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A simple formulation of a generalized gradient approximation for the exchange and correlation energy of
electrons has been proposed by Perdew, Burke, and Ernzerhof~PBE! @Phys. Rev. Lett.77, 3865 ~1996!#.
Subsequently Zhang and Yang@Phys. Rev. Lett.80, 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 functional~revPBE! 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 Ni~100!, Ni~111!, Rh~100!, Pd~100!, and Pd~111! 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 locally.@S0163-1829~99!02711-3#

I. INTRODUCTION

Density-functional theory is widely accepted as a frame-
work for the study of the electronic ground-state properties
of molecules and solids. It has long been realized that the
molecular bond energies and the cohesive energies of the
solids are overestimated when the electronic exchange and
correlation effects are described in the local-density approxi-
mation ~LDA !.1 However, the development of nonlocal ex-
change and correlation functionals has demonstrated that the
bond energies of molecules, the cohesive energies of solids,
and the energy barriers for molecular reactions can be greatly
improved within density-functional theory.2–12

In the present paper we investigate the behavior of the
chemisorption energy of different atomic and molecular ad-
sorbates on some late transition-metal surfaces using differ-
ent functionals for the exchange and correlation energy. We
limit ourselves to the study of functionals derived in the
generalized gradient approximation~GGA!. The functionals
we use include the Perdew-Wang-91 functional2 ~PW91!, the
Perdew-Burke-Ernzerhof~PBE! functional,13 and the revised
PBE functional with one parameter,k, changed from 0.804
to 1.245~revPBE! as proposed by Zhang and Yang.14 These
three functionals have been reported to give similar values
for the molecular bond energies of about 20 small molecules,
with some evidence that the revPBE functional is the most
accurate. Our calculations show, however, that the function-
als give rather different chemisorption energies. Judging
from a comparison to experimental chemisorption energies,
the revPBE is found to be superior in the description of the
energetics of atomic and molecular bonding to surfaces. The
construction of the revPBE functional involves a softening of
one of the criteria used in the construction of the PBE func-
tional. Specifically, with the PBE functional, the Lieb-
Oxford criterion15,16 is obeyed locally and hence also glo-
bally by construction,17 while with the revPBE functional it

is only found empirically to be obeyed globally.14 To avoid
the uncertainty with respect to the fulfilment of the Lieb-
Oxford criterion associated with the use of the revPBE, we
develop an alternative functional~RPBE!, which gives prac-
tically identical chemisorption energies. It does not involve
fitting of parameters and it fulfills the Lieb-Oxford criterion
by construction.

The paper is organized as follows: First chemisorption
energies calculated with the PW91, PBE, and revPBE func-
tionals are presented. Next an analysis of the spatial and
gradient-resolved exchange-correlation contributions to the
chemisorption energies for the three different functionals is
given. This leads to the suggestion of the RPBE functional,
which is finally tested.

II. CALCULATIONAL DETAILS

The density-functional theory calculations are done for
adsorbates inp(232) structures on the fcc~100! and
fcc~111! faces of Ni, Rh, and Pd surfaces. The surfaces are
modeled by slabs of four and three layers thickness for the
two facets~100! and ~111!, respectively@see the Appendix,
issue~iii !#. The slabs are repeated periodically in three di-
mensions, leaving at least 10 Å of vacuum between the
slabs.18 The ionic cores are described by ultrasoft
pseudopotentials19 developed within the PW91 approxima-
tion for the exchange and correlation@see the Appendix, is-
sue~ii !#. The nonlinear core correction20 is employed, using
the core density beyond a cutoff,r c (r c

C50.6,r c
N50.6,r c

O

50.7,r c
Ni51.2,r c

Rh51.0,r c
Pd51.1 bohr! and a second-order

polynomial continuation for smallerr ~for the description of
oxygen we make one improvement over the above—see is-
sue~i! of the Appendix#. Within the slabs, the PW91 lattice
parameters of 3.52, 3.83, and 3.99 Å for Ni, Rh, and Pd are
used throughout the work except when stated otherwise. For
Ni, the calculations are done spin polarized. For each slab
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system, the adsorption of atoms and molecules is done on
only one of the two slab surfaces exposed and the electro-
static potential is adjusted accordingly.21

The Kohn-Sham one-electron valence states are expanded
in a basis of plane waves with kinetic energies below 25 Ry
at k-point sampling meshes of 64 and 54k points within the
first Brillouin zone for the fcc~100! and fcc~111!, respec-
tively. The self-consistent densities are determined by subse-
quent iterative diagonalization of the Kohn-Sham Hamil-
tonian, Fermi-population of the Kohn-Sham states (kBT
50.1 eV), and Pulay mixing of the resulting electronic
density.22 All total energies have been extrapolated tokBT
50 eV.

