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Molecular adsorption on the surface of strongly correlated transition-metal oxides:
A case study for CQNiO (100
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It is well known that the physical properties of some transition-metal compo(mdstly oxide$ are
strongly affected by intra-atomic correlations. Very recently, investigations of the adsorption of small mol-
ecules such as CO on the surfaces of transition-metal oxides have led to rather surprising results: the weak
adsorbate-substrate bonding and the asymmeéitted) adsorption geometries contrast sharply the strong
bonding and symmetric geometries characteristic for metallic surfaces. Calculations based on either Hartree-
Fock or density-functional methods have failed to explain these observations. For bulk transition-metal oxides
it has been demonstrated that the addition of a Hubbard-type on-site Coulomb reputsitine local-density
Hamiltonian leads to an improved description of the electronic structure of these materials, but a consistent
description of all physical properties proved to be elusive. In the present work, we present a comprehensive
investigation of bulk NiO and of clean and CO-covered Ni@D surfaces. We demonstrate that adding the
on-site Coulomb repulsion to the spin-polarized gradient-corrected density-functional Hamiltonian leads to a
consistently improved description of a wide range of cohesive, electronic, and magnetic properties of NiO
(bulk and surfackeand a very accurate description of the adsorption properties of CO. The effects of the strong
electronic correlations in the substrate on the adsorbate-substrate bonding are discussed in detail.
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[. INTRODUCTION countered for many TMO's. Under these circumstances, only
a very few attempts have been made to study molecular re-
The surfaces of metal oxides, and in particular transition-actions on TMO surfaces.

metal oxides, play an extremely important role in heteroge- The failure of density-functional theory is due to the fact
neous catalysis, either as active catalysts or as support f&at the electronic structure of many TMO's is dominated by
nanostructured metallic catalysts The adsorption and re- the strong on-site Coulomb repulsigstrong correlationbe-
actions of molecules on metallic surfaces have been studigi/een thed electrons. A number of attempts have been made
extensively by both experimental and theoretical techniqued® overcome the limitations of the local-spin-density-
Due to the progress realized in computational density@PProximation(LSDA) for TMO's. Again NiO may serve as
functional theory(DFT), excellent agreement between theory & V€'Y |IIu'strat|ye example. For NiO these beyond-LSDA
and experiment has been achieved for the structural paran;{]vestlgatlons |gﬁlude the GW treatments ﬂf Aryasetiawan
eters characterizing the adsorbate-substrate complex: usuaﬁnd Gunnarssofi and of Massiddaetal, ™ the seli-

adsorbate-substrate bond lengths can be calculated withingzer:g;:gjsno}g C;’;%Ct(;?n;;ltg)lettoalt *}2 ttg?ﬁ; e?ef—pi\r/t? 32 2:5

few hundreds of an angstrom, and vibrational frequenC|e§eCtion to the LSDA proposed by Calandra and Marigtire
with a maximum error of 3 pct. Energy barriers of surfacel_SDA+U method developed by Anisimaet al, S reformu-

reactipn; can be p.redicted vyith an accuracy sufficient for .4 by Liechtensteiret al'® and applied to NiO by Du-
quantitative analysis of reaction rates. _ darevet al.’” and a Hartree-Fock study by Towlet al®

On the other hand, despite the considerable fundamentglery recently, Bredow and Gersbnhave applied unre-
and industrial interest, our knowledge of transition-metal 0X-stricted Hartree-Fock, gradient-corrected DFT, and hybrid
ide (TMO) surfaces is much more limited. Experimental techniques to investigate the bulk properties of NiO. The
data, especially for molecular adsorbates on transition-metaksults of these studies may be summarized as follagain
oxides, are rather scarce. This is due to both the difficultieshese conclusions concern not only NiO, but a wide class of
in preparing well-characterized single-crystal surfaces and tetrongly correlated TMO’s Hartree-Fock(HF) calculations
the fact that the application of electron emitting or adsorbinggrossly overestimate the width of the gap and underestimate
spectroscopic techniques to insulating surfaces is difficulthe cohesive energies. Adding electronic correlation effects
due to charging. In theoretical studies, standard densityin the form of the functional of Lee, Yang, and PArHF-
functional techniques often fail in predicting even the mostLYP) improves the prediction of the cohesive energy with-
fundamental properties of bulk transition-metal oxides suclout, however, correcting the band gap. Adding generalized
as the presence or absence of a gap at the Fermi level; e.gradient corrections to the LSDA leads to a reasonable cohe-
local-spin-density calculations predict NiO to be either me-sive energy and lattice constant, but produces only a minimal
tallic or a semiconductor with a very narrow gap, whereas irgap of 0.4 eV. This can be corrected either by adding many-
experiment°it is found to be an antiferromagnetic insulator body terms(GW or SIQ), by using a hybrid functional mix-
with a gap ranging between 4.0 eV and 4.3 eV. Similar dising exact exchange with DFTB3LYP),?! or by adding a
crepancies between theory and experiment have been eHRubbard term describing the strong on-site Coulomb repul-
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sionU to the LSDA Hamiltonian (DFTU). All three meth-  and the spin properties, and this is attributed to different
ods lead to the opening of a gap ranging between 2.6 eVescriptions of the Coulomb repulsion within the 3hell.
(SIC), 3.0 eV (LSDA+ U, depending on the strength of the Bredow_ repo_rtfs a good agreement for the Ni-CO_ bonq length
on-site potentiall), and 4.2 eV(B3LYP). Qualitatively, ~(a possible tilting of the molecule was not considgraith
there is a general agreement that the top of the valence bati@ B3LYP functional, but find the molecule to be almost
is of mixed Nid and Op character, whereas the bottom of unbound E,4=0.02 eV). Surprisingly, in spite of the very
the conduction band is Ni-like. Hence while the gap is Weak adsorbate-substrate interaction, adsorption leads to a
caused by the Nit correlation, it is neither of a pure Mott- large down-shift of the CO stretching frequency which has
Hubbardd-d nor of a pure charge-transfé®-p—Ni-d) type. ~ NOt been observed experimentally. Hence many questions re-
However, even within the post-DFT approaches difference&naln open. .

in quantitative predictions for band gap, exchange splitting, 1he aim of the present work is twofold. o

and other physical properties persi¥t:317:1° (i) We have implemented the DFTU method in its ro-

