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Abstract 

We have carried out a combined x-ray photoelectron diffraction (XPD) and low

energy electron diffraction (LEED) study 'of the interaction of oxygen with Ni(001) at 

ambient temperature from the c(2x2) structure up to the saturated oxide. Several new 

conclusions are possible based on an R-factor comparison of an extensive series of 

azimuthal- and polar- 0 ls XPD data to theoretical simulations based on a single-scattering 

cluster (SSC) model with spherical wave scattering. A new method for normalizing 

experimental and theoretical intensities for XPD R-factor analyses is also used. For the 

c(2x2) structure, we find that the oxygen sits in the fourfold hollow site, at a vertical 

distance (z) of approximately 0.75 A above the first Ni plane, in excellent agreement with 

several prior studies. There is also strong evidence from the XPD results that oxide 

nucleation occurs very early in the chemisorption region and this effect could explain the 

proposals for in-plane bonding or pseudobridge bonding previously reported in the 

literature. The saturated oxide that forms at ambient temperatures is found from LEED and 

XPD to form a highly strained superlattice that is expanded by 1/6 with respect to the 
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underlying Ni(001). We also fmd that the saturation oxide coverage is much larger than 

that previously reported in the literature of 2-3 monolayers (ML), and that it is in fact 4-5 

ML. Other qualitative conclusions concerning the nature of the strain in the oxide are also 

possible. 

1. INTRODUCTION: 

Despite being the object of intensive investigation by a variety of surface-structure 

techniques over the past 20 years, there is still much to be learned about the exact nature of 

the various structures that arise on the Ni(001) surface when it is exposed to oxygen [1-

18]. In order to better understand this system, we have obtained an extensive set of both 

polar- and azimuthal-x-ray photoelectron diffraction (XPD) data, as well as low energy 

electron diffraction (LEED) observations, at a number of different oxygen coverages. Of 

particular interest was determining the geometric structures of both the c(2x2) structure and 

of the saturated oxide overlayer that grow at ambient temperature (-300 K) on this surface, 

and in assessing the degree of coexistence of these two structures. XPD has been shown to 

be very useful in deducing structural information from ordered adsorbate atoms lying in or 

near the surface plane or from thin epitaxial films on a substrate, especially at kinetic 

energies in the range of 500-1500 eV [19;20]. XPD is also in comparison to LEED more . 
of a short-range order probe (-25-50 A range compared to -100-200 A for the latter). 

Photoelectron diffraction data at such high energies have furthermore been successfully 

analyzed using simple single scattering cluster (SSC) calculations to differentiate between 

the various proposed surface structures thought to be be present [19, 20]. In order to better 

quantify the degree of agreement between experiment and theory, we have also used an R

factor analysis. 
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We begin by introducing the main features of the O/Ni(001) system as known 

previously. It has been well established that the adsorption of oxygen on Ni(001) occurs in 

four major steps at ambient temperature [1], with a schematic of some of the structures 

involved being shown in Figure 1: 

(i) Rapid submonolayer adsorption with no disruption of the crystal lattice in the 

surface region, first leading to an ordered p(2x2) and then a c(2x2) overlayer 

geometry that would have ideal coverages of E> = 0.25 and 0.50 monolayers (ML), 

respectively. We will here restrict our consideration to the c(2x2) structure, whose 

completion is schematically indicated in Figure 1(a). 

(ii) Initiation of a c(2x2) plateau, the width of which is highly dependent on the quality 

of the Ni(OO 1) surface and on the substrate temperature. This plateau is thought to 

be due to the complete filling in of all remaining available sites for dissociation of 

the impinging oxygen molecules and subsequent chemisorption. The best c(2x2) 

overlayer has been opserved experimentally at coverages in the range of 0.30-0.40 

. ML, or somewhat below the ideal coverage. 

(iii) Penetration of oxygen into the Ni lattice resulting in the development of isolated 

NiO nuclei or islands, accompanied by a rapid upswing in the oxygen sticking 

coefficient at coverages greater than ....0.50 ML. With increasing oxygen exposures, 

these NiO islands grow predominantly, but not necessarily exclusively, in the (00 1) 

orientation. Here, oxide clearly coexists with the c(2x2) structure. 

(iv) Saturation occurs when these islands coalesce at a coverage that has been estimated 

previously to be in the range of2-4 :ML ofNiO [Figure l(d)]. The characteristics 

of the saturated layer are dependent on the actual mixture of two distinct oxide 

epitaxial orientations thought to be present, specifically in the [00 1] and [ 111] 

orientation, and this mixture is in turn dependent on the substrate temperature during 

exposure [14]. 
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There also exists a very slow, diffusion-limited, vertical oxide growth on significantly higher 

oxygen exposures that is known as the "tarnishing" region. 

At low oxygen coverages (0 < 0.5 ML), there has been considerable controversy 

over the actual geometric positions of the oxygen atoms in the c(2x2) overlayer. Part of this 

problem can be traced back to a misunderstanding of the effect annealing has on the surface 

structure. Crystal annealing was carried out in some older studies primarily to sharpen and 

intensify the LEED spots associated with the overlayer. However, at temperatures as low as 

450-600 K, annealing can cause atomic oxygen initially chemisorbed onto the surface to 

diffuse into the crystal bulk and possibly also to form oxide nuclei, thus interfering with the 

ensuing structural determination [1]. Simple inward diffusion should not be confused with 

oxide nucleation however. In the early 1980's, an XPD study by our group [5] suggested 

that the oxygen overlayer resided in the same plane as the topmost Ni layer for an oxygen 

coverage approaching 0.5 ML, the theoretical limit for an ideal c(2x2)0 structure; in this 

work however, it was pointed out that the XPD patterns would be very sensitive to the 

presence of small oxide nuclei, an effect which could have biased the results towards an in

plane geometry [5]. The in-plane geometry was in conflict with an earlier LEED analysis 

by Demuth et al. [2] who originally proposed that the p(2x2) and c(2x2) overlayer 

structures had the same z-distance of 0.8 A. A subsequent theoretical study by Upton and 

Goddard (7], however, supported the short Ni---<? bond distance and initiated the "oxide 

state" controversy for the c(2x2) overlayer. In a subsequent LEED study by Tong eta/. [8], 

the possibility that the oxygen overlayer resided in the same plane as the topmost Ni layer 

could not be differentiated from a situation where the oxygen atoms sat well above the 

surface at a distance of 0.8 A. Stohr et al. [9] used surface extended x-ray adsorption fine 

structure (SEXAFS) to rule out the in-plane bonding site and found that both the p(2x2) 

and c(2x2) structures occupied the fourfold hollow sites and had identical z-distances of 

0.86 A. In a followup LEED study, Demuth er al. [10] however, suggested that the c(2x2) 
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structure had a z-distance of 0.80 A, but more importantly, that the oxygen atoms were 

displaced 0.3 A from the fourfold hollow site along the <110>-directions. This was 

described as being the pseudobridge bonding site. Such an unusual displacement was 

claimed to be entirely consistent with an observed broadening of several of the peaks 

associated with scattering off of nearest neighboring Ni atoms in the x-curves of the 

SEXAFS analysis. However in the most recent LEED analysis of this system [15], a 

multilayer, tensor approach has shown that the preferred structure has the oxygen atoms 

residing once again in the fourfold hollow sites, although at a somewhat shoner z-distance 

of 0.75 A. We will present a new and more detailed XPD analysis of the c(2x2) structure 

in this paper. 

Although the interaction of oxygen with the Ni(001) surface at higher coverages 

(> 0.5 ML) is 'known to result in the onset of oxide nucleation and growth, it has also been 

concluded that the onset of oxide nucleation occurs well before the cessation of c(2x2) 

formation [1]. However there is very little prior quantitative information concerning the · 

relative amounts of oxygen in the c(2x2) and oxide structures. The actual oxidation of the 

Ni(001) surface is a remarkably complex interaction that is highly dependent on the 

temperature of the substrate during the oxygen exposure. In an earlier XPDILEED paper 

on this system [13], Saiki et al. reponed LEED observations of a (6x6) NiO(OOl) centered

square superlattice formation which grows on a (7x7) Ni(001) mesh, and that this coexists 

with two orientations of a minority Ni0(111) species rotated 30° apart from each other and 

manifesting themselves as a 12-spot ring when viewed by LEED. (Various LEED 

photographs relevant to this discussion have previously been published in Reference 13). 

These two co-existent oxide phases were flrst discussed by Holloway and Hudson [3] and . 
flrst hypothesized to be Ni0(001) and NiO(lll) by Mitchell et al. [ 4]. Subsequent work 

by Wang et al. [14] has shown that room temperature is actually a crossover point for the 

formation of the (111) versus (100) orientations of NiO. At lower temperatures, NiO(lll) 
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is the majority species while the more stable ( 100) orientation is observed at room 

temperature and above. Although the (111) structure is clearly seen in our ambient 

temperature LEED pattern, it yields no observable peaks in the XPD curves, and has thus 

been estimated to comprise about 5% and no more than 10% of the total saturated oxide 

(13]. 

