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Nonlocal screening effects in B x-ray photoemission spectroscopy of NiQg100)
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We report on the layer thickness dependence of pNicdre-level line shapes of epitaxially grown, in a
layer-by-layer fashion, NiO on a single-crystal Mg@DO0) substrate. The results demonstrate the sensitivity of
the core-level line shape to the nearest as well as next-nearest-neighbor coordination number. The results are
consistent with a recent theoretical study of nonlocal screening eff&09463-18206)08032-(

I. INTRODUCTION structures.’ However, if one assumes either of these expla-
nations to be the correct one, it is hard to explain the absence

The interest in the electronic structure of bulk NiO has aof this peak in highly diluted Ni samples in Mgt because
long-standing history and will most likely be the subject for in these samples the Ni ions are also octahedrally surrounded
further discussions in the future. It started with de Boer and?y oxygen.

Verwey! in 1937, when they pointed out that the observed Recently, a theoretical interpretation was proposed by
band gap was in disagreement with predictions of elementaryan Veenendaal and SawatzKexplaining both the intrin-
band structure theory® The insulating nature was originally sic appearance and the sensitivity to defects. They showed
explained by the Mott-Hubbard picture, where the correlathat 2p core-level line shapes of transition-metal com-
tion gap is induced by the large d33d Coulomb pounds, in general, are strongly influenced not only by
interactions*® After this it took almost 50 years to realize nearest-neighbor but also next-nearest-neighbor configura-
that the band gap is of a charge-transfer type, involving extions, and therefore strongly depend on the details of the
plicitly the surrounding ligand$:® structure. In this paper we present experimental support for

Even today there are still a lot of open questions left, likethis latter explanation.
for instance the experimentally observed catalytic properties
of this materiaP~'* Some authors have examined the absorp- L. EXPERIMENT
tion of hydrogen or CO on the surface of NiO using the
cluster method model of the00) surface. It was concluded The NiO samples were epitaxially grown, in a layer-by-
that the perfect surface is almost inert, but that defects in firdayer fashion on a single crystal MgQO00) substrate. The
and second layers provide a variety of active sites fomethod used has been described previotfsBoth NiO and
chemisorptior?.2 MgO exhibit the face-centered-cubic “rocksalt!NaCl)

One technique being used to study the surface of NiO isrystalline structure, with lattice constants of 4.176 and
core-level x-ray photoemission spectroscdp{PS), at the 4.212 A, respectively, which result in a 0.85% lattice mis-
Ni 2p edge. Although the satellite structure, at about 1.5-eVmatch. The substrate was cleawedsity yielding a platelet
higher binding energy with respect to the main peak, ha®f ~10x10 mm?, and was cleaned by heating for 12 h at
been known for decades, the origin thereof is still open for600 °C to remove hydrocarbons from the surface. Ni was
discussion; see Ref. 13 and references therein. In connecti@vaporated from a Knudsen cell at 1300 °C, and growth of
with the identification of defect structures, this satellite in theNiO was accomplished using an oxidizing agent of NO
Ni 2p XPS spectrum has conventionally been assigned thayer thickness and sample characterization was done by
Ni* species existing on the surface. However, the intrinsiaeflection high-energy electron diffraction.
appearance even for freshly cleaved single crystaisd the The XPS measurements reported here were made in two
use of x-ray-absorption spectrosco¥AS) (Ref. 14 made different UHV systemslin situ measurements, in a separate
this interpretation doubtful. In addition, the increase of thisanalysis chamber, were made directly after film growth, with
peak after successive sputter cycles is surprising; since de-nonmonochromatized A« x-ray source and a VG Clam2
fects are characterized by anion vacancies therefore a reduanalyzer. The base pressure in this analysis chamber system
tion of the Ni valency is expected.Some authors have tried was 1x 107 ° Torr. All spectra were recorded with a spot
to assign this peak ted®L? (Ref. 16 or c3d® multiplet ~ diameter of~8 mm and an energy resolution of 1.1 eV,
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FIG. 2. On the left-hand site we show the energy-level scheme
in the XPS initial and final states. On the right-hand site we show
(top) two metal ion sites with a core hole on one sjtmiddle
screening of an electron from the surrounding oxygen ligands, and
(bottom) nonlocal screening from an electron from a neighboring
unit.
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FIG. 1. Experimental Ni p XPS spectra of epitaxially grown,
in a layer-by-layer fashion, NiO on single crystal Mg@00), at

room temperature. From top to bottom the spectra of 20, 15, 10, S¢riped. Therefore a more extended explanation has been
4, 3, 2, and 1 ML are shown. See Fig. 3 for correspondingsO 1 proposed by Van Veenendaal and Sawatquk'y'hey consid-