The chemisorbed atoms and molecules have been placed
in atop, bridge, and hollow@for fcc~111!: fcc-hollow# sites
and have been relaxed to find the optimum chemisorption
energy, while the surface ions have been kept fixed at the
truncated bulk positions@see the Appendix, issue~iv!#. For
each adsorption system, only results for the most stable ad-
sorption site are reported. The chemisorption energy is cal-
culated as the energy difference:

Echem5EAM2EA2EM5 (
i 5AM,A,M

piEi ,

pAM51, pA5pM521, ~1!

whereEAM is the total energy of the system of adsorbateA
on metal surfaceM, andEA andEM are the total energies of
the isolated adsorbate and metal surface, respectively. In the
case of dissociative adsorption of a molecule,AB, the
chemisorption energy is calculated according to

Echem5EAM1EBM2EAB22EM . ~2!

The isolated atoms and molecules are treated in very large
supercells of dimensions 10.00310.25310.50 Å3 with
G-point sampling of the Brillouin zone. The odd shape of the
supercells guarantees that nonspherical densities result where
required.23

For self-consistently determined chemisorption energies,
the exchange-correlation potential entering the Kohn-Sham
Hamiltonian is the functional derivative of the exchange-
correlation energy functional evaluated at the ground-state
density. The variational principle of density functional
theory1,8, guarantees, however, that the density and the po-
tential input to the Kohn-Sham Hamiltonian may be varied
independently while only giving rise to errors in the total
energies that are second order in the variations of the density
and potential from their ground-state values. We shall there-
fore also report on non-self-consistently determined chemi-
sorption energies, where the electron densitiesna and ionic
coordinates resulting from self-consistent, relaxed calcula-
tions with one choice of exchange-correlation potential and
energy functional,mXC2a andEXC2a , are input to different
types of exchange-correlation energy functionals,EXC2b .
Such non-self-consistent chemisorption energies are calcu-
lated according to

Echem,b5 (
i 5AM,A,M

pi~Ei2Ei ,XC2a@na#1Ei ,XC2b@na#!.

~3!

For a andb we will use four different functionals from the
literature: LDA,25 PW91,2 PBE,13 and revPBE,14 and the
new functional, RPBE, described below. For the four nonlo-
cal GGA functionals, PW91, PBE, revPBE, and RPBE, the
exchange-correlation potential is constructed following
White and Bird.24

The accuracy of the physical and numerical approxima-
tions made with the present calculational setup is discussed
in the Appendix.

III. RESULTS AND DISCUSSION

We start by considering one chemisorption system, CO
adsorption in the fcc hollow on Pd~111!, in some detail.
Table I summarizes the structural and energetic results for
the system as computed fully self-consistently within the
various exchange-correlation approximations considered.
The distanceZ of the center of mass of the chemisorbed CO
from the outermost surface layer, and the bond lengthb of
the chemisorbed CO, have apparently only little dependence
on the choice of nonlocal exchange-correlation functional.Z
is, however, somewhat smaller when using local exchange-
correlation ~LDA !, which is consistent with the LDA also
favoring a smaller lattice constant,a.3–7 Despite the small
change in structural properties, the chemisorption energy
Echem of the CO depends strongly on the choice of
exchange-correlation functional. With the various GGA
functionals considered,Echem varies by as much as 0.4 eV
~approximately 20%! and when comparing the result of the
LDA calculation with the set of GGA calculations, the dif-
ference is of the order of 1 eV.

The large differences in chemisorption energies found in
the fully self-consistent calculations remain even when the
exchange-correlation energies are evaluated only non-self-
consistently, according to Eq.~3!. This is clear from the up-
per half of Table II, which shows such non-self-consistent
chemisorption energiesEchem,b as the regular entries and the
self-consistent ones as the highlighted entries. Each column
of the table gives chemisorption energies with one choice of
b, i.e., oneEXC2b , cf. Eq. ~3!. Comparing down a column,
it is seen that the self-consistently and non-self-consistently
determined chemisorption energies differ somewhat less than
the Echem for different EXC2b functionals. This is a conse-
quence of the variational principle as discussed above. The
only noteworthy errors in the non-self-consistentEchemarise
when an LDA density is input to a GGAEXC functional or

TABLE I. The lattice constanta for bulk Pd and some proper-
ties for CO chemisorbed in the fcc-hollow site on Pd~111! calcu-
lated self-consistently with different exchange-correlation function-
als.Z is the separation of the CO center of mass from the outermost
Pd~111! layer,b is the CO bond length upon adsorption, andEchem

is the chemisorption energy.