Annealing the saturated oxide for a few minutes to as little as 523 K results in the 

removal of both the NiO( 111) 12-spot ring and the centered-square spot splitting of the 

superlattice, and also leads to the reappearance of a similar c(2x2) structure that is observed 

at lower oxygen coverages [ 13, 14]. This is postulated to be due to the formation of 

oxygen-rich and oxygen-depleted regions, as illustrated in Figure l(e). The oxygen-rich 

regions appear to have greater order in the vertical direction that could be the result of the 

creation of a significantly thicker oxide layer. The LEED spots of Ni0(001) after annealing 

are more intense, but remain centered very near their previous position and are rather 

diffuse, which suggests that the annealed oxide is still under considerable strain and/or 

exists in rather small domains. The oxygen-poor regions are thought to be covered by a 

c(2x2) oxygen overlayer that leads to the recovery of a c(2x2) structure in LEED after 

annealing. 

The formation of two or more monolayers of ordered Ni0(001) should result in 

significant modulations of the 0 ls x-ray photoelectron spectroscopy (XPS) signal, similar 

to that expected from a single-crystal of NiO. In the prior XPD analysis of the annealed 

oxide layer [13], it was determined that the best fit of theoretical calculations to high-angular 

resolution 0 1s azimuthal XPD data at takeoff angles e of 35.3° and 45.0° with respect to 

the surface occurred for a large Ni0(001) cluster 2-.ML thick that covered an area of . 
approximately 20 A in radius from the emitting oxygen atom. This cluster had a lattice 

constant expanded by lf6 over bulk Ni, that is aNiO = 7/6(3.52 A)= 4.11 A, a value 

determined from measurements of the position of the oxide diffraction spots in LEED. 
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Annealing does not fully relieve the expansion in the horizontal directions but retains the 

slight 1.4% compression below the bulk oxide lattice constant of 4.17 A. However, the 

annealed oxide h~ an XPD pattern that was markedly different from the unannealed data, 

indicating that some type of irreversible structural changes were occurring in the process. 

These effects also are explored in greater detail in this paper. 

In the following sections, we present a more detailed set of XPD results, and these 

are found to lead to several new conclusions concerning the structures of oxygen on 

Ni(OOl). 

2. EXPERIMENTAL CONSIDERATIONS: 

The two experimental systems used for this study have been described in detail 

previously [19(a), 21] and consist of Hewlett-Packard (HP) 5950A and VG Scientific 

ESCALAB5 x-ray photoelectron spectrometers that have been modified for angle-resolved 

measurements with the installation of high-a~curacy two-axis specimen goniometers. The 

VG system also has a series of angle-defining stainless steel tube arrays mounted in front 

of the entry lens to the energy analyzer [21]. These tube arrays allow different angular 

resolutions of±l.5°, ±3.0°, and- ±6.0° (full open) to be selected. Prior studies have 

shown an increase in the amount of diffraction fine structure when the angular resolution is 

increased from the standard- ±3.5°-±6.0° to the current minimum ±1.5° [21], and that 

such additional fine structure may be useful in deriving additional details of overlayer 

structures [19(c), 22]. An unpolarized Al Ka. radiation source (hv = 1486.6 eV) was used 

for the primary excitation in either case. The experimental configuration is shown in Figure 

2; the angle a between radiation incidence and electron exit was 72° in the HP system and 

48° in the VG system. The detector consisted of a Surface Science Laboratories, 

multichannel system on the HP and a single channeltron on the VG spectrometer, although 
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the latter has subsequently been upgraded to include a similar multichannel detector [23]. 

Precision scanning of either the <!>- or 8-electron emission directions was possible under 

direct computer control. Base pressures were maintained at better than 5 x lQ-11 Torr in the 

main analysis chamber. A LEED unit was available on the HP system to observe the 

surface symmetry of the various overlayer surface structures that were obtained. 

The Ni(OOl) sample was cut from a single-crystal rod with a low-speed diamond 

saw and oriented to within ±0.3° of the (001) surface as determined by Laue back-scattering 

measurements. The surface was then mechanically polished with successively finer grades 

of diamond paste before final chemical etching in a 10% solution of 1: 1 nitric/sulfuric acid 

to remove as much of the surface disorder from mechanical polishing as possible before 

mounting in the spectrometer. Surface cleanliness and oxygen coverage were monitored by 

XPS, as described in detail in the next section. The initial and subsequential cleanings were 

done by successive in situ Ar+ bombardments at 600 volts, followed immediately by 

annealing to approximately 873 K until the combined coverage of C, 0, and S impurities 

totaled less than 0.02 ML and the LEED pattern showed a sharp p(lx1) pattern of the (001) 

surface with high contrast. 

The oxygen exposures were performed at room temperature, with the oxygen 

pressure being monitored by a standard Bayard-Alpert ion gauge. The best compromise 

between the sharpest c(2x2) pattern and the most intense fractional-order spots was 

observed at an exposure of 30 L (10-7 Torr x 300 sec.); this also is found to be the location 

of the minimum slope in the uptake curve, as shown in Figure 3 and discussed in more 

detail below. The XPS-based coverages at this exposure were found to be 0.38 ± 0.04 ML, 

in excellent agreement with prior studies [1]; the determination of these coverages also is 

discussed below. The saturated-oxide exposure was somewhat arbitrarily set at 1200 L 

(lQ-5 Torr x 120 sec.), since by this point the oxygen coverage (approximately 2.4 ML as 

measured with respect to Ni(001) and without correcting for attenuation by the oxide 
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overlayer, so as to represent a minimum value) did not increase appreciably with 

significantly larger oxygen exposures [cf., Figure 3(a)]. In either c(2x2)0 or the saturated 

oxide, the 0 1s/ Ni 2P3/2 intensity ratios used for quantitative analysis were taken along 

directions well away from any strong photoelectron diffraction forward scattering features 

and also chosen so as to represent an average intensity from the surface at a given e. The 

individual intensity measurements were found to be very reproducible, with values ranging 

within ±5% of the values reported in this paper. The imponance of such care in these 

measurements will be explained later. 

The precise calibration of the 8- and <!>-angles with respect to the crystal axes (cf., 

Figure 2) was done with high angular resolution and using the strong and very narrow Ni 

2P3/2 XPD peaks from the clean surface that occur along the <110> directions. This 

calibration had an accuracy of±0.2°. A series ofO 1s azimuthal scans (Ekin = 954 eV, 

electron wavelength = 0.40 A) were taken for both the c(2x2) and saturated oxide structures 

over a cp-range of 380° at grazing takeoff.angles with respect to the surface of 8 = 8°, 11°, 

.14°, and 17° to yield enhanced surface sensitivity and at much larger angles near e"" 35° 

and 45° to probe deeper lying structures. Polar scans were also measured in high-

symmetry azimuths. All of this data will be discussed below. 

3. TIIEORETICAL MODELING AND DATA ANALYSIS: 

3.1. QUANTITATIVE ANALYSIS OF SURFACE COVERAGES-

The theoretical model used to describe the relationship between the integrated XPS 

peak intensities and different surface coverages in this study has been described in great 

detail elsewhere [19]. Basically, it assumes a uniform overlayer that is atomically flat, that 

the incident x-rays have penetration depths that far exceed the elastic escape depths of the 
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photoelectrons, that any enhancements of the photocurrent due to diffraction effects from 

the uniform overlayer/substrate are either negligible or have somehow been averaged over, 

and that inelastic scattering can be adequately described by a simple exponential in the 

attenuation length or mean free path (J\e). Electron refraction due to the inner potential (V 0 ) 

can ofte~ be neglected due to the large takeoff angles and/or the high kinetic energies of the 

photoelectrons being utilized, but we have included it in our calculations for completeness. 

For a bulk solid having little or no local order to produce diffraction, the relationship 

between the integrated intensity of a core level photoemission peak is given by [19(a)]: 

where Io is the intensity of the incident monochromatic x-ray flux, Q0 (Ekin) is the effective 

solid angle of the detector, AoCEk:in) is effective source area of the sample seen by the 

analyzer, DoCEk:in) is the detector efficiency, Pk is the density of the kth species under study, 

~~ is the differential cross-section of the peak k under study, and Ae(Ekin) is the inelastic 

attenuation length of the photoelectron in the solid. 

XPS peak intensity ratios have been shown to be useful in determining the fractional 

monolayer coverages of adsorbates and the stochiometric ratios of the various elements 

present in the near surface region. The purely instrumental parameters lo, f2o, Ao, and D0 

will cancel out when intensity ratios of the various chemical species are examined, provided 

that the kinetic energies are reasonably close. If photoemission peaks with more widely 

differing energies are studied [as is the case for the 0 ls (954 eV) and Ni 2p312-metal (629 

eV) considered here], the change in the detector solid angle OoCEkin) with energy can 

become significant, and suitable values for the particular spectrometers we have used have 

been tabulated and published [23, 24]. Similarly, the differential cross-sections have also 

been calculated and tabulated for many cases [25]; the same is true for the electron 
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attenuation lengths of various solids [26]. The overall accuracy of such measurements are 

in the range of ±20% at the submonolayer concentration levels and the majority of the error 

is in the determination of AeCEk:in), which is expected to vary roughly as the square root of 

the kinetic energy in a given material for the energies of interest here [26]. 

