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Electronic structure of epitaxial thin NiO (100 films grown on Ag(100): Towards a firm
experimental basis
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Valence- and conduction-band states of M@ thin films grown onto Ag100) have been probed by
photoemission(PE) and inverse photoemissiolPE) spectroscopy, respectively. In particular, emphasis is
given to the empty states, for which contrasting data are reported on samples obtained by different procedures.
The good quality of the investigated NiO sample surface has allowed us to deduce a reliable picture of the
empty state spectral function. Exploitikgresolution it was possible to disentangle the various orbital contri-
butions and clearly fix their energy position, including that of the so-called ligand hole excitation. A combined
PE and IPE analysis points towards the nearly intrinsic nature of the investigated NiO.
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INTRODUCTION IPE out of pure NiO and that stror(gi) doping was needed
to avoid charging® On the one hand it is therefore not sur-
In the field of electron correlations in solids NiO defi- prising that the IPE results reported in all these works do not
nitely plays a key role. This material was considered longcompare well with each other. On the other hand it is indeed
ago as a prototype systérno define the problems that arise surprising that these discrepancies have largely been over-

in band concept if large electron-electron correlations aréooked and that a considerable amount of theoretical work
presen? Since then, a large amount of work on the @nd detailed speculations have been based on these empty

electronié?® and magnetit® properties of NiO has been States results. . .
done, but the long-standing problem of the full description, Very recently the possibility of growing very well charac-

and understanding of its electron states is, to some exten ,rizeq NiO.mo_nocrystaIIine thin films has shoyvn up both
7-9 onto insulating(i.e., MgO, Ref. 21 and conductingf sub-

still open! . o .
From the experimental point of view, photoemissi@tb) strates. I_n partlcglgr, for the latter case, this is obtalne_d by
evaporation of Ni in an @atmosphere onto a nonreactive

Sgr?tlrnl;/ G’:{rzﬁ Toﬂti?csgri(:trrgﬁgr?p'fs zﬂﬁeg';enrgglg:qpoga?tmetal substrate, whose lattice parameter agrees with that of
toutl P S| se p S a5 1900, Thus it is now timely to give a firmer experimental

as filled and empty states are goncerned, respectively.. I:(E)rasis: to the subject of these NiO empty states. Besides the
example, thanks to these techniques, it has been cldfified

AN , , = very high quality of the grown NiO, the thin-film structure
that in NiO the gap is not associated to adNi-Ni d tran-  revents any problem of charging, even for IPE spectros-
sition or, in other words, that NiO is not a Mott-Hubbard copy. We have therefore measured IPE spectra of(NIQ
insulator. Rather, it was understood that the large band gap {gin films grown by such a method onto A§0). By study-
indirectly caused by a large-d Coulomb interaction in ing the dispersion behavior of the various IPE features we
combination with one-electron energies involving @ @s  are able to classify them a¥ or sp-derived states and a
well as Ni 3d states; this gives rise to a so-called charge-d-like ligand hole structure at high energy is clearly shown.
transfer insulator. By combining these results to x-ray photoemission spectros-
While for PE results on NiO a large set of data is avail-copy (XPS) taken on the same surfaces we find that the mag-
able in literaturé;**~13with a general consensus on the line nitude of the gap is similar to that previously found. A dif-
shapes, concerning IPE some pioneering works have bedarent aspect is instead related to the position of the Fermi
carried out®**~8n the early 1980s, which shone some light level (E;) which is near the middle of the gap. This is at
on the problem of the electron addition excitations. Unfortu-variance with previous resuft®*” which showed a strong
nately, since those results were often influenced by sompinning of E¢ at the top of the valence band and were inter-
experimental difficulties, the situation for IPE is much lesspreted in detafl as an intrinsic effect of “pure” NiO.
clear than forg’AEl.9 In particular fan si%gulgurface oxidation of
Ni polycrystals™~“and monocrystals; " and for Ni heating
in air"*8the grown “NiO” films have not been fully char- EXPERIMENT
acterized in their structure and stoichiometry. Also bulk NiO  The experiments herein reported refer to x-rRyv
monocrystals cleaved in vacuum have been measured by1253.6eV, with full width at half maximum (FWHM)
x-ray IPEX in this case severe charging effects took place=0.8¢eV| PE and UV(hv=9.4eV, FWHM=0.7¢e\) IPE,
Following an unusual procedure, these were corrected bperformed in an ultrahigh vacuum systefpase pressure
measuring the IPE positions at 200 °C for various sample<7x 10 'mbap equipped with standard surface character-
currents and then extrapolating the spectrum correspondirigation technique$® A clean Ag100) surface has been ob-
to zero current. However, it has to be noted that, a few yearsined by repeated sputtering and annealiog to 620 °G
later, the same groups did not succeed in getting any x-ragycles from a bulk single crystal and analyzed by low-energy
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electron diffraction(LEED) and core-level XPS. Ni@00