LDA PW91 PBE revPBE RPBE

a Å 3.89 3.99 3.99 4.01 4.02
Z Å 1.85 1.93 1.93 1.95 1.95
b Å 1.19 1.19 1.19 1.19 1.19
Echem eV -2.74 -2.07 -1.94 -1.64 -1.65
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vice versa, i.e., whenEchem,GGA@nLDA# or Echem,LDA@nGGA#
are evaluated. At first glance, this suggests that the densities
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 the
non-self-consistent chemisorption energies that have all been
evaluated on the basis of self-consistent calculations done
using the PW91 value for the Pd lattice constantaPW91.

The non-self-consistent chemisorption energies at the
PW91 volume given in Table II are seen for eachb to be
practically independent of the exchange-correlation func-
tional used in the underlying self-consistent calculations.
This is the case even when LDA densities are used as input
for a non-self-consistent GGA chemisorption energy, and
shows that the densities are indeed very similar in the LDA
and the GGA’s. It is thus the usage of a volume different
from the equilibrium one, which causes most of the error in
a non-self-consistent calculation. The volumes resulting from
the GGA’s presently considered are, however, very similar
~cf. Table I! and working with any of the self-consistent
GGA volumes will therefore result in small errors in non-
self-consistent GGA calculations. In the remainder of the
paper, we therefore choose to report only on chemisorption
energies for the various exchange-correlation functionals cal-
culated non-self-consistently on the basis of self-consistent
PW91 calculations at the PW91 volume. For CO/Pd~111!
these values have been highlighted in the lower half of Table
II and comparing with the self-consistent values highlighted
in the upper half of the table, we judge that the usage of
non-self-consistent chemisorption energies evaluated at con-
stant volume can be made without a notable loss of accuracy.

In Table III calculated chemisorption energies are pre-

sented for a range of different adsorption systems, using the
self-consistent PW91 density and volume. In order to allow
for an assessment of the overall quality of the calculated
chemisorption energies we include in the table—where
available—the experimental initial chemisorption energies
from the microcalorimetric~MC! measurements reviewed by
Brown, Kose, and King26,27 @see the Appendix, issue~v!#.
We consider these values to represent a most reliable set of
experimental chemisorption energies and we therefore com-
pile the root-mean-square~rms! deviationssO , sCO , and
sNO for the calculated chemisorption energies with respect
to the measured ones for O, CO, and NO chemisorption,

TABLE II. Non-self-consistent chemisorption energies, Eq.~3!,
for CO/Pd~111! as a function of the input densityna and the Pd
lattice constanta ~see Table I!. In the upper half of the table, the
lattice constant and hence the volume is chosen to beaa , i.e.,
consistent with the density, while in the lower half of the table, the
volume is kept fixed at the PW91 value. The highlighted entries in
the upper half are the self-consistent chemisorption energies, while
the highlighted entries in the lower half are the approximated values
to be used in the remainder of the paper. The two sets of highlighted
chemisorption energies are very similar.

Echem,b

LDA PW91 PBE revPBE RPBE

Self-consistent volume
nLDA aLDA -2.74 -1.80 -1.69 -1.30 -1.28
nPW91 aPW91 -2.95 -2.07 -1.96 -1.59 -1.56
nPBE aPBE -2.94 -2.06 -1.94 -1.57 -1.55
nrevPBE arevPBE -2.98 -2.12 -2.00 -1.64 -1.62
nRPBE aRPBE -3.00 -2.15 -2.03 -1.67 -1.65

PW91-volume
nLDA aPW91 -3.01 -2.05 -1.93 -1.55 -1.52
nPW91 aPW91 -2.95 -2.07 -1.96 -1.59 -1.56
nPBE aPW91 -2.94 -2.06 -1.94 -1.57 -1.55
nrevPBE aPW91 -2.92 -2.06 -1.94 -1.58 -1.55
nRPBE aPW91 -2.92 -2.06 -1.94 -1.58 -1.55

TABLE III. Calculated chemisorption energies as a function of
the exchange-correlation energy functionalb compared to mea-
sured chemisorption energies. All numbers are in eV per adsorbate.
The rms deviations for the calculated chemisorption energies for O,
CO, and NO,sO , sCO , and sNO , and for all three adsorbates,
s tot , have been compiled against the experimental numbers from
Refs. 26 and 27 only. Thes values in parenthesis arise when the
CO/Rh~100! data is neglected. TheEchem

exp for O have been evaluated
as 1

2 $Echem
exp (O2)2Eb

exp(O2)% with the value 5.11 eV~117.96
kcal/mol51! for the O2 bond energyEb

exp(O2).