For the ideal case of a uniformly distributed adsorbate present at submonolayer . 

quantities [the situation for c(2x2)0/Ni(001)], the oxygen coverage can best be determined 

by assuming that the overlayer is completely non-attenuating [19(a)]. Comparisons of the 

Ni 2P3/2 intensities both before and after oxygen exposure to form c(2x2) showed 

essentially no change in absolute value and this supports our use of the completely non

attenuating overlayer model. The o·ls/ Ni 2P3/2 (metal) intensity ratio for this dilute 

overlayer then becomes: 

Iots(954 eV) 
1Ni2p(m)(629 eV) 

dcro1s 
i1o(954eV) ~ S' 

Oo(629 eV) • d~2p • PNi(m)·A~(629 eV)•sinS ' 

where m =metal peak, S' = number of oxygen atoms per cm2, PNi(m) = atomic density in 

Ni metal= 9.14 x 1Q22 atoms/cm3, and A~(629 eV) =the mean free path in the metal at 629 

eV. This can be rearranged to yield the c(2x2) coverage as: 

dGNi2p 
, [ lo1s J !lo(629 eV) dQ m . 

S [c(2x2)] = I . • o.(954 V) • dcr • PNi(m) * Ae (629 eV) • sme 
Nt2p(m) .. '<> e ~ 

dQ . 

Substituting in the relevant values, 

!lo(629eV) 
!lo(954eV) 

1.44 (as derived previously for the HP spectrometer [24]), 
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d<JNi2p 

d~ = 4.674 (calculated from data in Reference 25), 
Ols 

---em-

A~(629 eV) = 10.0 x lQ-8 em [from Reference 26(c)], 

and e = 45°, yields the number of monolayers of oxygen present with respect to the Ni(OO 1) 

surface as: 

S'[c(2x2)0] [ lois ] 
# ML of 0 = S[N.(OOl)] = 27.01 • I . , 1 NI2p(m) 

(1) 

where S[Ni(001)] =the surface density ofNi(001) = [
2 ato~~ = 1.61 x 1015 atoms/cm2. 
ao(Ni) 

In determining coverages for the saturated oxide, we have measured the Ni 2P3/2 

signal from the clean Ni surface and the 0 ls signal from the reacted surface just after 

exposure; this avoids the considerable difficulties in trying to distinguish the Ni 

2p3J2(metal) and Ni 2p3;2(oxide) features in nickel spectra for the oxidized case. The 

overlayer of thickness tox is now assumed to be isotropically attenuating. The intensity ratio 

here becomes [19(a)]: 

dao1s ox 
lots .Q0 (954 eV) Pocoxl (!!2 Ae (954 eV) 

lNi2p(m) = !lo(629 eV) "PNi(m) • d<JNi2p • Am(629 eV) • 
d.Q e 

[
1 _ exp ( -tox J~ 

· A~(954 e V) • sine ~ ' 

which on rearrangement and substitution of the various values, is then: 
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tox = -1 l 1 - (c • I ~Ols )~ • A~\954 eV) • sinS , 
11[_ Ni2p(m) U . 

where: 

d<iNi2p m 
!2o(629eV) PNi(rn) dQ Ae (629eV) c = • • • = 8 641 
0oC954eV) Po(ox) dcrols A~\954eV) · ' 

dQ 

A~(954 e V) =electron mean free pathlength in the oxide layer, taken in our calculations to 

be 12.3 A [26], and 

I 
Po(ox) = (1/

6
)3 • PNi(rn) = 5.76 x 1022 atoms/cm3 , 

as calculated with allowance for the 1f6 expansion relative to the Ni lattice observed in 

LEED. Thus we have finally, 

tox (A)= -8.72 •1 l 1 - 8.641(
1 
~Ols )~ .· 

I1j_ Nl2p(m) U (2) 

From the 1f6 expansion relative to the underlying Ni(001), the oxide surface density 

becomes, 

. 2 atoms 
S'[NI0(001)] = [(1/

6
)(ao[NiJ)]2 = 1.185 x 1Q15 atoms/cm2 

and the "unrelaxed" vertical distance between planes is given by: 



From Equation (2), the number of monolayers of oxide with respect to the oxide surface 

density is then given by: 

tox(A) = -4.25 •1{1 - 8.641( lois )~ , 
diOo(ox) 1Ni2p(m) IJ 

and the# ML's of oxide with respect to the Ni(001) surface density by: 

tox(A) { ( lois )~ 
d ( )•(7')2=-3.12•1 1-8.6411. . 

100 ox 16 Nt2p(m) 
(3) 

The inelastic attenuation lengths· are an important ingredient in any such XPS 

surface analysis, and we have here used two different approaches to assess the difference 

they make. In the first approach already indicated above, an experimental value of A~(629 

eV) = lO.OA for propagation in Ni metal was used as a starting point; this has been found 

to give excellent results for the XPS analysis of the well-defined c(2x2)S overlayer by 

Connelly et al. [26(c)]. We will also see below that it gives a c(2x2)0 coverage of 0.38 ML 

that is in excellent agreement with those from several other methods [1, 18]. As no accurate 

experimental ~ data are available for NiO, the 10.0 A value for the metal was then scaled 

simply as CEkin)0.52 to yield values for the oxide of A~\629 eV) = 10.0 A and A~\954 eV) · 

= 12.3 A. These latter values do not however, take into account the composition and density 

changes from metal to oxide. As another approach, we have used the equations and 

tabulations of Penn [27] to determine these values. These do not have a direct experimental 

calibration, but do take into account the atomic makeup of each material. They yield 
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A~(629 eV) = 8.2 A, ~\629 eV) = S.6 A, andA~\954 eV) = 11.6 A, values which are all 

within 6-21% of those we have used. Since our 10:0 A value for A~( 629 e V) has 

experimental support from prior XPS studies of both c(2x2)S and c(2x2)0, we believe that 

this is in any case the most reliable value to use. The other two oxide values of 12.3 A and 

11.6 A ~at are of relevance here in determining the saturated oxide thickness are very close 

in the two approaches. If anything, using the slightly lower .11.6 A value would yield a 

somewhat thicker saturated oxide layer thickness. Thus, based upon the present state of our 

knowledge of the attenuation lengths in the oxide, we have used a highly reliable set of 

values. 

Turning now to the actual values derived in this study, we note that the coverage of 

the c(2x2)0 structure at 30 L was determined from the ratio of the 0 ls and Ni 2P3/2 peak 

areas immediately after 02 exposure. Converting the intensity ratio to monolayers of 

oxygen using Equation ( 1) gave a value of 0.38 ± 0.04 ML, in excellent agreement with 

currently accepted values [1, 18]. It is al~o significant here that a value of 0.35 ± 0.0 4 ML 

in complete agreement with ours was derived for this value in an independent XPS study by 

Brundle and Hopster [28] using an empirical 0 1 s intensity calibration via a saturated 

monolayer of CO on Ni(001) at liquid nitrogen temperature. 

As noted above, the saturated oxide thickness after a 1200 L exposure at ambient 

temperature was determined from the ratio of the 0 ls peak area of the oxide and the Ni 

2P3!2 peak area of the clean surface immediately ~oxygen exposure. This procedure 

was used to avoid the complications of having to allow for the intensity of the chemically

shifted Ni 2P3/2(oxide) peak [1, 29], as well as the attenuation of the Ni 2P3/2(metal) peak in 

passing through an oxide layer of unknown thickness. Using this approach, only the 

attenuation due to the 0 1s signal passing through the oxide layer needs to be considered. 

In order to illustrate the ·importance of electron attenuation, if we assume that the oxide 

overlayeris completely non-attenuating, we get from Equation (1) an oxygen coverage of 
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2.4 ML with respect to the Ni(OOl) surface density. (The saturation coverage shown in 

Figure 4 is slightly higher than this at about 2.8 ML, but these results were obtained at a 

later stage of the study after a number of ion bombardment and annealing cycles. It was 

found that the resultant aging of the crystal surface led to somewhat higher oxygen uptake 

values versus exposure.) This is an absolute minimum according to our XPS analysis, as it 

neglects overlayer attenuation. On the other hand, if the oxide overlayer attenuates the XPS 

signal, the more correct Equation (3) gives an oxygen coverage of 4.7 ± 0.5 ML, an increase 

of nearly a factor of two, thus underscoring the importance of attenuation corrections in 

coverage measurements. As stated in our earlier paper [13], this saturated oxide thickness is 

larger than the 2-3 ML that has previously been reported from some studies in the literature 

[1]. The absolute minimum of2.4 ML that we fmd is furthermore inconsistent with the 

saturation coverage of 2.45 ML found recently by Pope et al. using nuclear reaction 

analysis [18], since the presence of any reasonable attenuation in the oxide overlayer in XPS 

would yield a higher value than 2.45. Our value of 4.7 ML with overlayer attenuation is 

however, consistent with, although somewhat higher than, a very recent XPS study of 

0/Ni(OOl) by Hallet al. [30], who find a 4-ML thickness for the Ni0(001) orientation that 

we find to be dominant at saturation. 

3.2. PHOTOELECTRON DIFFRACTION CALCULATIONS-

The single scattering cluster (SSC) model used for the photoelectron diffraction 

calculations in this study has been discussed in detail elsewhere [19] and we have used it in 

a form that contains both spherical-wave scattering and the correct s-?p final state in 0 1s 

photoemission. The latter two improvements make use of the Rehr-Albers separable 

Green's function approach [31(a)] which simplifies the calculation of the effective scattering 

factors. In the case ofO ls emission from a multilayer system such as Ni0(001) or 
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NiO(lll), where it is possible to have more than one type of emitter in each layer, it is 

important to correctly weigh the intensities of each emitting atom in the fmal intensity sum. 