XPS spectra. Note the change in the higher binding satellite stuGs o clysters consisting of more than one transition-metal
ture at=~1.5 eV above the main line, in bottpg, and 2, €dges.  jon This allows the metal sites and ligands to interact. A

. consequence of this is that a core hole can also be screened
determined by the core levels of sputtered Ag. After databy an electron coming from a neighboring NjQnit, and
collection the spectra were filtered to remove the satellit§jjas not necessarily have to come from the ligands at the
structure of the nonmonochromatic Kla radiation.Ex sitU  .5re_nole site. This type of screening mechanism which re-
measurements were performed with a small spot X1 a  (jires at least two sites is referred to as nonlocal screening.
spot size of 300um and an energy resolution of 0.7 BV | the data presented here one can clearly see a layer thick-

using & monochromatized A« source. Since all samples g dependence of the satellitesat.5 eV, while all other
exhibited charging effects, the spectra presented here Wefgaqres in the spectrum are well reproduced and, in first
corrected for this. To do this we assumed a constantsO 1,qer. do not depend on the sample thickness.

binding energy of 529.4 eV as a reference. In Fig. 3 we also show the accompanying layer thickness

_The experimental XAS data report_ed here have been_ Othependence of the OsIXPS spectra. All spectra consist of
tained using the AT&T Bell Laboratories Dragon Beam line

at the National Synchrotron Light SourteThe spectrum
shown is recorded with the total electron yield method.

O 1s NiO\MgO (100) '

Ill. RESULTS

The layer thickness dependence of Ni XPS spectra of
epitaxially grown NiO on a single-crystal Mg@00 sub-
strate is shown in Fig. 1. The spectrum can be roughly de-
vised into two edges split by spin-orbit coupling, referred to
as the Jy, (=870-885 eV and s, (=~850-869 eV
edges, respectively. The current understanding of theNi 2
XPS spectrum of NiO &2 is shown schematically on the

L9

ALIZED INTENSITY

..
.
.................

left-hand site of Fig. 2. The creation of a hole in the @ore
level of the transition-metal site is accompanied by a strong
Coulomb repulsion with the holes in the localized 8rbit-

als. The lowest energy will then be oBd°L, whereas the
ground state is of predominanthyd3 character, where and

L refer to a hole in the 2p core level and the ligand band,
respectively. The satellite structure at higher binding ener-
gies (=858-870 eVY can be assigned to the unscreened
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FIG. 3. Experimental O 4 XPS spectra of epitaxially grown, in
cd® and screenedd™L? final states. The most important g Jayer-by-layer fashion, NiO on single-crystal MGDO), at room
feature for the discussion here is the satellite peak at approxiemperature. From top to bottom the spectra of 20, 15, 10, 5, 4, 3, 2,
mately 1.5 eV higher binding energy of the main line in bothand 1 ML are shown. See Fig. 1 for corresponding i PS
edges. This peakannotbe explained within the model de- spectra. Note the absence of any shoulder or satellite structure.
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FIG. 4. Experimental Ni p XPS spectra of epitaxially grown, FIG. 5. Experimental Ni p XAS spectrum of epitaxially grown

in a layer-by-layer fashion, NiO on single-crystal Mg@00 at NiO on single-crystal MgQ100 at room temperature.

room temperature using a higher-resolution spectrometer. From to . . . . .

to bottom the spectra of bulk and 1 ML are shown. Due to the bette,By the experiments shown in this paper. Their interpretation
resolution used here the change in the higher binding satellite strudS based or(multiple sitg cluster calculations, which show
ture at~1.5 eV above the main line is more pronounced. See Figthat the satellite structure, at 1.5-eV higher binding energy
1 for a comparison. above the main line in Ni @ XPS, is intrinsic for this com-

) ] pound. Moreover, this interpretation approximately gives the
only one peak, which does not have any satellite structurerrect energy position and intensity. The satellite peak is the
This demonstrates that the studied surfaces are clean, bgsgyit of a screening process by an electron that does not
cause oxygen-related compounds likg@or OH groups  come from the oxygen orbitals around the Ni with the core
would give rise to higher binding-energy satellites. There Shole, but from a neighboring Ni unit. The screening

no indication of layer thickness dgpeno_lence; ap_parently th_i%echanism is schematically shown on the right-hand side of
core level does not depend on neigboring coordination. Th||s_ig' 2. After the creation of a core holddcd”, the energy

anegatﬁz? tLh: 063 (igk)o?iredaf a;mgfé;ﬂa Lhce) go:‘fggés of the system can be lowered by screening electrons from
lon P w & su neighboring sites. This yieldsd"—cd""L and higher-