Echem,b Echem
exp

LDA PW91 PBE revPBE RPBE

O~fcc!/Ni~111! -6.68 -5.38 -5.27 -4.83 -4.77 -4.84a

O~hol!/Ni~100! -6.97 -5.66 -5.55 -5.10 -5.03 -5.41a

O~hol!/Rh~100! -6.64 -5.34 -5.23 -4.77 -4.71 -4.56a

O~fcc!/Pd~111! -5.34 -4.08 -3.98 -3.54 -3.49
O~hol!/Pd~100! -5.39 -4.14 -4.04 -3.59 -3.53

sO 1.84 0.57 0.47 0.22 0.24

CO~fcc!/Ni~111! -2.85 -1.99 -1.88 -1.52 -1.49 -1.35a

CO~hol!/Ni~100! -3.05 -2.11 -2.00 -1.62 -1.58 -1.26a

CO~brd!/Rh~100! -3.02 -2.28 -2.16 -1.84 -1.81 -1.19a

CO~fcc!/Pd~111! -2.95 -2.07 -1.96 -1.59 -1.56~-1.47! b

CO~brd!/Pd~100! -2.77 -1.98 -1.87 -1.53 -1.50 -1.69a

sCO 1.58 0.78 0.67 0.39 0.37
~1.49! ~0.64! ~0.54! ~0.25! ~0.23!

NO~hol!* /Ni~100! -6.31 -4.52 -4.41 -3.79 -3.68 -3.99a

NO~brd!/Rh~100! -3.73 -2.76 -2.67 -2.31 -2.28
NO~fcc!/Pd~111! -3.27 -2.20 -2.12 -1.72 -1.67~-1.86! c

NO~hol!/Pd~100! -3.19 -2.12 -2.04 -1.63 -1.58 -1.61d

sNO 1.98 0.52 0.43 0.14 0.22

s tot 1.76 0.66 0.56 0.30 0.30
~1.76! ~0.58! ~0.48! ~0.21! ~0.23!

*Dissociative adsorption.
aMC experiments reviewed by Brown, Kose, and King, Ref. 26.
bTPD experiment by Conradet al., Ref. 49.
cTPD experiment by Ramsieret al., Ref. 50
dMC experiment by Yeo, Vattuone, and King, Ref. 27.
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respectively, ands tot for all adsorption systems considered.
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 functional~to be discussed
below! prove rather accurate in the description of the chemi-
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
the order 0.30 eV. We note that regardless of which
exchange-correlation functional is considered, in particular,
the CO/Rh~100! system gives rise the the large rms devia-
tions. This raises some question about quality of this one
experimental value of 1.19 eV for the initital chemisorption
energy. The value further compares poorly with the tempera-
ture programmed desorption~TPD! and isothermal desorp-
tion experiments in Ref. 28, which are reported to give val-
ues for the saturation chemisorption energy around 1.42 eV.
Values forsCO ands tot evaluated without the CO/Rh~100!
system are included in the table in parentheses. It is seen that
neglecting the CO/Rh~100! system thes tot would become
approximately 0.5 eV for the PW91 and PBE functionals and
less than 0.25 eV for the revPBE and RPBE functionals. We
note that the uncertainty of the measurements of the chemi-
sorption energies is of the order 0.2 eV and 0.1 eV for atomic
and molecular chemisorption, respectively.26

The finding of large overbinding of adsorbates to
transition-metal surfaces in the LDA and less so in the GGA,
e.g., represented by the PW91, was realized early on8–12 and
many groups are now routinely using the GGA functionals
for such surface studies.29–40 Besides the evidence for the
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—N2 adsorption and dissociation on Fe~111! ~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:42 ~i! GGA functionals favor reduced density
gradients,s}u¹ru/r4/3; ~ii ! the volume of space with larges
values scales with the free surface area, where ‘‘surface’’
may represent both a solid surface and the surface of mol-
ecules and atoms;~iii ! a system of a molecule chemisorbed
on a solid surface exposes less surface~and therefore has less
volume with larges values! than do the reference systems of
a clean solid surface and a gas phase molecule;~iv! conse-
quently, the adsorption system is destabilized over the refer-
ence system—i.e., the chemisorption will become less attrac-
tive and the chemisorption energy will become less
negative—when using a GGA. The loss of surface and hence
loss of regions with large reduced density gradients in a
chemisorption event is illustrated schematically in Fig. 1.