The electronic structure of TMO surfaces has been stud@tionally invariant form proposed by Liechtensteinal."®
ied experimentally using x-ray photoemission spectroscopy? a full-potential electronic_ structure codehe Viennaab
(XPS), e|ectron_energy_|oss spectroscd@ELS), and scan- Initio  simulation packag:?_ 4 (VASP)]. In this form the
ning tunneling microscopySTM). For NiO(100) surfaces, DFT+U Hamiltonian is based on the full all-electron orbit-
extensive EELS work of Gorsctter and Mer#® yields in-  als and densities. This should be considered as a step forward
formation on surface-shell excitation. Atomically resolved compared to the implementation in codes using muffin-tin
STM images of the NiQLOO) surface&® show the surprising Orbitals and the atomic-sphere approximation.
result of a contrast reversal when the applied bias voltage is (i) The DFT+U approach implemented Wnsp has been
reversed. Out of the many techniques that have been used #§ed to investigate the physical properties of bulk NiO and
study bulk NiO, only the LSDA-U approach has been ap- of clean NiQ100 surfaces, and to perform a detailed inves-
plied to extended TMO surfaces. Calculations by Dudarevigation of the adsorption of CO molecules on this surface.
et al?* found two types of surface states on NIDO), a The experimentally well-characterized CO/N¥DO system
filled state consisting primarily ab, orbitals on the oxygen has been used as a test case for exploring the ability of the
atoms and an empty surface state originating from Ni-DFT+U approach to study molecular adsorption on TMO
ds,2_,2 orbitals. These surface states explain the observe@urfaces. We demonstrate that a semilocal spin-polarized
contrast reversal and suggest that at the surface the chardggeneralized gradient approximatid8GGA to the LSDA
transfer character of the gap might be more pronounced thanctional, together with the on-site Coulomb repulsidn
in the bulk. (resulting in a SGGA U approach leads to an improved
Experimental determinations of the structural propertieand consistent description of the cohesive, structural, me-
of molecular adsorbates on TMO surfaces have been peghanical, electronic, and magnetic properties of bulk NiO
formed for the model systems CO, NO, and Natisorbed and NiO surfaces. Even more importantly, we demonstrate
on a NiQ(100) surface?®>~?" The comparison of the measured that the SGGA-U approach allows us to describe the ad-
bond lengths and adsorption energies of the same species 8ArPtion energy and geometry of CO on NiOO) in almost
a metallic Ni surface demonstrated that the adsorption on thBerfect agreement with experiment. Our paper is organized
surface of the TMO is much weaker than on a metallic sur2s follows: In Sec. Il we recapitulate the foundations of the
face. In addition, all three adsorbed molecules were found if?FT+U approach and its implementationvnsp within the
a tilted configuration instead of in a strictly vertical position framework ~of the projector-augmented waveéPAW)
like on most metal surfaces. The tilt angle is relatively mod-method?**"** Sections IIl and IV describe the results for
est for CO (12:6°) and NH, (7=6°), but as large as 45° bulk NiO and a clean Ni@ 00 surface, demonstrating that a
for NO. Quantum-chemicab initio calculations for small SGGA+U approach leads to an accurate and consistent de-
NiO clusters on the Hartree-Fock le?&1*°produced signifi- ~ scription of bulk and surface properties. Section V presents a
cantly larger bond lengths and even lower adsorption enedetailed study of the adsorption properties of CO on
gies with respect to experiment and failed to reproduce th&iO(100) in the LSDA, SGGA, LSDA-U, and SGGA-U
observed tilting of the adsorbates. This result was interprete@Pproximations, and we conclude in Sec. VI.
as a significant “failure of current theoretical method&:3’
Very recently, Di Valentinet al®! and Bredow? have per-
formed cluster calculations on the adsorption of N®Ref. Il. THEORETICAL METHODS
31 and CO (Ref. 32 on NiO(100 using Hartree-Fock,
density-functional, and hybrid methods. Both groups of au-
thors come to somewhat different conclusions. Di Valentin  Transition-metal compounds such as NiO experience a
et al. argue that although bonding of NO to NiO cannot bestrong on-site Coulomb-repulsion amongst Ni-8lectrons
described by single-determinant approachesd conse- due to the narrowd-band-width, which is not correctly de-
quently by DFT), spin-polarized DFT calculations with hy- scribed in a spin-polarized DFT treatment. This error can be
brid functionals lead to reasonable adsorption geometines corrected with the DFF U method, which is a combination
cluding the tilt of the adsorbed molecilélowever, a strong of the DFT in either the LSDA or SGGA and a Hubbard
dependence on the exchange-correlation functional is notddamiltonian for the Coulomb repulsion and exchange inter-
for the adsorption strengttirom strongly bound to unbound action. For the present calculations we use a simple DFT

A. DFT+U method
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+U version, proposed by Dudareat al. in Ref. 17. It is —J. AlargerU—J forces a stricter observance of the on-site

based on a model Hamiltonian with the form idempotency. This is achieved by lowering the one-electron
potential locally for a particular metal orbital and in turn

~ U S AR (U-J) S hoq modifying the hybridization with the ligand atoms. The one-

H= 2 -~ Nm, om0+ 2 = Nm,oMNm’ o electron potential is given by the functional derivative of the

(1) total_energy with respect to the electron density, i.e., in a

R matrix representation,

wheren,,, is the operator yielding the number of electrons

occupying an orbital with magnetic quantum numbeand » OEprrru  OEppT

spin o at a particular site. Vij= 507 = 507
The Coulomb repulsion is characterized by a spherically Pij Pij

averaged Hubbard parametdr describing the energy in- It is recognized that filledl orbitals which are localized on

crease for placing an extra electron on a particular $ite, one particular site are moved to lower energies, -b{U

=E(d""hH)+E(d" 1) —-2E(d"), and a parameted repre-  —J)1/2, whereas emptg orbitals are raised to higher ener-

senting the screened exchange energy. Whildepends on  gies by U —J)1/2.

the spatial extension of the wave functions and on screening,

Jis an approximation to the Stoner exchange parameter and g implementation within the projector-augmented wave

almost constant-1 eV. The Mott-Hubbard Hamiltonian in- method

cludes energy contributions already accounted for by the L .