has been grown by evaporation of pure Ni, at a rate of about
0.7 Ni monolayer(ML) per minute, in an @pressure of 8

X 10 " mbar. Different NiO film thicknesses have been pre-
pared, in the 20—40-NiO-ML range obtaining very similar
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results in all cases. Film thicknesses were evaluated by a
guartz microbalance. An alternative estimation based on the
XPS Ni 2p and O Is core-level intensities was furthermore
performed using the escape depth values for inorganic
compound$? giving very similar results. Subsequent LEED
and XPS analysis checks confirmed the correct structure and ‘ , ‘ ‘
stoichiometry for Ni@100). 10 15 20

k-resolved IPE measurements have been performed with E-E_(cV)
a 2—-10uA sample current. Various incidence angles were F
set along thg011] direction, from normal incidence up to  FiG. 1. IPE spectrum of NiCLOO) grown on a Ag100) substrate
20° off normal. All measurements have been collected akfter the subtraction of a linear backgroufid the form of two
room temperature and no current dependent charging effecéaight lines with different slopes for the 0-10- and 10—20-eV
were detected whatsoever. Fermi level reference was obange, respectively Inset: NiQ(100) IPE raw data.
tained by the substrate Ag data both for PE and IPE.

Intensity (arb. units)
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While both papers attribute the peak closeEtoto ad® final
state they largely disagree on tl% feature which is
placed at 18 eV in Ref. 10 and at 13 eV in Ref. 17. Such a
Due to the strong misfitabout 19% between pure Ni and large indetermination influences considerably the present es-
NiO lattice parameters it is known that thin NiO films do not timates of the excitation energies. The two features at 9.5 and
grow properly onto Ni substratés.In order to present the 13.5 eV in Ref. 10 are attributed tos4and 4p Ni bands,
state of art concerning NiO empty states we will thereforerespectively, and are completely absent from Ref. 17 where a
compare IPE results for a NiO crystal cleaviacsitu’® with ~ “ d®4s” label is placed at about 7 eV, which has no experi-
those for a NiO sample obtained as a thick film by heatingnental counterpart in the spectral line shape.
poly-Ni in air!” Both these IPE studies have been combined The result of our IPE analysis on a 30-ML-thick
with PE data and are, to date, the most commonly used refNiO(100) film is reported, after a linear background subtrac-
erences for a NiO standard to the authors’ knowledgetion, in the line shape of Fig. 1 for a normal incidence ge-
at least concerning the region of the spectral functiorometry. The spectrum in the inset shows the raw data. Four
aboveEg . features are here clearly present, qualitatively similar to the
In a purely ionic picture NiO has a Nid§ O 2p® outer-  result of Ref. 10. They can be better located using the back-
most electronic configuration in the ground state. Due to thground subtracted profile and are found to lie at 3.1, 5.8,
strong localization of the Ni & orbitals, an electron addition 12.4, and 18.1 eV aboug, respectively. Note that different
excitation involving a 8 electron, like those taking place in choices of the background shape do not appreciably influ-
IPE, leaves the system with a localized extra particle: sinc€nce the peak energies. By analogy to previous sttfefiés
configuration interaction processes occur, two different finagn assignment of the peak closerfg asd® can be made