Some evidence for this simple picture of the effect of the
GGA functionals on a chemisorption system can be gained
from Fig. 2. In Fig. 2~a! is plotted for CO/Pd~100!, the
gradient-dependent contributions in the GGA to the chemi-
sorption energy:

Dechem,GGA~r !5 (
i 5AM,A,M

pini~r !@e i ,GGA~r !2e i ,LDA~r !#,

~4!

whereni(r )e i ,XC(r ) is the XC energy density~evaluated lo-
cally, XC5LDA, or nonlocally, XC5GGA! at r for each of
the systems,i 5AM,A,M . A plane perpendicular to the
Pd~100! surface, through two Pd atoms in the surface and
through a bridge-bonded CO molecule at these Pd atoms is
chosen. It is apparent that, in this plane, the change in the
chemisorption energy comes from the region of contact be-
tween the molecule of the surface, i.e., from the region of
‘‘loss of surface area’’ caused by the adsorption. One should,

FIG. 1. Outside a solid surface, e.g., Pd, and all round a mol-
ecule, e.g. CO, the electron density falls off. These regions of ‘‘sur-
face,’’ here shown shaded, have thus large reduced density gradi-
ents,s}u¹ru/r4/3. Once a chemisorption bond between the solid
surface and the molecule is formed less surface results. The loss of
surface appears in the region between the solid surface and the
chemisorbed molecule.

FIG. 2. ~a! The spatially resolved contribution to the chemisorp-
tion energy from nonlocal exchange-correlation,Dechem,PW91(r ) for
CO adsorption on Pd~100!. The contours are separated by 0.19
eV/Å3. ~b! The same quantity, but layer integrated,Dechem,GGA(z)
plotted for the different GGA’s considered.
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however, note43 that the gradient-dependent exchange-
correlation energy density,Dechem,GGA(r ), does not have a
physical meaning as such except when integrated over all
space:

Echem,GGA2Echem,LDA5E Dechem,GGA~r !dr ~5!

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 III. In Fig. 2~b!, the nonlocal
contribution to the chemisorption energy in each of the four
GGA’s considered has been integrated over thep(232) unit
cell areaA parallel to the Pd~100! surface and is plotted as a
function of the distance from the outermost layer of Pd at-
oms:

Dechem,GGA~z!5E
A
Dechem,GGA~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
comes about as merely a scaling of the gradient-dependent
exchange correlation energy contributions.

The PW91 and PBE functionals are seen in Fig. 2~b! to
have very similar gradient-dependent exchange correlation
energy contributions, which causes the very similar chemi-
sorption energies given in Table III. This is to be expected as
the PBE functional has been developed to mimic the PW91
functional, but with fewer parameters and a simpler func-
tional form.13 The revPBE functional, on the other hand,
deliberately deviates from the PBE functional with one pa-
rameterk that has been changed to improve the description
of atomic total energies and molecular atomization
energies.14 The parameterk appears in the exchange energy
functional:

EX@n#5E n~r !eX~r !dr5E n~r !eX
LDA

„n~r !…FX„s~r !…dr ,

~7!

where n(r )eX
LDA(r ) is the local exchange energy density

from the LDA, s is the reduced density gradient:

s~r !5u¹n~r !u/@2~3p2!1/3n~r !4/3#, ~8!

andFX is a local exchange enhancement factor

FX~s!511k2
k

11ms2/k
, ~9!

wherem andk are constants. In the PBE a valuek50.804 is
used while in the revPBEk51.245 is used. The two en-
hancement functionsFX(s) are plotted in Fig. 3~a!. The PBE
and revPBE functionals are identical otherwise, i.e., also
with respect to the correlation energy terms not given here.

The reasoning of Perdew, Burke, and Ernzerhof,13 behind
their use ofk50.804 in the PBE functional is thatFX(s)
thereby becomes upper bound by 1.804 and the exchange

energy is therefore in every point in space subject to the
following inequality ~using atomic units!:

n~r !eX~r !>21.679n~r !4/3. ~10!