DFT functional. To correct for this “double counting,” Eq.  1he DFT+U is mplen;gnted in the PAW method as de-

(1) is estimated in the limit of integer occupancies and subSCriPed by Bengonetal™ In the PAW method, the all-

tracted from the DFT energy to obtain the spin-polarized®'€Ctron(AE) wave functionV', is related to the pseudo-

DFT+U energy functiona*1’ A simple functional is ob- wave-function¥, through a linear transformaticfi;*’

tained after some straightforward algebfa:

1 (o8
50i=pij|- 4

2

+(U-J)

Eporrru=EperT > > (Nme—Ning).- (2

mo

lwn>=|@n>+2 Iy =N {(Pil T ). (5)

The indexi is a shorthand for the atomic sii, the an-
This energy functional is yet not invariant with respect togular momentum numbets=1I,m and an additional inder
a unitary transformation of the orbitals. A formulation given referring to the reference energy, of the partial wavesp, .
by Liechtensteiret al ' replaces the number operator by the The all-electron partial waveg; are solutions of the Schro
on-site density matriy; of thed electrons to obtain a rota- dinger equation for a spher|~cal symmetric reference atom,
tionally invariant energy functional. In the present case thisand the pseudo-partial-waves are equivalent to the AE

yields the functionaf partial waves outside a core radiug and match continu-
U—3] ously ontog; inside the core radius. The projector functions
Eprrsu=Eper+ — E T p7—p7p7]. ©) p; are dual to the partial waves:
The i i i i i i <E’i|;ﬁ'>:5i'-
e interpretation of this DFFU functional is particularly ] l
simple. In the limit of an idempotent on-site occupancy ma-Starting from Eq.(5) it is possible to show that the AE
trix p?, charge density is given by a sum of three terms in the PAW

o o method(for details we refer to Refs. 38 and )37
p’=p?,
the DFT+ U functional yields exactly the same energy as the

DFT functionalEpgr, y=Eper. The second term in EQ3)  ere T s the soft pseudo-charge-density related directly to
enforces this idempotency. f>J, the term is positive defi-

nite, since the eigenvalues of the on-site occupancy matrix thle pseudg;wave-functlonkn_. Thg o_n-5|te charge c_jensnl@
can vary only between 0 and 1: n*(r) andn=(r) are only defined inside spheres with radius
r. centered around each atqPAW sphereps For the densi-

o e - ties n%(r) and n'(r) the following defining equations are
p —pp —Z vy — >0, obtained:

n(ry=n(r)+nr)—nr). (6)

where the sum on the right-hand side is over all eigenvalues 1 PAW

v; of the on-site occupancy matrig”. Hence the second n (r):(iz,j) Pij <¢i|r><r|¢1> (7
term in Eq.(3) can be interpreted as a positive-definite pen-

alty function driving the on-site occupancy matrices towardsand

idempotency. The DFF U energy obtained in this manner is

always larger than the DFT energy. The “strength” of the Tlr)= PAW, T 11N (1| 8
penalty function is parametrized by single parameteryU ) (IEJ) P (HilrKrig). ®
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The matl‘iXpiP]-AW describes the occupancies of each augmenpolarized calculations, the spin interpolation of Vogital*®

tation channel i(j), and is calculated by multiplication of Was used. GGC's add, through the dependence of the func-
the pseudo-density-operator with the projector functiondional on the gradient of the electron and spin densities, a
from the left and right: semilocal element to the purely local LSDA functional. The
influence of the GGC's on the results of the calculations of
~ e~ physical properties is by now well documentézke, e.g.,
p= 20 1Py TN T [ py). (9 Moroni et al** and further references given thergin
" (i) They correct the overbinding tendency characteristic
For a complete set of partial waves, the densilyr) is  for the LSDA, leading to smaller cohesive energies and
exactly equivalent to the exact all electron charge densitjarger equilibrium lattice constants.

within the PAW sphere: (i) For magnetic systems, GGC's predict a slightly en-
hanced exchange splitting and larger magnetic moments.
n(r)=n(r), Generally, the magnetic state is stabilized relative to the non-

hich is th ial relati hich th timol magnetic state—the most striking example is Fe where only
which is the crucial relation on which the present Implemeny, s A predicts the correct ground stévedy-centered

tation of the DFF U method rests. _ cubic and ferromagneticwhereas the LSDA predicts non-
To derive the PAW-U method, one needs to define the magnetic hexagonal Fe to be lower in enefy.

orbital density matrixpy,y entering Eq.(3). The natural (i) For molecular adsorption at metallic surfaces, the

definition is based on tlhe AE charge density inside the PAW SDA predicts in many cases a qualitatively incorrect
augmentation spheres;(r), which can be written more ex- potential-energy surface, whereas the SGGA results in a cor-

plicitly as rect description of the adsorption/desorption dynarfiés.
(iv_) The influence of the gradient c_orr_ections is largest for
ni(r)= 2 pm]v:/])'(l,m,n,)<¢|mn|r><r|¢|/mln,>_ the light elements where the overbinding tendency of the

LSDA is most severe. For very heavy elements, the GGC'’s
i o eventually overcorrect the LSDA error. Part of the present
With the restriction td andl’=2, one can therefore relate stdy is also aimed at exploring the interplay of the GGC's to
the on-site density matripy,,y to the PAW on-site occu-  the LSDA Hamiltonian with the Hubbard term. This question
pancy matriXpEm)y(lm,n,) through has hardly received any attention so far.
The Kohn-Sham equations are solved via iterative matrix
PAW diagonalization based on the minimization of the norm of the
pmm’ZE, P amn), ) Prmnl b7 residual vector to each eigenstate and optimized charge- and
nn spin-mixing routine$’~*°To sample the band structure, the
This establishes the crucial link between the PAW and thd3rillouin-zone integration is performed using Monkhorst-
DFT+U method. For further details the reader is referred toPack grids’ The unit cells are usually extended in one di-
Ref. 39. At this point we only add a few remarks concerningr€ction du_e to symmetry breaking in antiferromagnetic set-
the implementation of the DFFU approach in the PAW UPS.k- point grids varying from X3x1 to 6X6x4 were
method in relation to that in other band-structure codes.  Used. The densities of statéB%S’s) were calculated using
(i) Within the PAW method the calculation of the density the linear tetrahedron m_ethéb“. For the calculation of the
matrix is based on the extended AE orbitals, whereas, e.gtotal energy as a function of volume, a Gaussian-smearing
within the LMTO-ASA (atomic sphere approximatipn approach withc=0.2 eV was used. The plane-wave cutoff
method it is based on the muffin-tin orbitals defined withinwas fixed to 330 eV. The DFFU version of Dudarev
Overlapping atomic Spheres producing On'y pseudo electroﬁt al. descrlbed aboVe was used fOI’ a.” Ca|Cu|atIOI’IS. Since
densities. the DFT+U functional depends only on the differentk
(||) The PAW approach is a frozen-core method. A re|ax-_J, J was kept fixed to 1 eV during all calculations. The
ation of the core could influence the results, although weJ —J=0 case represents the DFT limit.
expect this to be less important for NiO than for materials
with “semicore” states not too far below the bottom of the

(Imn),(I"'m’n")

IIl. BULK NICKEL OXIDE

valence band. Bulk nickel oxide is an antiferromagnetic insulator with
an experimental band gap between 4.0 and 4.3 eV according
C. Further computational details to different experiment3:® It crystallizes in the rocksalt