The weight used is the number of each type of emitter per unit area in that layer divided by 

the total number of emitting atoms per unit area present in the layer. Attenuation of the' 

photocurrent from each oxide layer is then provided by a exponential factor of the form 

exp(2~~ine), where z is the depth below the surface. Such weighting considerations are 

also important in the estimation of the percentage of NiO (one 0 atom per Ni atom 

multiplied by the number of monolayers of Ni0(001)) mixed in with c(2x2)0 (lh 0 atom 

per Ni atom), a point that will be discussed in greater detail later. 

A more sophisticated program that takes into account photoelectron multiple 

scattering (MS) events is also available to us, although computer-time constraints limit the 

size of the clusters that can be used at present to about 30-40 atoms [32, 33]. In general, 
. 

MS effects inXPD are not significant unless there are long rows of atoms present in the 

cluster which lie within about 10° of the photoemission direction [32, 33]. MS also may 

produce some effects for the thicker annealed oxide, where it would be expected to yield a 

reduction of the intensity of the forward scattered peaks predicted by sse theory, but it is 

not expected to significantly influence the conclusions of this analysis. 

The input parameters for the sse program include the following for 0 1s emission: 

For the c(2x2) analysis, clusters of various sizes were investigated and it was found that a 

cluster having a minimum radius of 20 A from the emitter is necessary to insure full 

convergence of all the diffraction features at the lowest takeoff angle of 8 = 8° [see, for 

instance, Figure 16 in Reference 19(c)] and this was used throughout the analysis for 

consistency. An inner potential of 11.0 e V was used for the c(2x2) overlayer, along with an 

inelastic attenuation length in the overlayer of 12.3 A, although small changes of -±20% in 

either value did not significantly change the outcome of the calculated diffraction curves. 

For the oxide, a number of different clusters having two or more layers of NiO, as well as 
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having different radii from a minimal five-atom cluster up to a fully converged cluster of 20 

A in radius, were used to investigate the effect that annealing has on the vertical and 

horizontal order of the oxide layer. For the oxide, the inelastic attenuation length remained 

unchanged at 12.3 A, but the inner potential was increased to 13.2 e V, a number obtained 

from a band structure calculation by Mattheiss [34]. 

3.3. R-FACTORS FOR COMPARING EXPERIMENT AND THEORY-

The five R-factors (Rt-Rs) used in this study to judge the goodness of fit between 

experimental azimuthal data and theory are based essentially on the ideas of Van Hove, 

Tong, and Elconin [35]. However, a significant improvement we have incmporated is in the 

manner of normalizing the experimental data with the theory. This normalization is 

motivated by the observation that the theoretical anisotropies as judged by(Jmruqmin)!lmax 

typically exceed those of the experimental results by a factor of between two and three. 

Such a discrepancy can be attributed to MS effects, surface roughness, fmite domain sizes, 

and other non-ideal surface effects. Our basic strategy is to force the normalized theory 

curve to have an anisotropy as close as possible to that of experiment before direct 

comparison. The normalization routine is as follows: The experimental diffraction curve is 

forced to have an amplitude between zero and one, 

lexp(n) - "fe~; 

1max _ 1min ' 
exp "exp 

* where lexp(n) is the rescaled experimental intensity for the nth channel in the azimuthal scan, 

lexp(n) is the raw experimental data for the nth channel, and Ie~~ U':x~) are the maximum 

(minimum) values of lexp(n) in the azimuthal scan. Next, the average value of both the 

18 



rescaled experimental and original theoretical curves is set to zero by subtracting out the 

average value of the rescaled experimental and the raw theoretical curves: 

and 

The average value of both the rescaled experiment and theory is given by, 

and 

* The rescaled theory, !m(n), then is forced to have the same ±area relative to the average zero 

** ** as the rescaled experimental data, ~xp(n). The fmal scaled theory curve is then ~h (n), as 

given by: 

** * [~] Ith (n) = lth(n) Ath ' 

where the± areas, Aexp and Am. are given by: 
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• In the final step in the normalization, a vertical offset is added to give the normalized theory 

curve approximately the same maximum value as the original experimental curve. This 

vertical offset is defined as: 

so that, 

min 
-* lexp 

offset = Iexp + max min 
Iexp- 1exp 

+ ** Iexp(n) = ~xp(n) +offset, and + ** Ith (n) = \h (n) + offset . 

Because these fmal normalized intensities are still absolute, with no background 

subtracted from them, they yield the very desirable property for XPD analyses that two 

. curves with a low~r percent effect (or lower overall anisotropy = crmax -rmin)/Imax) 

contribute less to four of the fiveR-factors defined below. Thus, the contributions of 

azinluthal scans with different anisotropies toR are automatically weighted correctly in the 

summed R's to be discussed below. 

These normalized intensities are finally substituted into the fiveR-factors RN (N = 

1, 2, 3, 4, 5) as defined by Van Hove et al. [35] to yield: 

Lllexp(n) -·I!(n)l 
n 

Rl=------- (4) 
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L [ lexp(n) - Il (n)] 2 
n 

L[lexp(n)12 
n 

R3 =percentage of angle range over which lexp(n) and Il (n) have slopes of different 

sign(+/-), 

Ll I'exp(n) - I! (n) I· 
n 

~=-------

Ll I'exp(n)l 
n 

where I'exp(n) and I! (n) are the first derivatives of the experirrient and normalized theory 

respectively, and lastly, 

L[rexp(n)- I!(n)] 2 
n 

Rs=---------------
LJI'exp(n)12 
n 

Finally, for a set of azimuthal diffraction data from a given surface structure, we can 

calculate "global" or "summed" R-factors for any one of the five choices as: 

. 1' 
RN(total, z) = m L.RN(m, z)) , 

m 
(5) 
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where N is the Nth R-factor, z is some structural parameter(s) that is being varied, and m is 

the number of azimuthal scans at different polar angles taken for that surface structure. In a 

large number of tests, we find that all five R-factors give very similar results (as will be 

illustrated below for one example) and that they are also consistent with straightforward 

visual evaluations of fit. These R-factors are also found to be superior for XPD to others 

that we have tested such as those ofZanazzi and Jona [36]. We have further found that the 
• 

first R-factor (RI) provides an excellent description of the fit between curves by itself and it 

is this value that is reported in most cases throughout this paper. 

4. RESULTS AND DISCUSSION: 

4.1. SOME STRUCfURAL CONSIDERATIONS-

Figure 4 is a schematic drawing of the two primary structures that we will be 

concerned with on the Ni(OOl) surface. By varying the takeoff angle of the 0 ls azimuthal 

scans, it is possible to tune the analysis from sampling preferentially near-surface features at 

low 9 values to probing more bulk-like structural information at high e values. From Figure 

4(a) for c(2x2)0, we see that, in order to obtain structural information on the oxygen-to

nickel interplanar separation or z-distance, rather large scattering angles (9Ni) are involved, 

but these can be minimized by using grazing emission directions, thus increasing the 

scattering that comes from the underlying Ni atoms. The scattering angles for other 0 

atoms (e0 ) are by contrast constant at e0 = e = takeoff angle. From Figure 4(b) for the 

oxide, we can also use grazing emission directions to derive structural information more 

sensitive to the surface plane, or larger polar angles to probe the structure of the oxide 

buried further beneath the surface. Due to the epitaxial nature of the Ni0(001) oxide that 
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forms on Ni(OOl), information on both the distance separating the first and second NiO 

planes (an) and that separating the second and third planes (a23) is relevant. 

4.2. KINETICS OF THE OXYGEN UPTAKE ON Ni(001) AND THE ONSET 

OF NiO FORMATION-

In order to systematically monitor the dependence of the oxygen coverage on 

exposure, the 0 1s and Ni 2P3/2(metal) XPS intensities were measured at various sequential 

oxygen exposures up to 1300 L for a substrate temperature of -300 K. These intensities 

were observed along e = 45° and <1> = 13°, a direction chosen such that it represented an 

average over the Ni 2P3/2 diffraction structure in order to minimize the influence of 

diffraction effects on the fmal oxygen coverages. The importance of this kind of correction 

has been discussed for c(2x2)S on Ni(001) by Connelly et al. [26(c)]. The intensity ratios 

were in this figure converted to monolayers coverage using the more approximate Equation 

(1), which assumes that the oxide layer is completely non-attenuating, and thus leads to too

low oxide coverages that are simply proportional to the 0 1s/Ni 2P3/2 intensity ratios .. The 

results of these measurements and the concomitant LEED patterns are illustrated in Figure 

3(a), with a blowup of the criticallO.L-120 L region also presented in Figure 3(b ). Also 

included in the figures are the recent temperature-dependent 0/Ni Auger ratio 

measurements for this system by Wang et al. [14] at 300 K (shown as the short dashed 
• • 

curve), 350 K (dashed curve), and 400 K (long dashed curve), all of which have been 

normalized to have the same magnitude as the XPS curve at an exposure of 30 L which 

corresponds to the minimum-slope reference point in our c(2x2) "plateau". All four curves 

display the characteristic two-step uptake curve that is in excellent agreement with the 

pioneering Auger results of Holloway and Hudson [3]. 
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The length and relative flatness of our coverage curve near 30 Lis in oest agreement 

with the Auger results at 350-400 K, and suggest that, during XPS analysis, our specimen 

may have been heated somewhat above am.bient temperature. However, the fact that our 

curve seems to reach saturation considerably more slowly than the other three also suggests 

that our surface could have had less surface defects and thus inherently lower reactivity. 