states are possible, namei and d°L. In the latter a while a statement on which is th#'°L emission is much
ligand-to-metal charge transfer takes place to further increag@ore ambiguous since both the 12.4-eV and the 18.1-eV
the d population(hereL indicates the presence of a ligand structures seem to be possible candidates, as based on the
hole). Their energies give relevant information for determin-two different previous claim&*’
ing the on-site Coulomb interactiofU), and the charge- In order to solve this problem thie dependence of the
transfer energyA).2° Following the notation used above and IPE peaks can be exploited: it is well knowH: in fact, that
neglecting the hybridization shift of the ground state due tovhile Ni 3d states show a very small dispersion theand
Ni 3d-O 2p mixing, U can be defined as the energy neededp-derived contributions are expected to depend largeli.on
for ad®d®—d’d® transition, i.e., al-d hopping event, while We have therefore collected IPE spectra at off-normal inci-
A is the cost of ad®—d°L excitation, which represents the dence, moving along thEX symmetry line up to 21° which
electron transfer from an O®band into the transition-metal roughly corresponds to the Brillouin-zone boundary. The re-
3d orbital. Transitions involving oxygen states can insteadsults of such an analysis are shown in Fig. 2 after a back-
be viewed in terms of a single-particle pictdrg. ground subtraction, similar to that used in Fig. 1. Moving
The x-ray IPE line shape of Ref. 10 shows four features afrom Eg, an analysis of these data clearly shows that while
4, 9.5, 13.5, and 18 eV aboVg-, respectively. In the UV the first and third peaks keep a fixed ene@L and 12.4 eV,
IPE results of Ref. 17 two structures are visible at 3.7 eV andespectively the other two features display a sizeable disper-
about 13 eV and the presence of a third peak &7 eV(not  sion. In this way thed® character of the 3.1-eV feature is
shown in the figurgsis mentioned. The general inconsis- confirmed and, more important, an assignment of the 12.4 eV
tency between the two IPE profiles is somewhat unexpecteds mainlyd!°L can definitely be established. Consequently it
since they both refer to measurements integrated k8 may be stated that the structures lying at 5.8 and 18.1 eV at

RESULTS AND DISCUSSION
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NiO(001)
PE d'L 4 IPE

Intensity (arb. units)

FIG. 2. IPE profiles taken at different incident angles as indi-
cated in the inset. Normalization to the maximum intensity and
background subtraction, as in Fig. 1, have been done. The dashe( @
lines give an indication of the dispersion behavior for each peak.
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Intens

normal incidence have basically a Ns@g band character.
Some comments can now be drawn:
(i) In the assignments by Sawatzky and Alféan inver-

sion of thedL and 4p contributions takes places. Thé’L .10 -5 0 5 10 15 20
feature is thus incorrectly assigned to the highest energy

peak at~18 eV. This results in a large~5 eV) decrease of E-EF(GV)

the d® to d'°L separation which is in fact about 9 eV and

calls for a reassessment of some previoug®fitencerning FIG. 3. Combined PE-IPE results arouid. Spectra are arbi-

the values ofU and A. This separation is instead similar to trarily normalized to their maximum intensity. The line on the spec-
what indicated by Hfmer et al1” and found by some of us on tra is a guide for the eye. See text for the meaning of labels.
an oxidized Ni samplé’