IS ?Jz:‘ggtljng(te;k’ tﬂgiigiob?ﬁt ng? %zp:f?(ejc?gr:gzvir iLhEiknisiz. order states, wherke in most calculations refers to a hole in
y y 9. the ligand band limited to a single transition-metal ion site,

Lrglltsgulgr){bg;?n reesi?;l:(t&nt)f ;h;eﬁpioagt?éﬁzse;h; t:]h: as an impurity or surrounded only by ligand atoms in a clus-
chanae observed iz ot a smallyeffect. in Eia. 4 we show NIter. Nonlocal screening involves at least two sites, and is the
5 XI%S data taken with a better resoll’Jtion gfhese data ha rocess where an electron is transferred from a neighboring
bgen obtained after transport, through air 61‘ samples rowniOG unit cd"d"—~cd™ %d"L. In the case of NiO this
. port, throug ' ples g ields a local configuration of mainly ?®3d® character at
in the MBE system to a system with a better resolution. Th : S ; !

. . : , : he core-hole site, and an extra hole®Bdin a neighboring
layer thickness dependence in both figures is essentially the =

same: only the effect is more pronounced in the latter, beynlt. This also nicely explains the absence of this peak in

cause of the better resolution. The G &dge for these d_|Iuted samples; since then there are no ne|ghpor|ng N'
. sites present for this type of screening mechanism. Since
samples, not shown here, does show a small peak at high

. X iO is a charge-transfer insulator, the extra valence holes
binding energy due to oxygen-related contaminants at the ide primaril h bital d the Ni si
surface. reside primarily on the oxygen orbitals around the Ni site, as

A typical Ni 2p x-ray absorption spectrum of a thin epi- Is clearly shown in a related compound by the © XAS

5 . . . . ._
taxially grown film of NiO on MgO(100) is shown in Fig. 5: dat&® of Li,Ni;_,O. This hole couples antiferromagneti

we refer to Ref. 22 for a more elaborate analysis of this ﬁlm'g?alllt)(le t;rct)ﬂi dw;/r?eoéz(re\:errmle& forming a locE symmetry

The point we want to make here is that XAS is an element- The change in the Ia. er thickness dependence of the sat-
specific technique, which for 3d transition-metal compounds .. '9 yer | P
: S . ellite intensity found experimentally can be related to the
is extremely sensitive to the valency of the specimen under

study?® Therefore one can unambiguously determine the for_.change in local structure, since the intensity is a result of the

mal valency to be Ni*. This experimental observation is in interplay between local and intersite screening. As predicted

contradiction with the assumption that the doubly peake&)y the calculations, nonlocal screening 1S more |mportant for
- i ' o surface than for bulk atoms. This subtle mechanism also ex-
main line observed with XPS is due to i ions:

plains why there is no consensus about the experimental re-
IV. DISCUSSION sults reported in the literature, since the height of the satellite
is an intrinsic function of the local environment and is there-
The theoretical interpretation of the Np2XPS edge of fore extremely sensitive to sample preparation, defects, and
NiO (100 by Van Veenendaal and Sawat2Rys supported  surface crystallinity.
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The size of the calculation required to describe this non- V. CONCLUSIONS
local screening effect correctly prohibits a detailed compari-
son with experiment, although the effect itself and the influ- In conclusion we have shown the layer thickness depen-
ence on the Ni P spectra can be clearly demonstrated.dence of the satellite structure in NpZhotoemission spec-
Changes in the model parameters at the surface, as for ifra of epitaxially grown NiO on a single crystal MgQ00)
stance the charge transfer enedyywhich is a function of  sypstrate. The relative intensity change of the satellite with
the Madelung potential, makes a detailed comparison difﬁ'respect to the main line can be explained by a theory pre-
cult. Note that if this comparison were possible, one couldsgnted in Ref. 19, and is caused by a competition between

obtain a correlation length between the site where t_he COr€creening electrons coming from the surrounding ligands and
hole was created and the so-called nonlocal screening unit,

This d'L : I Klv bound h hole si lectrons coming from ligands around a neighboring
IS d'L state_ IS only weakly boun to the core-hole S!te’transition—metal ion. Experimental XAS data do not support
and therefore is in principle free to move through the lattice

the existence of Ni" at the surface. The existence of

In this paper we give experimental support for the fact o ; . :
that the satellite peak in the Nip2XPS spectrum is intrinsic electro_n-doped um_ts n _defectlve NiQL00 _s_tructL_Jreg IS
more likely, and might give some new additional insight in

for NiO. The theory, also taking into account nonlocal . _

screening effects, is able to explain the observed satellitIahe catalytic mechanism.

structure, and therefore we do not need the assumption of the

existence of defect structufdi ®*) at the surface. Defects in

NiO are related to the loss of oxygen, which effects the local ACKNOWLEDGMENTS
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