The dashed Auger ratio curve for 350 K further shows a fmal saturated oxide value that 

agrees very well with the results of our kinetics curve, indicating a degree of self

consistency between the xPS and Auger data. 

The results of our LEED observations have been described in earlier figures in 

Reference 13. A very faint c(2x2) pattern was observed at a coverage of 10 L. This 

replaced a weak p(2x2) pattern that was present at 1 L. This c(2x2) pattern slowly 

increased in intensity and displayed its strongest and sharpest diffraction spots over the 

relatively flat c(2x2) plateau region from 30 L to 70 L, after which it slowly turned into 

rather large and hazy spots before disappearing altogether after a total exposure of 300 L. It 

is important to note that the final disappearance of the c(2x2) structure occurred well after 

the first appearance of the NiO LEED patterns at 150 L. The oxygen coverage showed a 

very rapid increase in the region of 100-300 L that is due to the rapid growth around 

existing oxide nuclei. At approximately 150 Lor 0.85 ~coverage, the individual domains 

of NiO become sufficiently large to be observable with LEED. Two types of LEED 

patterns associated with this oxide are seen, a stronger p(1xl) of Ni0(001) and a weaker 

12-spot ring; the latter is thought to be characteristic of two orientations of NiO( 111) 

rotated 30° apart. At our ambient-temperature exposure conditions, these two LEED 

patterns slowly increased in intensity with increasing oxygen exposure all the way up to 

saturation. As mentioned earlier, the last traces of all c(2x2) structure were finally removed 

at 300 L, but it was not until800-1200 L that the oxygen uptake nearly ceased, indicating 

that the oxide had finally saturated the surface. 
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A careful inspection of the LEED pattern at 1200 L revealed the previously 

discussed splitting of the large and rather hazy Ni0(001) spots into a centered square 

arrangement [13]. From the position of the Ni0(001) spots and their rather diffuse nature, 

it was suggested by Saiki et al. that this is the result of the Ni0(001) overlayer having a 

lattice constant parallel to the surface that is expanded by lf6 relative to the underlying 

Ni(001) substrate. This oxide would thus be under considerable strain due to largely 

incommensurate growth on the underlying Ni(001) mesh. The superposition of (6x6) 

Ni0(001) unit cells on (7x7) Ni(001) unit cells creates a single Ni0(001)/Ni(001) 

superlattice unit cell, which is believed to be the origin of the centered spot splitting that was 

reported earlier. Wang et al. [14] have also subsequently studied the LEED ·spot profiles 

and integrated intensities for this system as a function of temperature. 

As noted earlier, the presence of small islands of NiO that apparently coexist with 

the majority c(2x2) species is thought to be the reason that a very early XPD study by our 

group reported that the oxygen position in the c(2x2) structure is a fourfold hollow site and 

very close to the in-plane position [1, 5]. For such a structure, the diffraction data would be 

strongly affected by the forward-scattering effects from even a small amount of oxide 

present in the near-surface region, especially if the data were taken at grazing emission 

directions, as illustrated in Figure 4(b). In fact, the exposure used to study c(2x2) in this 

prior XPD work was 100 L, and the associated oxygen coverage was -1.0 ML. In the 

present study, we have both used what appears to be a higher quality and less reactive 

surface, and chosen significantly lower exposures to minimize such oxide effects. 

Azimuthal data taken at sufficiently large takeoff angles should, at least in principle, be able 

to detect the presence of buried oxide islands provided that these islands are at least 2-ML 

thick and that they display some kind of epitaxial-like growth. Two such emission 

directions are_ shown by the arrows in Figure 5(a) for 2-ML of Ni0(001) grown on the 

Ni(OOl) surface, and they correspond to oxygen forward scattering, which is expected along 
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the [101] emission direction at 8 = 45° and <t> = 0°, and also to nickel forward scattering 

along the [1 I 11 direction ate= 35° and<!>= 45°. 

In order to search for oxide nuclei effects, a series of 0 1 s azimuthal scans was 

taken at various oxygen exposures from 30 L up to the saturated oxide at 1200 L. The 

curves shown in Figure 6 were taken at 8 = 36°, which is very close to passing through the 

<1il> directions, while those in Figure 7 were takenat e = 46°, close to the <101> 

directions. Here, the experimental data are shown as the solid curves and they were 

compared with the results of different sse calculations, which appear as dashed curves. 

The experimental data at 30 L represents the diffraction pattern for the best c(2x2) overlayer 

(E> = 0.4 ML), 70 L should include some oxide nucleation (0::::: 0.5 ML), 150 Lis the point 

where LEED first detects the presence of NiO (E> = 0.8 ML), and of course, 1200 L 

represents the saturated oxide. Theoretical calculations were done for a c(2x2) overlayer 

with the oxygen sitting in the fourfold hollow sites at the generally agreed upon height of z 

= 0.75 A and for a saturated oxide made up of 2-ML of Ni0(001), but with various cluster 

sizes to mimic the effect of small domains and/or strain. These oxide clusters include a 

minimal five-atom cluster having only shon range order [dark-circled atoms in Figure 5(b)], 

an intermediate-sized 35-atom cluster covering about two unit cells [Figure 5(b)] whose 

an-spacing has been expanded by 0.2 A in an attempt to approximate the expected effect of 

relaxation in the vertical direction in response to the -1.4% compression in both lateral 

directions, and by a much larger, fully converged cluster of -20 A in radius, containing 

approximately 200 atoms. Also shown is the calculated result for a fully converged 2-ML 

thick Ni0(111) cluster, including a summation over two equally populated domains rotated 

by 30° with respect to one another. The theoretical curves make it clear that XPD is 

primarily sensitive to shon range order, as calculations for both the minimal five-atom 

cluster and the intermediate 35-atom cluster contain all of the major diffraction features 

present in the much larger and fully converged 20 A cluster. 
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The experimental diffraction pattern of the saturated oxide in Figure 6 clearly shows 

the effect of strong 0-to-Ni forward scattering at <1> = 45°, and the shape of the curve 

remains essentially unchanged until -70 L where approximately 0.5 ML of oxygen is 

present. The experimental anisotropy has dropped from a high of 28%, down to only 

approximately 7% over this exposure range, and there is a corresponding increase in the 

statistical uncertainty due to a reduction in the 0 ls integrated intensity as the exposure is 

reduced. A similar effect is observed for the primary diffraction features in Figure 7 at 8 = 

46°. The primary peaks are centered at <1> = 0° and 90° and are due to the slightly less 

intense 0-to-0 forward scattering. Qualitatively, the observed oxide diffraction patterns are 

not at all consistent with those expected from NiO in the (111)-orientation; by contrast, they 

are in rather close agreement with the predicted patterns for NiO in the (001)-orientation, 

especially for the minimal five-atom cluster and for the intermediate 35-atom cluster with the 

0.2 A vertical expansion. 

Turning now to the c(2x2) overlayer at 30 L, we see that a comparison of the 

experimental data at 30 L with fourfold c(2x2) theory at z = 0.75 A agrees reasonably well 

with the positions of some of the major diffraction peaks, even though such features are 

very weak, with experimental anisotropies in the 5-9% range and theoretical anisotropies of 

20-4%, respectively. However, certain features in the experimentally-derived curves at 30 L 

appear to represent forward scattering effects due to a small amount of oxide or buried 

oxygen in the subsurface region. This conclusion is based on a filling-in of the central 
\ 

valley with a weak peak at <1> = 45° in Figure 6, and the much clearer oxide-like forward 

scattering peaks at <1> = 0°, 90° seen in Figure 7. These forward scattering peaks in Figure 7 

are quite intense and they persist~down to 30 L, with a significant anisotropy of 8.6%, where 

they greatly exoeed the anisotropy predicted for the c(2x2)0 structure. These peaks thus 

clearly indicate the presence of buried oxygen emitters, probably in the form of small nuclei 

of NiO(OOl) mixed in with the c(2x2) overlayer. An R-factor analysis of the experimental 
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data at 30 L and 9 = 46° (Figure 7) with theoretical curves generated by a simple mixing of 

the c(2x2) structure with various percentages of 2-ML of Ni0(001) resulted in the 

conclusion that about 10-15% of the oxygen atoms are present in such buried sites. These 

results are consistent with a recent STM study of this system by Wilhelm et al., who see 

evidence for oxide island formation at as low as 10 L ~exposure [16]. 

Such high-takeoff-angle XPD data is thus seen to be extremely sensitive to minority 

species that are somehow in subsurface sites, a generally useful characteristic for future 

studies of oxidation and epitaxy. 