In this work, the calculations were performed with structure with a lattice constant @f=4.17 A. Below its

vasp.3-3%asp is a first-principles plane-wave code, treating N€€l temperature of y=523 K, it assumes an antiferromag-
exchange and correlation in the DFT scheme. The projectof€tiC type-Il orderingplanes with collinear spins are parallel
augmented wavéPAW) method® in the implementation of t© the (111 plang with local magnetic moments of
Kresse and Joubéftis used to describe the electron-ion in- (1.64—1.77)g at saturation.

teraction. At the level of the LSDA, the exchange-correlation
functional proposed by Perdew and Zurfdbased on the
quantum Monte Carlo calculations of Ceperley and Alfer
is used. Generalized gradient correctig@sC's) are added Calculations of the physical properties of bulk NiO were
in the form of the Perdew-Wafig functional. For spin- performed using the LSDA, SGGA, LSDAU, and SGGA

A. Influence of strong electronic correlations on physical
properties
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TABLE |. Band gapAe, lattice constanf, magnetic moment on Ni atoms;, bulk modulusB, and
cohesive energ¥ with respect to Ni and @

Experiment Theory
Present work Dudaregt al? Bredow?
LSDA+U SGGA+U SGGA LSDA LSDA+U LSDA SGGA B3LYP
U=6.3eV U=6.3eV U=6.3 eV
Ae (eV) 4.2° 3¢ 3.1 3.2 0.5 0 3.0 0.6 0.4 4.2
a (A) 417 4.07 4.20 419  4.07 4.19 408 418 4.23
m (ug) 1.64% 1.77 1.64 1.72 1.28 1.13 1.33 1.68
B (GPa) 205 236 202.5 210 252 182 230
E (eV) 5.89 —5.03 —5.84 —-6.75

8Reference 17.
bReference 19.
‘Reference 5.
dreference 3.
®Reference 7.
fReference 6.

+U. The results are compiled in Table I. We first note thatband gap increase monotonously with increadihg-or the

the LSDA yields a 9% too smalll lattice constant of 4.07 A, amagnetic-moment agreement with experiment is achieved at
too large bulk modulus, a 20% too small magnetic moment!U ~5 €V, while the measured band gap can be matched only
correcting the overbinding characteristic for the LSDwe  IN & LSDA+U approach is similar, but as disagreement be-
also note good agreement with the SGGA results of BredoyfVe€n theory and experiment is much larger in the LSDA
and Gersotf). A small band gap of 0.5 eV opens, and thethanin thg SGGA, a much larger vglueuﬁs required to fit
local magnetic moment increases to 128 both are too the experimental valuedor the lattice constant agreement

small compared to experiment. The lattice constant and th&2""°t bf ﬁCh'e?’ed for any accef_ptgt]zfle valuédyﬁan(? the
bulk modulus on the other hand agree reasonably well wit Scatter of the values required to fit different physical quanti-

. ) - . ties is also much larger. Within the SGGAJ, a value of
experiment. There is definitely a need for further improve-\;_ j_g 3'ay/ Jeads to reasonable values for all considered
ment by including correlation effects.

. . . physical properties: magnetic moment and bulk modulus
To determine the optimal value for the on-site Coulombgyree within experimental uncertainty, the lattice constant is
potential,U was varied betweebd =0 andU=9 eV. Figure 0 504 to0 large, although the band gap is still underesti-
1 shows the dependence of the equilibrium lattice constant,ated by nearly 1 eV. To fit the band gap, a valuelbf
the magnetic moment, and the band gap as calculated in theg ey s required, such a large value, however, would lead
SGGA+U approach. The lattice parameter shows only &g a bad overall description of the electronic spectrum. We
weak dependence dd, while the magnetic moment and the also note reasonable agreement with the results based on the

B3LYP hybrid functional.
[ %—x lattice parameter ! ' T ' In the present calculations, the lattice constant is hardly
N affected by the inclusion of the on-site Hubbard term, in
contrast to previous studies using the LMTO-ASA method
with similar DFT+U corrections done by Dudareat all’
The reason for this discrepancy is not quite clear, but could
18:<>—<>Imagnétic moment | ' ' N be due to the frozen-core approximation applied in the
'_C'°1'6 —— present work. As in other DFFU calculations, the minority
= :/e/e/e/e/v ] €y orbital is shifted to higher energies by the on-site Cou-
g l4p 7] lomb repulsion. This reduces the hybridization between the
. minority Ni-e, and Op orbitals, decreasing the covalent

L C — bonding between @- and ey states. This process should
7 yield an increase in the volume. In our calculations, however,
- this seems to be counterbalanced by a contraction of;the

[A
>
©

P A I

w
—
o
2
3
e
@
5]
S

orbitals which reduces the Pauli repulsion betwdenbitals

A R E R R B BT and Op states.
0 1 2 3 4 5 6 7 8
-J

U-J(ev) B. Electronic structure

FIG. 1. SGGA+ U predictions of lattice constant, magnetic mo-  Figure 2 shows the spin-polarized local density of states
ment, and band gap of bulk NiO plotted agaibst J. on the Ni and O sites as calculated in the SGGA and in the
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ENi-eg hajorty spin ENi-g ftinority spin valence band. The mixed character of the top of the valence
I 15t band is also confirmed by a comparison of the experimental
OF 10F i XPS (Ref. 54 and the OK « x-ray emission spectr&:**The
% J& /\ e /\ i XPS spectrum is dominated by emission from Ni states and
§ O ERpp e E O Ry iy the OK a XES spectrum by emission from OpXtates, both
S 15t s 15t spectra show considerable intensity at the top of the valence
2 10f ® 10f band.
é 0'5; § 05¢ Y Detailed investigations of the dispersion of the occupied
o O fG e o O Ry electronic eigenstates have been performed using angular-
= 15¢ T 15 resolved ultraviolet photoemission spectroscopy
10t 10t (ARUPS.?>5" Comparison of theory and experiment at an
0.5¢ 0.5¢ absolute energy scale is difficult because the experiments
036+ 0 5 have been performed on samples in which the Fermi level

E (V) E (V) was pinned at different energies in the gap. In previous at-
tempts to compare theory and experimetit¥ the alignment
FIG. 2. Projected density of states of bulk Nb@nd O-2  of the various sets of experimental data and of the theoretical
states from GGA(solid line) and GGA+-U, U=6.3 eV (dashed pands has been arbitrarily chosen in order to make experi-
line). Energies are given relative to the top of the valence band. ent and theory agree at the highest valence band df the
point. We consider this procedure as quite problematic as it