With this criterion oneX(r ), the Lieb-Oxford bound,15,16

EX@n#>EXC@n#>21.679E n~r !4/3dr , ~11!

automatically becomes fulfilled. In the construction of the
revPBE, Zhang and Yang14 point out that for agivenelectron
density a fulfilment of Eq.~10!, which may be considered a
local Lieb-Oxford bound, is only a sufficient but not a nec-
essary requirement for the fulfilment of the true, integrated
Lieb-Oxford bound, Eq.~11!. In the revPBE functionalk
51.245 is therefore chosen and it is reported that the Lieb-
Oxford bound is always fulfilled in practice.14 However, as
stressed by Perdew, Burke, and Ernzerhof17 employing the
local bound in the GGA construction ensures that the inte-
grated bound will be satisfied forany possible electron den-
sity. In the present calculations for atoms and molecules ad-
sorbed on transition-metal surfaces we also find that the
Lieb-Oxford bound is fulfilled when using the revPBE func-
tional.

FIG. 3. ~a! The exchange enhancement factor for the different
GGA functionals as a function of the reduced density gradient,s.
~b! The distribution of nonlocal exchange-correlation energy contri-
butions, DEchem,GGA(s), to the chemisorption energy of CO on
Pd~100!. ~c! The integrated distribution of nonlocal exchange-
correlation energy contributions to the chemisorption energy of CO
on Pd~100!.
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Considering the great improvement reported in Table II of
the chemisorption energies resulting from the slight change
in the functional from PBE to revPBE, it is interesting to
trace which values of the reduced gradients give rise to the
improvement. Such an analysis has been done by Zupan
et al. for molecular and solid systems.42 To do so for a
chemisorption system we plot in Figs. 3~b! and 3~c! for CO/
Pd~100! thes-resolved nonlocal exchange correlation contri-
butions to the change in the chemisorption energy~relative to
the LDA!:

DEchem,GGA~s!

5E (
i 5AM,A,M

pini~r !$e i ,GGA~r !

2e i ,LDA~r !%d~s2si~r !!dr , ~12!

and

E
0

s

DEchem,GGA~s8!ds8. ~13!

When integrated over alls, the quantity DEchem,GGA(s)
gives the chemisorption energy change due to the use of a
nonlocal exchange-correlation functional@cf. Eq. ~5!#:

Echem,GGA2Echem,LDA5E
0

`

DEchem,GGA~s!ds. ~14!

From Figs. 3~b! and 3~c! it can be seen that the change in
the chemisorption energy from the LDA to a GGA mainly
originates froms values between 0.5 and 2.5. Specifically,
the non-negligible differences betweenDEchem,PBE(s) and
DEchem,revPBE(s) can be seen to lie in this range also. It is
interesting to note from Fig. 3~a! that in the 0.5,s,2.5
range the exchange-enhancement factor,FX(s), still fulfills
the local Lieb-Oxford bound, when formulated asFX(s)
<1.804.13 This suggests that it should be possible to con-
struct from the PBE a new GGA functional, that changes the
chemisorption energies as does the revPBE, but without vio-
lating the local Lieb-Oxford bound. A means of doing this is
to use the PBE, but choosing for the exchange enhancement
factor FX(s) another functional form so that it follows the
revPBE exchange enhancement factor only fors values up to
2.5. For larger values ofs, the functionFx(s) should level
off, to fulfill FX(s)<1.804. Choosing

FX~s!511k~12e2ms2/k! ~15!

with k50.804 for the exchange enhancement factor one ob-
tains such a functional. The functional is a slight revision of
the PBE functional and we denote it the RPBE functional.
The FORTRAN computer code required to run with the new
functional is available on the internet.44 The exchange en-
hancement factor of the RPBE is plotted in Fig. 3~a!. It is
constructed to have the same behavior for smalls:

Fx~s!→11ms2, for s→0, ~16!

asFX(s) from PBE and revPBE, it grows as rapidly withs as
does theFX(s) from the revPBE and it levels off at the same
value as theFX(s) in the original PBE. The great similarity
betweenFX(s) in the revPBE and the RPBE fors values

below 2.5 is resulting in very similar GGA contributions to
the chemisorption energy, as can be judged from Figs. 2~b!,
3~b!, and 3~c! where the spatially and gradient-resolved con-
tributions to Echem,RPBE2Echem,LDA for CO/Pd~100! have
been plotted. From the RPBE based chemisorption energies
given in Table III for the different adsorption systems it can
be seen that the revPBE and the RPBE functionals generally
give very similar results. When comparing the calculated
chemisorption energies with the experimental ones, the rms
deviations reported in Table III for the RPBE are thus as
good as the ones for the revPBE. In other words, when fo-
cussing on the improved chemisorption energies, the RPBE
functional represents an alternative to the revPBE. This also
holds for the molecular bond energies@see the Appendix,
issue~i!#.