4.3. STRUCTURE OF Ni0(001) ON Ni(001)-

In discussing our data for the saturated oxide, we will first consider 0 1 s polar 

scans, and then 0 1s azimuthal scans. Figures 8(a) and 8(b) present 0 1s polar scans for 

both the unannealed and annealed oxide at 1200 L exposure (solid curves), as taken along 

the <101>- and <1 i 1>- azimuths respectively. The accuracy of the shapes and positions of 

these curves was confirmed by comparing scans obtained along the four symmetry

equivalent azimuths 90° apart. These experimental data are also compared in these figures 

to several SS calculations (dashed curves) derived from a variety of clusters. The primary 

diffraction feature observed along the <101> azimuth for the unannealed surface is a strong 

peak centered at 9 = 47.8° which shifts to a lower angle of 9 = 46.6° on annealing. There 

are two other minor features, a weak peak at 9 :::: 39° for the unannealed case which appears 

as a shoulder in the annealed curve, and a weak shoulder at 9 :::: 54 o that is more evident in 

the unannealed case. Along the <1 i 1> azimuth, the unannealed curve shows a single broad 

peak centered near 9:::: 37°-38°, which on annealing sharpens slightly to fortn the primary 

peak centered near 9 :::: 39°; in addition, the annealed data shows weak additional features at 

e = 28° and e = 49°. 
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While simple forward scattering arguments can be used to determine the 

approximate positions of all of the major diffraction features, the actual peak positions are 

pushed upward by several degrees from the ideal <101>- and <1 i 1>-emission directions at 

e = 45° and e = 35.3° respectively. These shifts are furthermore opposite in direction from 

those expected due to electron refraction by the substrate inner potential (V 0 ). In this study, 

a value of 13.2 e v was used as the inner potential for the oxide surface in the sse 

calculations [34], and this results in a downward shift of the external electron trajectories by 

about 0.5° at the polar angles examined. Thus, the observed upward shifts appear to be due 

to real structural effects. 

Assuming for the moment that the oxide overlayer contains at least 2-ML of 

Ni0(001) (we will later with our azimuthal data confmn that Ni0(111) is a minority species 

under our conditions of exposure), the forward scattering peak along the <101>-d.irection 

would correspond to 0-Ni scattering while the peak in the <1i1>-direction would be due to 

0-0 scattering, as indicated in Figure 5. It should then in principle be possible to determine 

whether there is any relative vertical relaxation of the 0 and Ni surface atoms within the 

surface plane from the corresponding shifts in the position of,the forward scattering peak 

from the ideal polar angles of 45.0° and 35.3°. As described in a prior XPDJLEED paper 

on this system by Saiki et al. [13], the two-dimensional lattice constant in, the surface plane 

was deduced from LEED measurements and it was concluded that the oxide was expanded 

by lf6 or 16.7% over aNi= 3.52 A, and that this expansion to aNiO = 4.11 A remained 

essentially unchanged on annealing the oxidized surface. Since the lattice constant of bulk 

NiO is 1.184 times that of Ni, or 4.17 A, there is a residual lateral compression of 1.4% in 

this model. The 1.2° shift of the primary diffraction peak along the <10 1>-d.irection to 

higher polar angle between the unannealed and annealed data thus could be due to a simple 

expansion of the unannealed oxide lattice in the vertical direction so as to reduce the strain 

imposed by being compressed laterally by the underlying Ni(OOl) mesh. Such a shift in the 
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9-angle of 1° to 3° corresponds to a vertical expansion of between 0.1 A to 0.3 A, a 

reasonable amount if the Ni0(001) unit cell is actually trying to conserve its volume when 

compared to bulk NiO. In fact, in conserving volume relative to bulk NiO, the required 

expansion leads to a vertical unit cell height of 4.30 A= an+ a23. or a 0.2 A overall vertical 

expansion relative to the lateral aNiO· In the unannealed data, a similar shift along the < 1 I 

))!>-direction was not so clearly observed; however, the rather broad peak featured in this 

data could easily hide such a shift The annealed data for <1 I 1> shows as much as a 4° 

shift. These results could imply that only the oxygen in the surface plane of the unannealed 

oxide has been displaced upward by"" 0.2 A, as suggested previously [13], but in the 

present analysis, we have expanded our search to include various increases in the an 

spacing (thus moving both 0 and Ni atoms upward equally), as discussed further below. 

Taking the <101> or <1 i 1> data together, Figure 8 shows that the best fit for the polar 

unannealed data is fmally found for an intermediate-sized 35-atom cluster where just the 

oxygen atoms are moved upward by 0.2 A. 

An attempt to model the annealed oxide was done using much larger and fully 

converged clusters of 20 A in radius and with 2-, 3-, and 4-ML thicknesses. While the a;t 

spacing was fixed at the value of aNiO = 4.11 A derived from our LEED results, the an

spacings in the perpendicular direction were allowed to vary. Two interesting observations 

were made. First, for those clusters having no vertical expansions and designated as being 

"cubic", the centers of the diffraction peaks along the <101>-direction were shifted 

downward by 0.5° to e = 44.5°, as expected from simple electron refraction due to the 

surface inner potential. In order to explain the significant observed shift in the opposite 

direction, something more is clearly needed. As shown in Figure 8(a) for the 2-ML, 20 A 

cluster that had a12 increased by 0.2 A, this expansion is sufficient to shift the emission 

direction to the higher polar angles required. The second observation is that, along the 
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<1 i 1>-direction, the most intense diffraction feature in both experiment and theory occurs 

at 8 = 39°-40° and is thus not simply relatable to the 0-Ni forward scattering direction at 8 

= 35.3°. Probably this peak has contributions from higher order interferences whose 

position is sensitive to both the expansion in the vertical direction and to the thickness of the 

oxide fil,m. The best fit for the annealed data in this azimuth is found to be for a 2- or 3-ML 

cluster having either little or no expansion of the vertical interplanar spacing, but the 

evidently more complex nature of the interference effects involved with this direction make 

this conclusion less reliable. 

A rigorous analysis of the polar data using R-factors was not possible due to the 

presence of a non-linear background that is caused by a difficult-to-measure instrumental 

response function for a multilayer thin film [19, 24]. This response function is expected to 

behave roughly as sin e. Data obtained by fixing the polar angle and scanning over 

azimuthal angles do not exhibit such response function effects, and we consider these now. 

Low angular resolution 0 1s azimuthal data were taken for the unannealed oxide 

over the range of e = 43° to 47° in 1° steps, although only the results ate= 43°,45°, and 47° 

are shown in Figure 9. The experimental data (shown as the solid curves) were taken over 

the full 360° azimuthal range and fourfold averaged to improve the statistical reliability 

before being plotted over one quadrant from <)l = 0° to 90°. The primary diffraction features 

are the peaks centered at <)l = 0° and 90°; these correspond to the strong forward scattering 

that is expected along <101> emission directions (see, for example, Figure 5). These strong 

diffraction peaks also exhibit shoulders located approximately 14° to either side of their 

centers; thes~ shoulders gradually decreases in significance as the polar angle is increased 

from e = 43° toe= 47°. There is also a very strong diffraction feature centered at <ll = 45° 

and it too, decreases in relative intensity as the polar angle is increased. As discussed in the 

prior XPD analysis of this system [ 13], this peak appears as a doublet in the annealed oxide 

data (as will be discussed further below), but appears as a singlet in the unannealed data, 

31 



providing a clear indication of the structural differences between the unannealed and 

annealed forms of the oxide. One contribution to the peak at <1> = 45° is first-order 

interference [19] associated with fmward scattering along <101> directions, although other 

fmward scattering processes along higher-order directions also may contribute, as first 

pointed out for XPD from epitaxial Cu(001) films by Bullock and Fadley [37]. The 

anisotropy varies between 2~22% over the entire unannealed data set from 8 = 43° to 47°; 

this is quite low when compared to the annealed data to be discussed later, which yield 35-

53%. These anisotropy results suggest less long-range order and/or smaller domain sizes 

of the individual NiO islands in the unannealed case. 

These observations prompted our use of smaller clusters to simulate the loss of 

long-range order for the unannealed data . In Figure 9, we compare experiment to 

calculation for several different clusters: a 35-atom cluster such as that shown in Figure 5(b) 

in which a.1. and a11 are equal ("no expansion" or "cubic"), the same cluster with the top-

layer 0 atoms moved up by 0.2 A, and the same cluster with an increased by 0.2 A (so that 

both 0 and Ni atoms are moved up). Also shown are theory curves for the minimal five

atom cluster in Figure 5(b). A visual comparison of experiment and theory readily indicates 

that the larger cluster with oxygen , and perhaps also nickel, displaced upward by -0.2 A 

best describes the data, although the agreement is not as good for 8 = 47° as for the two 

lower angles. 

Continuing with the analysis of the unannealed data, we note that the intermediate

size 35-atom cluster covers an area of approximately 5 A in radius or approximately two 

unit cells of NiO and yields results that are very similar in appearance to those of much 

larger 20 A clusters that were used in a prior analysis of annealed XPD azimuthal data [13]. 

In order to better quantitate our analysis of this data, we have carried out an R-factor 

analysis as summed over all of the azimuthal data using Equations (4) and (5), and these 

results for various an-expansions are summru1zed in Figure 10. The filled circles and solid 
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curve represent 2-ML thick, 35-atom clusters whose an-distance has been expanded in 0.1 

A steps from the reference value of the a11-spacing that is fixed at 4.11 A. The best fit is 

found for an expansion of a12 between 0.1 A and 0.2 A, and it is better than what is 

obtained by simply moving the oxygen atoms in the surface plane upward by 0.2 A (upward 

pointing triangle), or by going to the minimum five-atom cluster (downward pointing 

triangle), with the latter two structures displaying about equally good fits. This expanded 

structure is consistent with the results of the earlier polar analysis that suggested a small 

expansion of the an-spacing is needed to match the tilt to higher polar angles of the 

principle forward scattering features. 

