of doing this is form alone.

to use the PBE, but choosing for the exchange enhancement
factor Fy(s) another functional form so that it follows the

revPBE exchange enhancement factor onlysfealues up to IV. SUMMARY
2.5. For larger values df, the functionF,(s) should level
off, to fulfill Fy(s)=<1.804. Choosing In summary we have studied the chemisorption energies
of atoms and molecules on late transition-metal surfaces. We
Fy(s)=1+ K(l—e*“SZ"‘) (15  have found that using the LDA functional for the exchange-

. correlation description results in chemisorption energies that
W'.th x=0.804 for Fhe exchange enhanqemeqt factor.o.ne Obélre numerically too large by about 1.5 eV per adsorbate.
tains such a fu_nct|onal. The funcUongI is a slight revision OfIncluding nonlocal exchange-correlation effects with the
the PBE functional and we denote it the RPBE functional.p\yg; or PBE functionals, this overbinding is reduced to
The FORTRAN computer code required to run with the new o6 imately half an eV per adsorbate. The overbinding of
functional is available on the mFern‘&‘t.The.exc.hange €N" the chemisorbed atoms and molecules is found to be further
hancement factor of the RPBE is plgtted in Figaj3 It is reduced by about a factor of two when using the revPBE
constructed to have the same behavior for srsall functional suggested by Zhang and Yang or the RPBE func-
(16) tional suggested in the present work. The RPBE functional
only differs from the PBE functional in the choice of the

asFy(s) from PBE and revPBE, it grows as rapidly witlas ~ mathematical form for the exchange energy enhancement
does theF«(s) from the revPBE and it levels off at the same factor. The two functionals, PBE and RPBE, follow the same
value as thd=y(s) in the original PBE. The great similarity construction logic and therefore contain the same physics
betweenFy(s) in the revPBE and the RPBE far values and fulfill the same physical criteria.

F(s)—1+us?, for s—0,
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TABLE IV. Molecular bond energies using oxygen pseudopo- 10° : :
tentials with 4.5%(PP-4.5%-0O coreand 42%(PP-42%-O coreof
the two Is core electrons. Also shown are all-electr@E) results
where available. The corresponding experimental vajuéth zero
point energy removedare 5.23, 11.24, and 6.63 gRef. 14.

Full core

LDA PW9l1 PBE revPBE RPBE

42% core

47r’p(r) [bohr™]

O, PP-45%-Ocore 7.10 584 581 553 551

O, PP-42%-Ocore 7.30 6.06 599 563 559 ol
O, AE Ref.13 759 620 6.24 e
O,  AE, Ref. 14 6.14 575 2 1
E o

CO PP-45%-O core 12.38 11.26 11.17 10.87 10.86
CO PP-42%-O core 1254 11.40 11.28 10.93 10.90
CO AE, Ref. 13 1296 11.66 11.66

CO AE, Ref. 14 11.60 11.19 107

NO PP-45%-O core 8.08 7.00 7.01 6.77 6.74
NO PP-42%-O core 8.23 7.13 7.11 6.82 6.78 107
NO AE, Ref. 13 8.63 741 7.46
NO AE, Ref. 14 7.36 6.96

10°
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sity being rather small at the oxygen core position. It may

therefore cause unphysically large reduced density gradients,

. . . 473 i b
The calculational setup involves a number of approxima=<|Vp4|/p;" for the minority spin,o in this region of space.