While improving the chemisorption energies, the revPBE
and RPBE functionals may worsen other physical properties.
This is apparent from Table I, showing revPBE and RPBE
based Pd lattice constants that are 0.5–0.75 % larger than
with the PW91 and PBE functionals. These functionals al-
ready give lattice constants that are too large by about 2.5%
compared to an experimental value of 2.89 Å. Another ex-
ample is the worsening of LDA surface exchange energies45

by the PBE and presumably more so with the revPBE or
RPBE.

We would like to stress that while the revPBE functional
deviates from the PBE functional in the value of one param-
eterk in the exchange enhancement factorFX(s), the RPBE
functional deviates from the PBE functional in the functional
form of FX(s) itself. The selection in the revPBE of a larger
k to some extent challenges the principles used in the deri-
vation of the PBE—the Lieb-Oxford bound is no longer ful-
filled by construction. The use of a different functional form
for FX(s) in the RPBE, on the other hand, is as good a
choice as the one made in the original PBE derivation. The
differences in the chemisorption energies resulting from the
PBE and RPBE functionals are therefore indicative of the
uncertainty in the physical properties of a GGA functional
resulting from the arbitrariness in the choice of functional
form alone.

IV. SUMMARY

In summary we have studied the chemisorption energies
of atoms and molecules on late transition-metal surfaces. We
have found that using the LDA functional for the exchange-
correlation description results in chemisorption energies that
are numerically too large by about 1.5 eV per adsorbate.
Including nonlocal exchange-correlation effects with the
PW91 or PBE functionals, this overbinding is reduced to
approximately half an eV per adsorbate. The overbinding of
the chemisorbed atoms and molecules is found to be further
reduced by about a factor of two when using the revPBE
functional suggested by Zhang and Yang or the RPBE func-
tional suggested in the present work. The RPBE functional
only differs from the PBE functional in the choice of the
mathematical form for the exchange energy enhancement
factor. The two functionals, PBE and RPBE, follow the same
construction logic and therefore contain the same physics
and fulfill the same physical criteria.
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APPENDIX

The calculational setup involves a number of approxima-
tions, some of which we have tested separately. These in-
clude ~i! the use of pseudopotentials,~ii ! the use of PW91
based pseudopotentials irrespective of the exchange-
correlation energy functional used in the calculations,~iii !
the slab approximation,~iv! the rigid surface approximation,
~v! the use of a finite coverage~1/4 ML!, and~vi! the neglect
of zero-point energy effects. Each of these issues are ad-
dressed below and we find that none of them affect the con-
clusions made in this work.

~i! The use of pseudopotentials. In Table IV we report our
calculated molecular bond energies for O2 , CO, and NO
with two different oxygen pseudopotentials~PP’s! and the
corresponding all-electron ~AE! results from the
literature.13,14 The molecular bond energies are seen to be
somewhat different for the two oxygen pseudopotentials
used and a general shift towards weaker molecular bond en-
ergies when using the pseudopotentials can be seen compar-
ing to the AE results. One should, however, note that the AE
results also disagree somewhat. We attribute the differences
between the PP and AE results of the Table to the physical
approximations made when using the pseudopotentials. This
is supported by the finding that the molecular bond energies
are sensitive to the details of the pseudopotential. The PP-
4.5%-O-core pseudopotential is an oxygen pseudopotential
with a polynomial partial core insider c

O50.7 bohr. It de-
scribes only 4.5% of the total core charge with the core den-

sity being rather small at the oxygen core position. It may
therefore cause unphysically large reduced density gradients,
}u¹rsu/rs

4/3 for the minority spin,s in this region of space.
To circumvent this we have constructed an improved oxygen
pseudopotential, PP-42%-O core, which retains 42% of the
two oxygen core electrons. This is done by constructing the
partial core density,20 r̃, as r̃(r)215r0