(i) The recent successes obtained by so-called tDA is 5.7 eV, ie., the same as for previously reported
methods in getting a reasonable gap magnitude for NiQesults!®!"?°This separation is strictly related to the energy
(Refs. 7 and B unfortunately do not help much to give a difference between the first ionizatigfor PE) and the first
comparison with our results, at present: in Ref. 7 all theaffinity (for IPE) state. As a consequence, whatever the cri-
features found at larger energies than that ofdfecontri-  terion used to define the g&pthe same value is found in all
bution are assigned to Nisdand 4p derived bands and, cases. The invariance of the gap magnitude for samples ob-
surprisingly, apart from thel® feature, no mention of a fur- tained by means of different methods is not really surprising
ther d-like intensity at higher energy is made, up to 20 eVif we consider that this figure mainly depends upon bulk
aboveEg ; in Ref. 8 the energy window goes only up to 5 eV properties more than surface quality in terms, e.g., of rough-
aboveE and therefore everything but th#® structure is ness, defects, etc. Moreover, the previous reiits’
truncated. showed a pinning oEg close to thed®L peak(about 2 eV

(iii) As for the Ni 4s states, Ref. 17 fails to detect such a apar}. This occurrence made previous repdsse, e.g., Ref.
contribution(even if the above-mentioned label is correctly 3) to state that “hole” doping is always present in NiO since
placed whereas in Ref. 10 this is placed at higher energythis is a defect material with metal vacancies and to give
with respect to our results, namely 2 eV larger than the maxisome interpretations for the Fermi level pinning in “pure”
mum energy reached close to the zone bounday ~7 eV NiO. However, more recent UV PE results obtained from
at 21° off normal; see Fig.)2In this case the comparison, NiO(100 thin films grown onto Ag100 (Ref. 22 show a
though significant, cannot be completely conclusive since thehift of thed®L intensity away fromEg of about 0.5 eV with
information included in the x-ray IPE spectrum of Ref. 10 respect to PE results collected with the same photon energy
concerns the whole Brillouin zone and not only fi¥ sym-  for cleaved Ni@100) crystals'? A similar shift is found in
metry line as in our data. the present work with respect to previous XPS reptifS.

An analysis of the occupied electron states has been cais a result it can be generalized that the positiorEefis
ried out as well by means of X-ray valence-band PE on thanearly centered inside the gap when KiQO0) is grown on
same Ni@100) surface as for the IPE results. In order to givetop of Ag(100 at variance with the case of (400 surface
a complete picture of the NiO spectral function a summaryobtained by cleaving a NiO single crystal. If we attempt to
of these results is shown in Fig. 3. Three features, two peakdraw some information concerning the presence of defects in
and one shoulder, are seen in the PE profile at about 2.6, 9.81ese structures we could infer that the acceptorlike defects
and 5.6 eV belowEg, respectively. In analogy to previous present in cleaved NiQ00), which are responsible for the
findings>1°-1217they are attributed ta®L, d’, and O 2  mentioned pinning oEg, are not present in the grown thin
final states, respectively. It is worth noting that the energyfilms. In fact, a compensation of these defects by means of
separation found between the BEL and the IPEJ® peaks donorlike defects would give clear features clos&tq de-
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tected both by PERef. 12 and IPE(Ref. 20. Since these of model calculations. Combining these results to valence-
are absent in our results, we can suggest that the microscogi@and PE data taken on the same surface the complete spectral

structure of the NiQL00)/Ag(100) thin films is closer to the

function has been obtained. At variance with the results on

ideal NiO in terms of defects with respect to the case ofcleaved Ni@100 single crystals where the Fermi level is
cleaved NiO single crystals, in agreement with a scanningtrongly pinned close to the valence-band maximum, we

tunneling microscopy study performed on the KiQO) thin

showed that the position dig is placed close to midgap,

films.?2 As a consequence the formation of a nearly intrinsiclikely indicating the formation of a NiO phase closer to the

electron structure seems to take place.

ideal one than those obtained by bulk single crystals in terms

In conclusion, we have performed a detailed IPE study orof defect structure.

NiO(100) thin films grown on a A¢L00) substrate. We have

shown that four structures are present in the spectra and were
able to understand their orbital character by means of a
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