SGGA+U (with U=6.3 eV). In the SGGA, the lower part misaligns the spectra with respect to the Fermi level. We
of the valence band is dominated by @-3tates weakly proceed in a slightly different way. Figure 3 shows our
hybridized with the Ni-8 states, the upper part of the va- SGGA and SGGA- U results for the bands along tH&X
lence band and the lowest conduction band are of almostirection, compared with the ARUPS experiments of Shen
pure Ni-3d character, the top of the valence haseyiehar- et al®>’ and Kuhlenbeclet al”® For each data set, the top of
acter for the majority spins, and Njg character for the mi- the valence band was located/s¢/2 below the energy zero
nority spins. The lowest excited states are minoritye}li- at the Fermi level, using the experimental and calculated
states. Hence the small gap that exists in the SGGA is ofalue of the band gap e as appropriate for each case. The
Mott-Hubbard-type. The SGGA band structure is quite simi-ARUPS data show essentially four significant features: the
lar to the LSDA result of Bengonet al,* but in the SGGA  two almost dispersionless features at energies-6f2 eV

we note a stronger overlap of thg, andey manifolds of the  and ~—3.6 eV marked by triangles in Figs(e88 and 3b)
majority states due to a down-shift of the occupégdstates  have been assigned, on the basis of the variation of the in-
caused by the larger magnetic moment and exchange splifensity with the energy of the incident photons, to the Ni-3
ting than in the LSDA. At increasing, the exchange split- band. For these features we note a very good agreement with
ting of the ey states is strongly increased, dt=6.3 eV we  our SGGA+ U calculations. As discussed by Shetal,, the

find a value of about 9.5 eV, in good agreement with the GWdetails of the photoemission intensities also show indications
calculations of Massidet al* who report a splitting of 9 for a splitting into several weakly dispersing bands, also in
eV. The LSDA+ U calculations of Bengonet al® produce  agreement with the calculations. The strongly dispersive fea-
a smaller splitting of 8.6 eV d) =5 eV, in accordance with tures marked by circles in Figs(8 and 3b) have been
the difference we have already noted between the LSDA andssigned to oxygen bands. For the upper of these two bands
SGGA results. Compared to the (»-Btates, the Nt,, states  we find again good agreement with the SGGH results.

are shifted to larger binding energies, resulting in a stronglyrhe lower of these two bands shows strong dispersion in the
increased O-@—Ni-3d hybridization. At the top of the va- center of the Brillouin zone and is rather flat towards ¥e
lence band we now have states with predominantly gO-2 point. In this region we note good agreement with the
character and a small admixture of tyj; states for both SGGA+U result, whereas the strongly dispersive part can-
majority and minority electrons; hence the band gap is aot be associated with a single continuous band. In both sets
mixture of a charge transfer and a Mott-Hubbakd type.  of experimental data, an additional featn®t shown in the

At U=6.3 eV, the calculated width of the gap is 3.1 eV in dispersion relations with a rather weak dispergisrocated

the LSDA+U and 3.2 eV in the SGGAU approximation, at —9 eV binding energy. Its intensity increases strongly
in reasonable agreement with the GW gap of 3.5 eV. The Sl@ith increasing photon energy, which is consistent with its
calculations of Szoteketal® and of Svane and Ni-3d character. This feature agrees quite well with the
Gunnarssotf agree on a smaller gap of 2.5 eV, they alsolower edge of the Ni valence band that is pushed to lower
produce a magnetic moment of only &&. The mixed Ni-  energies by the on-site Coulomb interactions in the SGGA
d—O- character of the top of the valence band is also in+U—in contrast in a SGGA calculation the lower edge of
good agreement with the B3LYP calculatiofisalthough the band is of oxygen character. The data of Kuhlenbeck
they result in a somewhat broader gap. Increasing the on-sitet al. [see Fig. &)] agree quite well with those of Shen
Coulomb repulsion beyontd ~6 eV leads to an exchange et al. Only the lowest Ni band has not been included in this
splitting significantly larger than that obtained in the GW study. Altogether we note a quite satisfying agreement of the
calculations and enhances thep@haracter of the top of the SGGA+ U results with experiment.
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0 experimenf® and a quite substantial buckling of 0.1 (ke
Ni atoms move outwards compared to the O atpwich
has not been observed. The SGGA, LSPHA, and SGGA
+U calculations on the other hand predict a small1(%o)
inward relaxation of the top layer, an even weaker outward
relaxation of the subsurface layer, and almost no buckling.
The magnetic moment of the Ni surface atoms is almost
unaffected by this modest structural relaxation, but the gap is
slightly narrowed compared to the bulk. A previous investi-
gation of the NiO surface using LSDA by Dudareval?*
has been performed on a bulk-terminated surface geometry,
without allowing any relaxation. In accordance to our results,
no change in the magnetic moment and a slight band narrow-
ing compared to the bulk have been reported.

The layer-resolved density of states as calculated using
SGGA and SGGA-U is shown in Fig. 4.

We first note that the empty minoritgy band splits into
two well-separated subbands at the surface. As discussed in
Ref. 24, the peak at the conduction band edge originates
from thed,2 states which, at the surface, experience only the
field originating from the oxygen atoms below the Ni surface
0 atom, whereas the crystal field felt by thg. 2 orbital is
hardly modified compared to the bulk. This leads to a sizable
reduction of the band gap at the surface from 0.5 eV to 0.1
eV and 3.2 to 2.9 eV in SGGA and SGGAJ respectively.
Figure 5 shows the dispersion relations of the electronic
eigenstates of our slab model, together with the bulk disper-
sion relations projected onto the surface Brillouin zone. It is
evident that the Ny surface states are split from the lower
edge of the conduction band, whereas at the top of the va-
lence band, all bands merge with the continuum of bulk
states. In a scanning tunneling microscopy with positive
sample bias, states at the lower conduction-band edge are
imaged; the strong localization of the M- surface states
leads to a rather sharp image contfdst Experiments with
a negative sample bias on the other hand image states at the

. — = '-Q-‘;:':.S-n.-———.“_

. . W_‘_’: top of the valence band. The dominanip@haracter of these
- T T - states explains the contrast reversal observed in the STM
:-/ M _“ J experiments as the bias is reversed, the overlap of these
3 Tt ey states with the bulk bands leads to a significantly more dif-
r X fuse STM image.