tions, some of which we have tested separately. These info circumvent this we have constructed an improved oxygen
clude (i) the use of pseudopotential§i) the use of PW91 pseudopotential, PP-42%-O core, which retains 42% of the
based pseudopotentials irrespective of the exchangdwo oxygen core electrons. This is done by constructing the
correlation energy functional used in the calculatiofiis) partial core density® p, as?a(r)*lngler(r)*l, wherep
the slab approximatior(jv) the rigid surface approximation, is the all-electron core density apg=125/(4m) bohr 3 is
(v) the use of a finite coverag@/4 ML), and(vi) the neglect a constant. The partial cores of the two pseudopotentials are
of zero-point energy effects. Each of these issues are aghown in Fig. 4. As shown by Table IV the use of the PP-
dressed below and we find that none of them affect the cor42%-0O core improves the molecular bond enerdigsing
clusions made in this work. the AE results—not the experimental results—as the target
(i) The use of pseudopotentials. In Table IV we report ourvalues. The prize of using the more accurate pseudopoten-
calculated molecular bond energies fop,0CO, and NO tial is that the exchange-correlation energy integrals must be
with two different oxygen pseudopotentialBP’9 and the evaluated at more dense gri@ss indicated in Fig. ¥ In
corresponding  all-electron (AE) results from the calculating the values in Tables I, II, and Ill we have there-
literature™* The molecular bond energies are seen to beore chosen during the force calculations and geometry opti-
somewhat different for the two oxygen pseudopotentialgnization to use the PP-4.5%-0O-core pseudopotential, while
used and a general shift towards weaker molecular bond emnly using the PP-42%-O-core pseudopotential whenever
ergies when using the pseudopotentials can be seen compaszaluating the chemisorption energetics. While no direct
ing to the AE results. One should, however, note that the AEcomparison to AE chemisorption energies is possible, we can
results also disagree somewhat. We attribute the differencesstimate the quality of the pseudopotential approximation by
between the PP and AE results of the Table to the physicahe sensitivity of the chemisorption energies to the oxygen
approximations made when using the pseudopotentials. Thisseudopotential used. If we use the PP-4.5%-0O-core pseudo-
is supported by the finding that the molecular bond energiepotential the oxygen, CO and NO on®d1) chemisorption
are sensitive to the details of the pseudopotential. The PRyond energies are reduced by 0(D205, 0.01 (<0.01) and
4.5%-O-core pseudopotential is an oxygen pseudopotenti@.01(0.01) eV in the PW91(revPBB compared to the val-
with a polynomial partial core insideQ=0.7 bohr. It de- ues reported in Table Ill where the PP-42%-O-core pseudo-
scribes only 4.5% of the total core charge with the core denpotential has been used. The chemisorption energies thus ap-

APPENDIX
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pear to be much less sensitive to the pseudopotentiaf the initial chemisorption energies is made in order to

approximation than do the molecular bond energies.

avoid the discussion of the most stable ordered adsorbate

(if) The pseudopotentials we use are constructed using thgtructures at finite coverage. Studies by Jennison, Schultz,
PWO1 functional irrespective of the exchange-correlatiorand Sear® suggest that for, e.g., the CO molecules at the

functional used in the chemisorption energy evaluation. Weseparations in the 1/4 ML structure, the residual CO-CO in-
have therefore conducted a set of self-consistent PWO9eractions are at the 0.01 eV level.

chemisorption energy calculations for O(P#l) and CO/

(vi) We omit the zero-point motion of the adsorbates. For

Pd111) with C, O, and Pd pseudopotentials developed in thgpe agsorption of atomic oxygen, we expect the perpendicu-

LDA approximation. We find that changing the pseudopo-
tentials only causes the chemisorption energies to be reduc

by 0.03 eV and less than 0.01 eV for the two chemisorptior]ﬂe

systems, respectively.

(i) We approximate the surfaces by slabs of finite thick-
ness. Extending the PHL1) slab thickness from three to five
close packed layers weakens the chemisorption bond of
and CO by 0.04 eV and 0.02 eV, respectively.

lar vibrational mode to be of the ordérw=40-70 meV

ef. 47 and the parallel modes presumably smaller. This
ans that the theoretical chemisorption energies at most are
affected by the order 0.05-0.1 eV by zero-point motion. For

the molecular CO and NO adsorbates, the intramolecular vi-
Brational mode is softened somewhat upon adsorption, the

mode of the entire molecule vibrating perpendicular to the

(iv) We neglect the surface relaxation before and after théurface is build up to abodiw =60 meV and the four frus-

adsorption throughout the present work.
relaxations for the O/NL00 system results in a weakening

Inclusion of sucHrated translational and rotational modes to a few fi&Vhe

changes are thus small and they even cancel to some degree

of the PW91 based oxygen chemisorption bond strength bnd we therefore expect the zero point energy contribution to
0.02 eV(the clean surface gains more energy by the surfacée CO and NO chemisorption energies to be very small.
relaxation than does the oxygen covered surface, hence the While most of the above effects are found to be non-

bond is weakened

negligible, they nonetheless appear small on the energy scale

(v) The present study only considers chemisorption at 1/9.25 eV-1.0 eV, which, according to the present work, is

ML coverage, while we make a comparison to the initial, i.e.,

relevant when comparing the density-functional theory de-

low coverage, experimental chemisorption energies. The usgved chemisorption energies with experimental values.
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