Comparing experiment with theory at the optimal an-expansion of0.2 A in Figure 

9, shows excellent agreement at the lower end of the 8-range. Ate = 43°, the positions of all 

of the features are well very reproduced, with the only minor discrepancy being the relative 

peak height of the forward scattered peak at <I> = 0° and 90°. At 8 = 45°, the primary 
I 

discrepancy is that theory predicts too broad a feature at <1> = 45°, a problem which becomes 

worse on going up toe= 47°. The forward scattering peaks and their shoulders are a little 

too well-resolved compared to the experiment and this may indicate that a smaller cluster 

(i.e., less long-range order) would be useful and/or that a greater amount of surface disorder 

and strain may be present than is possible to take into account in the calculations. 

To conclude this discussion of the unannealedoxide data, we find evidence in both 

polar and azimuthal data for vertical displacements in the top layer by approximately 0.2 A, 

although the closeness of the R-factors for the several structures explored does not permit 

ruling out some ItJ.ixture of structures with 0, as well as Ni, shifted upward, and with less 

long-range order than our 35-atom cluster possesses. In fact, the (6x6) Ni0/(7x7) Ni 

superlattice that has been proposed previously [13] would be expected to lead to regions of 

more order/less strain and less order/higher strain over the superlattice unit cell. Thus, the 

XPD measurements will certainly be averaging over a number of local environments, and the 

33 



best we can hope to do from this kind of analysis is to estimate the average or most typical 

type of structure. 

We now consider analogous azimuthal data for the annealed oxide over the 8 = 43°-

470 range, but with the important difference that the angular resolution is now significantly 

better at ±1.5°. These experimental data also were taken in 8 steps of 1°, with the entire set 

being shown in Figure 11. The anisotropies of the experimental curves vary from a low of 

36% up to a very high value of 53%, and there is much more fine structure than in the 

unannealed data of Figure 9. These curves posses a remarkable sensitivity to small changes 

in 8 that has also been seen in the high-resolution work by Osterwalder et al. [38] on Ni 

2P3!2 substrate emission from clean Ni(OOl). 

Figure 11 shows that the primary diffraction features common to this set of curves 

are the strong forward scattering peaks that appear along the <101>-equivalent directions at 

4> = 0° and 90° (as seen also in Figure 9). The central region at <1> = 45° exhibits a wide, 

mesa-like peak at 8 = 43°. This peak splits into a doublet as the emission angle is raised 

above 8 = 44°, and this doublet is best resolved at 8 = 45°. Other experimental diffraction 

features include a somewhat weaker peak that is strongest for 8 = 43° and centered at <1> = 

10°-22°; this peak continuously decreases in height as the polar angle is increased, 

essentially disappearing at 8 = 47°~ Finally, a small shoulder is observed at 8 = 43° and<!>= 

23°, and this gradually increases in size until it is a well-defined although rather weak peak 

at 8 = 47°. It is thus clear from Figure 11 that the richness of the diffraction fine structure 

can be used to clearly differentiate curves separated by only 1 o in polar angle! 

These high-angular-resolution annealed azimuthal data were also analyzed by 

comparing them to theory with the summed R-factor (RI) discussed earlier. SSC 

calculations for a cluster of 20 A in radius containing approximately 120 atoms per layer 

were done to determine the best structural fit, and such large clusters were found to be 

necessary to predict of all the diffraction features present . Based on a preliminary XPD 
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analysis of this system [13] which showed that the best visual fit for the annealed oxide was 

with 2-ML of Ni0(001), a number of calculations were done to both check this and to see 

whether clusters having an expanded a.1 lattice constant might better describe the data. In 

Figure 12, several theory curves are compared to experiment fore= 43°,45°, and 47°, and 

in Figure 13, the summed R1 results for a variety of structures are shown. The curves for 2-

, 3-, and 4-ML of cubic oxide (no vertical expansion) all predict the locations and relative 

intensities of the experimental diffraction features very well, with the summed R 1 results in 

Figure 13 (shown as the open circles connected by the line) yielding a better fit for 3-ML of 

oxide. The prior XPD analysis [13] only looked at the azimuthal results ate= 35° and 45°, 

with both polar angles including emission directly along low index directions, and so was 

not as sensitive as the present data set to minor differences with thickness. 

The structural parameters for the annealed oxide were also further adjusted by 

allowing various expansions in both the an- and a23-spacings. An expansion of the 2-ML 

NiO(OO 1) model so as to increase a 12 by 0.1 A (shown in Figure 13 as the solid circle) 

results in a significantly higher R-factor, and other larger expansions are off scale and give 

rise to noticeably poorer fits. After a number of trials, we determined that the best summed 

R1 fit was for a cluster having an unequal a_1-expansion; that is, the an distance was found 

to be increased by 0.1 A, with no expansion in the a23 separation over the reference cubic 

structure where a.1 = a11 = 4.11 A (point denoted by a filled diamond). For this structure, 

the comparison between experiment and theory shown in Figure 12 is excellent throughout 
• 

the lower e-range, with some minor discrepancies in the mid-<)> range arising by the 

maximum e = 47°. 

For the annealed oxide data, the polar and azimuthal results are again consistent, 

both indicating 2-3 ML of highly ordered oxide with domains at least 20 A in radius and an 

an expansion by about 0.1-0.2 A. Beyond this, we note that our XPS intensity analysis of 

the unannealed oxide indicates a total of 4-5 ML of oxide, whereas the XPD results are best 
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fit for 2-3 ML. Thus, if we ~sume the total thickness of the annealed oxide to be at least 

4--5 ML thick also, the bottom 1-2 layers of it may be much more strained, with stacking 

faults and defects that could wash out diffraction features. 

We turn now to low-e (grazing-emission) azimuthal data for the unannealed oxide 

to see what further they can tell us about the structures involved. The contrast between the 

diffraction patterns of c(2x2)0 and of the unannealed oxide are readily apparent in a series 

of 0 ls azimuthal scans taken at e = go, 11°, 14°, and 17°, as shown by the solid curves in 

Figures 14 and 15. These experimental data were taken forthe onset of the sharpest c(2x2) 

LEED spots (30 L) and for the fully saturated oxide (1200 L). The anisotropies remained 

fairly constant over this angle range, varying between 19% and 22% for c(2x2) and between 

17% and 21% for the unannealed oxide. The experimental oxide curves were compared to 

single-scattering cluster calculations for two layers of Ni0(001) having an intermediate

sized cluster of 35-atoms with an expansion of a12 + 0.2 A and for a cubic cluster about 10 

A in radius, with the former being the structure determined from the analysis of the data at 

higher e values. The data for the c(2x2) structure at 30 Lis compared with calculations for 

a c(2x2) overlayer occupying the fourfold hollow site at a z-value of 0.75 A. (This will be 

·seen below as our final structure from this study, in excellent agreement with other recent 

experimental and theoretical work [15]). 

The experiment/theory comparison for the oxide in Figure 14 at e = go and 11 o is 

very good to excellent, with all of the peak positions and most of the relative intensities very 

well described for either cluster. In Figure 15 at e = 14 °,. theory predicts too small a peak 

along <1> = 0° and 90°, and also incorrectly predicts the central peak at <1> = 45° to be a 

doublet. Ate= 17°, theory once again describes the experiment very well, especially the 

doublet centered at <1> = 45°, but while the 35-atom cluster fails to predict a major peak 

centered at <1> = 0° and 90°, this feature is very well described using the slightly larger 10 A 

cluster. The difference could be due to a larger effective scattering region for the 
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photoelectrons along the surface due to the lower takeoff angles involved here. Thus, these · 

data may be sensitive to scatterers further out along the chains of 0 and Ni scatterers than 

expected. As one reason for the observed inadequacy of the 35-atom cluster of Figure 5(b) 

in describing such low-e emission, it possesses only a single forward scattering atom along 

the q, = 0° and 90°, which is insufficient to provide the additional intensity to form the 

required diffraction peak along this direction for the experimental data at e = 14 ° and 17°. 

We have also analyzed these low-e unannealed oxide data via R-factors for different 

structures (see Figure 16) and we find that sse calculations using the larger 2-ML, 20 A

radius clusters yield summed R1's (shown as the open diamonds) that are lower than those 

from the 35-atom cluster (open squares). This analysis clearly rules out the minimal five

atom cluster (downward pointing triangle) and it also leads to the conclusion that a modes·t 

increase in the cluster size to 10 A (shaded circles) gives a somewhat better fit for all vertical 

expansion values. The optimal structure is a 2-ML,lO A cluster, with no expansion in the 

an-spacing. This lack of an an increase for these grazing-emission data is thus at first 

sight in disagreement with the analysis of the polar- and azimuthal-data for higher takeoff 

angles considered previously. This difference between the low- and high-angle data is not 

however very large, and it may be due to an effectively longer range along the surface that is 

seem for grazing emission. High takeoff angles should be more sensitive to the local 

environment around an oxygen emitter, and we thus believe that these data overall provide 

evidence for an expansion in an, even if this is not evident in Figure 16. 