FIG. 3. Dispersion relations of electronic eigenstates in NiO, as
calculated using the SGG#roken lineg and the SGGA-U (full
lines) and compared to experiment. The triangles, circles, and
crosses represent peaks in the photoemission intensities. The figures Experimentally®?” it is known that CO adsorbs exother-
show data from Sheet al. (Ref. 57, taken at incident angles ¢§ ~ Mally on NiQ(100) with an adsorption energy of 0.3 eV and
90° and(b) 70° of the photons. For each set of data, the energyan adsorption bond length Ni-C of 2.07 A. The C-O bond
scale has been adjusted such as to achieve reasonable agreementénigth remains 1.15 A, close to the gas-phase bond length.
the highest valence bar(df. text). Both the Ni-C (~7=3°) and the C-O (126°) bonds are
tilted with respect to the surface normal. Compared to CO
adsorbed on the metallic Mill) surface, which has an ad-
sorption energy of-1.2 eV, the adsorption on NiQ00) is

Cleavage of NiO along thé€l00) plane yields a nonpolar much weaker.
and rather stable surface. The magnetic ordering in the sur- Former calculations of Pacchiomit al?® and Pdichen
face plane is antiferromagnetic with parallel spins aligned irand Staemmlé? for this system performed in the Hartree-
nearest-neighbor rows. Table Il compares our present re- Fock approximation and using small clusters to represent the
sults with other theoretical calculations and experiment. ThdNiO surface show a substantial overestimation of the Ni-C
LSDA calculations predict an outward relaxation of the topbond length while underestimating the adsorption energy
layer, contrasting the inward relaxation found in theonly slightly (see Table lll. The tilts are not reproduced.

V. CO ADSORPTION ON NiO (100

IV. CLEAN (1000 SURFACE
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TABLE Il. NiO surface properties: band gaype, surface energy, magnetic moment in the surface layer,
m, relaxation of the distance between the first and secdng) ( and second and third layed ¢5), and height
difference of the Ni and O atoms in the first lay@uckling b).

Experiment Theory
Present work Dudaregt al. (Ref. 29
LSDA+U SGGA+U SGGA LSDA LSDA+U
U=6.3eV U=6.3eV U=8 eV
A€ (eV) 2.8 2.9 0.1 0 3.3bulk 3.5
vy (meV/AS) 41 49 53 71
m (ug) 1.62 1.71 1.21 1.07 1.7®ulk 1.74
Aqp (%) —28 -1.3 —1.04 -16 +14
A,z (%) 0 +0.8 +0.50 +07 -14
b (A) 0.023 0.017 0.015 0.1

8Reference 58.

Very recently Bredow used cluster-based Hartree-Fock, B3LYP hybrid functional, but it also gives an almost zero

density-functional, and hybrid methods to investigate the adadsorption energy and a too large negative shift of the C-O

sorption of CO on Ni@L00. The rather wide scatter in the stretching frequency. The possibility of a tilted adsorption

Hartree-Fock results illustrate the difficulties to achieve con-geometry was evidently not considered, but we note that Di

vergence with respect to cluster size and basis set. The begalentin et al3! found a stable tilted geometry for NO on

agreement for the Ni-C bond length is achieved using thé\iO(100) using B3LYP. All other methods lead to a substan-
tial disagreement for the adsorption length.

——
r surface layer]
i- . S A. Adsorption geometry and energy
§ oL t29+é g oy We have examined the adsorption of CO on NiQD
£ Lttty ] using the LSDA, SGGA, LSDA U, and SGGA-U meth-
£ 4T weioriy spin 1st subsurface] ods, withU=6.3 eV, as optimized for bulk NiO. The two
z <t E topmost layers and the CO molecule were allowed to relax.
§ oL Lo \r?\; . - The coverage was varied between 1 ML, 0.5 ML, and 0.25
T -4[Mnoriyspn A ML (where ML stands for monolayeby usingc(1X1),
= b T T o sutsurtace] c(v2x2) andc(2x2) supercells, respectivelisee Fig.
% g_ s -
:‘21: t2g+eg eg
C 1 L |

L R M-
8 6 -4 -2 0 2 4
Energy (eV)

T t 29 T I sulrface Ia{;er'

\ g

_2__ &9

Energy (eV)

I 2nd Isubsu rfélce—
e g

n(E) (states / eV atom spin)

_2_

_ P R B . .

4-8 6 4 2 0 2 4
Energy (eV)

FIG. 5. Dispersion relations calculated for the slab model of
FIG. 4. Projected density of states of Nit&tates for nickel  NiO (full lines) and bulk density of states projected onto the surface
ions of the surface, first subsurface, and second subsurface layBrillouin zone (gray shading The electronic surface states, split
from (@) SGGA and(b) SGGA+U, U=6.3 eV. from the conduction band, are clearly visible.
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TABLE IIl. Overview of calculated adsorption properties of CO on KiQ0). The calculations were done
with ®=0.25, 0.5, and 1 ML CO coverages. LSDA, SGGA, and BRI were used.

dyi-c dec-o  ¢ni-c $c-o Adsorption energyeV)

Experiment 2.07 115  7%3°  12°+46° 0.3
Theory

HF? 2.49 0.25
HF¢ 2.86 0.08
HF 2.92  1.105 0.00
HELYP! 240  1.098 0.19
B3LYP? 210 1.134 0.02
BLYPY 1.87 1.161 0.23
Present work—Theory

DFT

LSDA, ®=0.5 ML 1.76  1.150 0° 0° 1.26
SGGA,®=0.25 ML 1.81  1.154 0° 0° 0.73
SGGA,®=0.5 ML 1.81  1.153 0° 0° 0.70
SGGA,®=1 ML 1.82  1.153 0° 0° 0.68
DFT+U (U=6.3¢eV)

LSDA+U, ©=0.25 ML 1.93  1.144 4.5° 11.3° 0.80
LSDA+U, ©=0.5 ML 1.94  1.145 6.6° 18.1° 0.79
LSDA+U, =1 ML 1.95  1.146 7.0° 16.2° 0.77
SGGA+U, ©=0.25 ML 2.03  1.143 5.9° 15.1° 0.33
SGGA+U, ©=0.5 ML 2.04  1.145 7.3° 21.0° 0.26
SGGA+U, =1 ML 2.05  1.146 5.6° 14.7° 0.19

3Hoeft et al., Refs. 26 and 27.

bpacchioniet al, Ref. 28, cluster calculations, CO bond length fixed.
‘Pahichen and Staemmler, Ref. 29, cluster calculations, CO bond length fixed.
9Bredow, Ref. 32, cluster calculations, coverage not defined.