211r(r)21, wherer
is the all-electron core density andr05125/(4p) bohr23 is
a constant. The partial cores of the two pseudopotentials are
shown in Fig. 4. As shown by Table IV the use of the PP-
42%-O core improves the molecular bond energies~using
the AE results—not the experimental results—as the target
values!. The prize of using the more accurate pseudopoten-
tial is that the exchange-correlation energy integrals must be
evaluated at more dense grids~as indicated in Fig. 4!. In
calculating the values in Tables I, II, and III we have there-
fore chosen during the force calculations and geometry opti-
mization to use the PP-4.5%-O-core pseudopotential, while
only using the PP-42%-O-core pseudopotential whenever
evaluating the chemisorption energetics. While no direct
comparison to AE chemisorption energies is possible, we can
estimate the quality of the pseudopotential approximation by
the sensitivity of the chemisorption energies to the oxygen
pseudopotential used. If we use the PP-4.5%-O-core pseudo-
potential the oxygen, CO and NO on Pd~111! chemisorption
bond energies are reduced by 0.12~0.05!, 0.01 (,0.01) and
0.01 ~0.01! eV in the PW91~revPBE! compared to the val-
ues reported in Table III where the PP-42%-O-core pseudo-
potential has been used. The chemisorption energies thus ap-

TABLE IV. Molecular bond energies using oxygen pseudopo-
tentials with 4.5%~PP-4.5%-O core! and 42%~PP-42%-O core! of
the two 1s core electrons. Also shown are all-electron~AE! results
where available. The corresponding experimental values~with zero
point energy removed! are 5.23, 11.24, and 6.63 eV~Ref. 14!.

LDA PW91 PBE revPBE RPBE

O2 PP-4.5%-O core 7.10 5.84 5.81 5.53 5.51
O2 PP-42%-O core 7.30 6.06 5.99 5.63 5.59
O2 AE, Ref. 13 7.59 6.20 6.24
O2 AE, Ref. 14 6.14 5.75

CO PP-4.5%-O core 12.38 11.26 11.17 10.87 10.86
CO PP-42%-O core 12.54 11.40 11.28 10.93 10.90
CO AE, Ref. 13 12.96 11.66 11.66
CO AE, Ref. 14 11.60 11.19

NO PP-4.5%-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
NO AE, Ref. 13 8.63 7.41 7.46
NO AE, Ref. 14 7.36 6.96

FIG. 4. The full all-electron core density and the partial core
densities used in the PP-4.5%-O-core and PP-42%-O-core oxygen
pseudopotentials. In the inset the spherical Jacobian factor 4pr 2

has been included. A denser sampling~black circles! is required for
PP-42%-O core compared to PP-4.5%-O core~open squares!.
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pear to be much less sensitive to the pseudopotential
approximation than do the molecular bond energies.

~ii ! The pseudopotentials we use are constructed using the
PW91 functional irrespective of the exchange-correlation
functional used in the chemisorption energy evaluation. We
have therefore conducted a set of self-consistent PW91
chemisorption energy calculations for O/Pd~111! and CO/
Pd~111! with C, O, and Pd pseudopotentials developed in the
LDA approximation. We find that changing the pseudopo-
tentials only causes the chemisorption energies to be reduced
by 0.03 eV and less than 0.01 eV for the two chemisorption
systems, respectively.

~iii ! We approximate the surfaces by slabs of finite thick-
ness. Extending the Pd~111! slab thickness from three to five
close packed layers weakens the chemisorption bond of O
and CO by 0.04 eV and 0.02 eV, respectively.

~iv! We neglect the surface relaxation before and after the
adsorption throughout the present work. Inclusion of such
relaxations for the O/Ni~100! system results in a weakening
of the PW91 based oxygen chemisorption bond strength by
0.02 eV~the clean surface gains more energy by the surface
relaxation than does the oxygen covered surface, hence the
bond is weakened!.

~v! The present study only considers chemisorption at 1/4
ML coverage, while we make a comparison to the initial, i.e.,
low coverage, experimental chemisorption energies. The use

of the initial chemisorption energies is made in order to
avoid the discussion of the most stable ordered adsorbate
structures at finite coverage. Studies by Jennison, Schultz,
and Sears46 suggest that for, e.g., the CO molecules at the
separations in the 1/4 ML structure, the residual CO-CO in-
teractions are at the 0.01 eV level.

~vi! We omit the zero-point motion of the adsorbates. For
the adsorption of atomic oxygen, we expect the perpendicu-
lar vibrational mode to be of the order\v540–70 meV
~Ref. 47! and the parallel modes presumably smaller. This
means 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
surface is build up to about\v560 meV and the four frus-
trated translational and rotational modes to a few meV.48 The
changes are thus small and they even cancel to some degree
and we therefore expect the zero point energy contribution to
the CO and NO chemisorption energies to be very small.

While most of the above effects are found to be non-
negligible, they nonetheless appear small on the energy scale
0.25 eV–1.0 eV, which, according to the present work, is
relevant when comparing the density-functional theory de-
rived chemisorption energies with experimental values.
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