6). Initially the CO molecule was kept parallel to the surfacelnitially, the angles between the surface normal and the Ni-C
normal was considered. In a range of Ni-C-O angles from O these initial configurations, the([001]) andy ([010]) coor-
to 30°, starting points for relaxations were defined at interdinates of the O atom were fixed, so that the atom could only
all directions so that the angles of the Ni-C and C-O bonds
Q Q Q relative to the surface normal can be different and both the
Ni ‘ ‘ of the adsorption energy as a function of the tilting angle of
(@) the C-O band is illustrated in Figs. 7 and 8, and adsorption
sorption geometry are summarized in Table Il and compared
(; \> with experiment and previous theoretical studies.
from a perpendicular position is energetically unfavorable. In
the LSDA, the calculated Ni-C bond length is too short by
than measured. This is characteristic for the overbinding ten-
dency of the LSDA. Generalized gradient corrections lead
sorption distance by 0.05 Awhich is still much too small
and a reduction of the adsorption energy by nearly 50%
surface cell @co=1 ML), the V2X 2 (©co=0.5 ML) (lower ~SGGA results are rather close to the BLYP results of
left), and the 22 (©=0.25 ML) supercelis(lower right. The ~ Bredow?>? but the PW functional or the plane-wave basis set

normal, but in a second step a tilt with respect the surfacand C-O bonds were assumed to be the same. For each of

vals of 5° for tilts in both th¢010] and the[001] directions.  move in the[100] direction. The C atom was free to move in
Ni-C and C-O bond lengths can be optimized. The variation
%/ 25 energies, bond lengths, and tilting angles for the optimal ad-

N

In both the LSDA and SGGA, any tilting of the molecule
0.4 A; the calculated adsorption energy is four times higher
only to a marginal improvement: a small increase in the ad-

FIG. 6. The clean NiQL00) surface(upper lefi, the (1x1) (which is still too large. For the Ni-C bond length, our

preferred tilt direction is indicated by the arrdiewer left panel. leads to a much larger adsorption energy. Only if the on-site
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z agreement with our results on bulk NiO and on the clean
o) surface, the best results are achieved using the SGGA

(xy) fixed, z free approach: Ni-C, C-O bond lengths, tilting angles, and ad-

sorption energies agree almost perfectly with experiment. As
(100) K the results compiled in Table IIl demonstrate, the calculated

(ry.2) free Ni-C bond length agrees with experiment within 0.02 A, the

' tilt angles also agree within the experimental uncertainty, and
SISO even the adsorption energies are accurate to within 0.05 eV.

oy

x(y

S B. Bonding mechanism
© Ni S Ni

The tilted adsorption geometry for a weakly adsorbed lin-
FIG. 7. Initial configuration for a relaxation of the tilted CO ear molecule suc.h.as COisa rath?r surprising result. Qn the
molecule on top of the Ni adatom at one of the predefined tiItingsunfaces Of. t.ranSItlon metals_, CO is usually adsorbed in an
angles. Thex andy coordinates of the O molecule are kept fixed upright position for metals with a nearly fud banq. On the
during a calculation while the coordinate is free. The C molecule Surfaces of metals with a half or less than half-filéand,
is free to move. The movements are very small, thygy<1. CO is dissociated. Only on the relatively openFe(100)
surface, CO is molecularly adsorbed in a tilted configuration,
Coulomb repulsion is added to the DFT functional, tilting forming an angle of 4510° with respect to the surface
was found to be energetically stable in b¢@i0] and[001] normaf®%2 and dissociates upon heating. In contrast, both
directions, with a tilt towards the oxygen atdfi®01] direc- on the close-packell10 surface ofa-Fe and on the sur-
tion) in the surface plane being energetically less stable thafaces of thin films ofy-Fe, CO is adsorbed in an upright
a tilt towards the nickel atorf010] direction. The tilting is  positior?> and desorbs in molecular form. Hence in these
strongest at a coverage of 0.5 ML, at larger coverage lateralases, the tilted configuration appears as a precursor to dis-
interactions reduce the tilting. At the lower coverage of 0.25sociation, and adsorbate-substrate interactions are mediated
ML, the increasing adsorbate-substrate bonding also reducésy strong covalent bonds. It has been sh®that the tilting
the tendency to tilt away from the surface normal. In theobserved on ther-Fe(100 surface is induced by a strong
LSDA+U, the Ni-C bond length is still too small by about hybridization between @- orbitals extending parallel to the
0.24 A and the adsorption energy is largely overestimated. I8urface and,q orbitals of the substrate atoms. However, it
cannot be expected that these results, which apply to a

= o4 — S — strong-bonding situation, can be transferred straightfor-
g Lo 1ML T l[eoosM 1 wardly to the weakly bonded CO on NiO.
§ 0o0gHEEOBM 4 F 5]0.08 Quite generally, the bonding of a CO molecule to a
£ 1 [ T cowards 11 " 7 transition-metal atom of the substrate can be attributed to the
2 0% 1T .~ /1°%  hybridization of the highest occupied molecular orbital
& go4f 4L micowargs ot 2 0.04 (HOMO) and the lowest unoccupied molecular orbital
g - nor ) 1 (LUMO) of CO with d orbitals in the appropriate energy
g o0 1T 1002 range. For CO on NiQ00 this leads to the following
2 I T - A scenaric® (i) The empty Nid,2 build hybrid orbitals with
2 W5 05202500 5 1015 20 25 a0 the fully occupied » HOMO of CO (donation, (ii) the
Angle (deg) occupied Nid,, and Nid,, orbitals build hybrid orbitals
0.01 oo with the unoccupied 2* LUMO of CO (back-donatiojn
GO05ML The former process contributes to the formation of the

o) .
0.008 /<0.008 adsorbate-substrate bond and the latter to the reduction of the
intramolecular bond strength. The adsorption properties of

CO on NiQ100 are therefore dependent on the degree of

Tilt towards [001]

0.006E 0.006

X Tilt towards [011] N/

0.004 n /,9' _0_004 hybridization of these orbitals, which depends on their rela-
I 1 tive position.
0.002r i ~0-002 The source of failure of the LSDA and SGGA calcula-

tions, where the Ni-C bond length is substantially underesti-
mated and the adsorption energy is overestimated, is the in-
correct description of the Ni-states, leading to a too strong
FIG. 8. Variation of the adsorption energy of CO on Nlog ~ hybridization between the2* LUMO of CO and the filled
as a function of the tilting angle of the adsorbed molecule, as callNi-dzx and Nid,, states and to a reduction of the intramo-
culated at different coverages usirig) the SGGA and(b) the  lecular bond strength. In DFFU calculations the increased
SGGA+U. For a coverage of 0.5 ML, the possibilities of a tilting €xchange splitting pushes the tyj; states to much lower
towards a neighboring Ni atorti.e., in the[011] direction or to-  energies and reduces strongly the*2(d,,+d,,) hybridiza-
wards a neighboring O atoi001] direction have been explored. tion and hence the adsorption strength.

ol Lo | g L1 P B .
0 5 10 15 20 25 300 5 10 156 20 25 300
Angle {deg.)

Adsorption energy difference (eV)
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FIG. 9. SGGA calculations for CO adsorbed on Ni@verage FIG. 10. SGGA-U calculations for CO adsorbed on Ni©ov-

0.5 ML), upright adsorption geometry: The upper panel shows Ni-€rag€ 0.5 ML, upright adsorption geometry. The upper panel shows
3d orbitals for the clean sitédashed ling and adatom sitésolid ~ Ni-3d orbitals for clean sitddashed ling and adatom sit¢solid
line). The lower panel shows CpRorbitals for a CO molecule in a line). The lower panel shows Cporbitals for a CO molecule in a

Ni-C distance of 3 A(dashed linand an adsorbed CO molecule Ni-C distance of 3 A(solid ling) and an adsorbed CO molecule
(solid line). (dashed ling

These effects are very clearly reflected in the local partiabf the molecule, while the latter pdw)-type coupling
densities of states. Figures 9 and 10 compare the results fstrongly prefers the upright configuration. If thpdar) in-
the spin-polarized Niyg, -d,2, andd,2_,2 states and for the teraction is strongas in LSDA and SGGA the upright
27*, 50, and 1z molecular orbitals of CO as obtained in high-symmetry configuration is the stable one. In the
the SGGA, without and with the on-site Coulomb repulsions SGGA+ U calculations, this type of interaction is strongly
In the SGGA, the significant features are the broadening anteduced by the increased exchange splitting, as evidenced by
bonding/antibonding splitting of the Nl;> and CO %  the lack of a 27* peak at the energy of the, states. Hence,
DOS’s as well as the bonding/antibonding splitting in the COthe bonding between the substrate and the molecule is no
27* DOS, leading to an incipient population of these anti-longer directional, and the CO molecule can tilt without a
bonding molecular orbitals. In the SGGAU, the d,2-5¢ significant loss of covalent binding energy. Furthermore, in a
interaction is reduced to the majority states and the’ 2 Symmetry-broken tilted configuration, tltg. states can in-
states remain completely empty. This means that mechanistaract with bothr orbitals of the CO moleculénitially sym-
(i) dominates the adsorbate-substrate bond. metry forbidden. The corresponding changes in the local

While the analysis of the projected DOS helps us to unJartial densities of states are found to be rather minute. To
derstand the reduction of the adsorption strength resultingnderline the previous argument we show in Fig. 11 charge-
from the electronic correlation effects, the tilting of the mol- density flow(difference electron densitgliagrams for CO in
ecule is a more subtle effect. DRLSDA or SGGA+U an upright and a tilted configuration as calculated in SGGA
predicts a substantial tilt of both Ni-C and C-O bonds. In the+U. In both figures negative charge flo@ark colo) is
upright configurations, only the &d,2 and 27*-(d,, located at the Nd&,,/Ni-d,, and the CO-& orbitals, while
+d,,) interactions are nonzero by symmetry. The formerpositive charge flowllight gray coloy is located at the Nd,2
(pdo)-type coupling is relatively insensitive against a tilting and the CO-2r* orbitals, indicating the two bonding mecha-
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steinet al!® and Dudarewet all’ and implemented it in the
projector-augmented-wave method, which is one of the most
accurate full-potential all-electron electronic structure meth-
ods. We have also investigated both lodalSDA) and
gradient-correcte@SGGA) exchange-correlation functionals.
The comparison of the LSDAU and SGGA-U for
bulk NiO leads to the first important result: while in the
LSDA+U approach it turns out to be difficult to achieve

d: good agreement for all physical properties—to fit the equi-
(*]

(a)

& ,0;
® o

librium volume and bulk modulus to experiment would re-
quire a substantially larger value of the on-site potential than
required to fit the band gap or the magnetic moments—
consistent description with a physically reasonable value of
U=6.3 eV is achieved in the SGGAU, which also im-
proves the calculated binding energy. A SGGHA calcula-
tion also leads to a good description of the clean NiO sur-
face. The result that the Hubbard on-site term should be used
best in conjunction with a gradient-corrected DFT functional
confirms very recent results on the less strongly correlated
transition-metal sulfides. For bulk NiO we find that the
SGGA+ U description leads to similar results as calculations
based on hybrid functionals mixing exact exchange to the
SGGA functional®

We have shown that the strong on-site correlations lead to

FIG. 11. Charge flow diagrarifference electron densitipas g qualitative change in the adsorption behavior of CO on
calculated in the_ SGGAL_J for CO in the upright(top) and tilted  NiO. While a pure DFTILSDA or SGGA approach predicts
(bottom adsorption positions. a strong-binding situation and an upright adsorption geom-

etry, the SGGA calculation leads to an adsorption geometry

nisms discussed above. In the tilted configuration, an addiand energy in perfect agreement with experiment. This is
tional lobe with negative charge flow appears at the C atonachieved with the same value of the on-site Coulomb poten-
pointing towards the tilting direction, and a charge accumutial that has been used in the bulk calculations. The weak
lation is visible at the opposite side of the C atom indicatedhinding and the tilting of the molecule away from the surface
by an arrow in Fig. 11. These features are caused by thgormal are shown to result from the increased exchange
rehybridization of the # and 27* orbitals with thed,2  splitting of the Nid states, which largely suppresses the
states, resulting in a small net binding. Certainly the strengtip 7* -(d,,+ d,,) interaction and enables arld,> hybridiza-
of the binding can be determined only on the basis of a fulkion favoring the tilted geometry.
ab initio calculation, and it is difficult to deduce it from a  Whereas for bulk NiO the use of a hybrid B3LYP func-
simplified analysis on the basis of the density of states ofional provides a physically reasonable interpolation between
charge flow. the HF approacheéwvhich overestimate gap and exchange
splitting) and DFT (leading to metallic behavigrthe situa-
tion is different for CO adsorption: in this case B3LYP pre-
dicts a reasonable Ni-C bond, but an almost unbound CO

We have presented a comprehensive investigation of th&olecule.
physical properties of bulk NiO, of clean and CO-covered [N summary, using CO on NiO surfaces as a testing
NiO(100) surfaces, both using density-functional theory andground, we have demonstrated that a BRT approach
using the DF-U approach in which a Hubbard term de- could provide not only a reasonable strategy for calculating
scribing the strong on-site Coulomb interactions is added t&ot only the bulk properties of strongly correlated transition-
the density-functional Hamiltonian. In the past repeated atmetal compounds, but in addition lead to significant ad-
tempts have been made to describe the properties of th&nces in the description of molecular adsorption on the sur-
strongly correlated transition-metal oxides within the DFTfaces of these important materials as well. Preliminary
framework, but it remained unclear whether a comprehensiveesults on other TMO's and their surfaces {Bg, Cr,0;,
description of all physical properties could be achieved withetc)®® ®’suggest that these conclusions drawn here for a test
a single value of the on-site Coulomb potential. It shouldSystem have more general validity.
also be emphasized that various DFT variants may be found
in the literature, differing in the way in which the energy
contributions which are included in both the Hubbard term
and in the DFT Hamiltonian are subtracted out. In our cal- This work has been supported by the Austrian Science
culations we have adopted the rotationally invariant formu-Funds through the Science College “Computational Materi-
lation of the DFT+U Hamiltonian introduced by Liechten- als Science.”
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