It is also worth noting in concluding our discussion of the annealed oxide that our 

annealing temperature of approximately 523 K is, according to a recent XPS study by Hall 

et al. [30], probably not high enough to produce significant oxide layer thickening that can, 

for temperatures of 100 K or more above this, lead to oxide islands of as much as 50 A in 

thickness. 
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4.4. STRUCfURE OF c(2x2)0 ON Ni(OOl)-

A series of four 0 ls azimuthal scans were performed at 30 L oxygen exposure and 

for the polar angles of go, 11°, 14° and 17°, as shown already in Figures 14 and 15. As 

mentioned earlier, even at this low oxygen exposure, we estimate that between 10 and 15% 

of the 0 atoms are in the form of small oxide islands. We expect such oxide/subsurface 

species to be more important for higher e values due to the enhanced electron emission 

from deeper layers and/or the influence of subsurface oxygen that is responsible for certain 

forward scattering peaks. We have thus tried to estimate the relative contributions of 

c(2x2)0 and oxide nuclei of2-ML and 3-ML thickness, as normalized to unit surface area. 

If we neglect the effect of diffraction on the XPS intensities, the intensity ratios (0 1 s, 

c(2x2)0)/(0 1s, 2-ML NiO) per unit area are 1.1 ate= go, 1.4 at 11 o, 1.6 at 14°, and 1.g at 

17°. The corresponding numbers for 3-ML of NiO are 1.2, 1.6, 1.9, and 2.2, respectively. 

Therefore, in order to minimize the effect of this oxide interference, we have carried out our 

c(2x2) structural analysis only for the lowest two grazing angles of e = go and 11 o. The R

factor analysis of these low-e azimuthal data was done for a wide range of z-distances, but 

only the region between 0.60 A and 0.90 A is shown in Figure 17(a). These sse 
calculations used a large clusters of 20 A in radius to insure full convergence of all the 

diffraction features, and they were done for the oxygen residing in both the fourfold hollow 

sites (shown as the solid curve) and in various pseudobridge sites having offsets of 0.1 A 

(long dash curve), 0.3 A (short dash curve) and 0.5 A (dot-dash curve). The Rt result for 

the pseudobridge structure reported by Demuth et al. [10], is indicated by the filled circle. · 

In Figure 17(b), we also address the question of whether the fiveR-factors 

considered previously yield similar structural conclusions. For adsorption in the fourfold

hollow site, we here show curves for summed Rt, R2, R3, R4, and Rs as a function of z. It is 

most encouraging that all of Rt, R2, R4, and Rs yield the same z value to within about ±0.02 
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A. R3, which is less analytical, in being just a percentage of the interval over which the 

slopes disagree, shows less regular behavior, and the largest shift in position from the Rt 

reference, although even here, the difference in optimum z is only 0.04 A. We have made 

similar checks for other cases, and have concluded that the use of Rt only is sufficiently 

accurate. 

Overall, the best fit to the XPD data is thus found to be for the fourfold hollow site 

at z = 0.75 A± 0.05 A, which is slightly better than for the best pseudobridge site at z = 

0. 7 4 A and a very small offset of 0.1 A, and is considerably better than the previously 

proposed pseudobridge structure with its uncertainty. Note that the pseudobridge site 

requires four separate domains, each offset along the <110>-equivalent directions, so the 

average emitter position is in this sense not much different from that for emission from the 

fourfold hollow site. Curves derived for our optimum fourfold site are compared to 

experiment in Figures 14 and 15. Agreement is excellent for the two lowest 9 values, but 

not as good fore= 14° and e = 17°, probably due to interference from oxide or buried 

oxygen. Our fmal z value, while somewhat lower than some of those previously reported 

[1], is in excellent agreement with the most recent multilayer LEED and theoretical 

calculations [15] of this system. We summarize some of the prior structural parameters 

derived for this system in Table 1; included here are results from low energy elec;tron 

diffraction (LEED) [15], total energy calculations [15], angle-resolved photoemission fine 

structure (ARPEFS) [6], surface extended x-ray adsorption fine structure (SEXAFS) [12], 

and ion scattering spectroscopy (ISS)[11]. 

Figure 18 compares experiment (solid curve) with theory for the optimum fourfold 

hollow geometry (long dash curve) and the pseudobridge site of Demuth et al. (short dash 

curve) [ 1 0]. The visual agreement is excellent for either structure at 9 = 8°, with all of the 

major diffraction features and relative intensities being very well described, but the fourfold 

hollow is definitely better at 9 = 11°. At 9 = 8°, the fourfold hollow curve seems to better 
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describe the depth of the valley at <1> = 45° and the relative intensity of the doublet centered 

there, but does a poorer job at determining the relative height of the weak doublet centered at 

<1> = 0° and 90°. This relatively minor misfit at this polar angle gives the pseudobridge site a 

marginally better R1 value (0.024 versus 0.030). Ate = 11°, the fourfold hollow site does a 

significantly better job in predicting the relative intensities of the doublet centered between <1> 

= 15° and 30° and its mirror equivalent between <1> = 60° and 75°. In particular, the peaks at 

<1> = 28° and 62° are much better predicted and this is reflected in the much lower R1 value 

for fourfold (0.011 verses 0.024 for the pseudobridge site). 

As a final general aspect of using such low-e data to determine the surface 

structures, we note a potentially confusing type of behavior that has been observed in the R

factors of individual azimuthal scans as the structural parameter z is systematically varied. 

The tendency is to have a minimum R-factor near the optimum z-distance and then to have 

periodic local minima at somewhat higher z's, as illustrated in Figures 19(a) and 19(c) for 

fourfold comparisons to experiment ate= 8° and 11 o, respectively. The most likely 

explanation for this quasi-periodicity is pathlength-related variations of the phase between 

the direct photoelectron wave and its components scattered off the dominant nearest

neighbor Ni scatterers. A schematic of a general scattering geometry is shown in Figure 20. 

These phase changes of the scattered wave are due to both changes in the geometric path 

length difference and the scattering phase shift, with the equation describing the locations of 

successive orders n of constructive interference being: 

Ae 
nA.e = rj(1- cos9j) + ~'Jij(9j)] , (6) 

where rj =the distance to the jth scatterer = V z2 + dl, Sj =the associated scattering angle= 

9 + "(= 9 + tan-l(z/d), 'Jij(9j) =the scattering phase shift, and Ae =the electron De Broglie 

wavelength. Using \jlj(Sj) values from a plane-wave calculation, a nearest-neighbor Ni 
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distance of d = 1.762 A, Ae(954 eV) = 0.40 A, and an electron emission angle of 8 = 8°, we 

find that z = 0.65 A for n = 1. Other minima are calculated to be at z = 1:20 A for n = 2 and 

at z = 1.66 A for n = 3 before passing beyond the z-range of the available R-factor data. In 

the same way, z values up to n = 4 have been calculated for 8 = 11 o. These values are 

indicate4 in both Figures 19(a) and 19(c) as vertical arrows, and they provide a good 

estimate of the rate at which the overall phase of the waves scattered from the nearest

neighbor Ni atoms changes by 2rt. The fact that the minima in R-factors calculated 

between exJ>eriment and a large-cluster calculation have essentially the same distances 

between them for both cases is strong evidence for our explanation of this periodicity. 

To further test our hypothesis concerning the origin of these oscillations in R

factors, we have perfonned additional two-atom cluster calculations. In Figures 19(b) and 

19(d), two-atom SS calculations involving only one oxygen emitter and one nearest-

neighbor nickel scatterer have been compared using the R1 criterion. Based on the . 
observation that the minimum in Rt occurs in the experiment/theory for z = 0.80 A at 8 = 

go, and for z = o. 10 A at 8 = 11 o, we have used these same two theory curves as references 

for comparison in the R-factor analysis; thus we have a two-atom theory-to-two-atom theory 

comparison resulting in an Rt = 0.00 at these two z-distances. Any effects due to the 

scattering phase shift will thus automatically be included here. It is striking that we find in 

these two-atom calculations a series of local minima that exactly matches the periodicity 

observed in the analysis of the experimental data shown in Figures 19(a) and 19(c). 

Summarizing this analysis, the primary contributor in producing these R-factor 

oscillatio~s with z is the nearest-neighbor Ni scatterer and we have have been able predict 

the position of the local minima to with a few tenths of an angstrom using Equation ( 6). 

Although such oscillations are well known in LEED R-factor optimizations [39], this is the 

first time to our knowledge that they have been seen in XPD. Such oscillations are expected 

to be general effects in the analysis of such low-8 data from adsorbates, and considerable 
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care should be exercised to be sure that a local minimum is not mistaken for the true 

minhnum. 

5. CONCLUDING REMARKS: 

The interaction of oxygen with Ni(OOl) is quite complex and it fully deserves the 

extensive effort put forward to date in an attempt to identify the geometric structures of the 

various species that grow on this surface. In this study, XPD and LEED have been shown 

to be a powerful combination of techniques for monitoring the growth of these various 

surface species from submonolayer adsorption to the saturated oxide. All exposures were 

done at at ambient temperatures. From our data, we find that the c(2x2)0 structure is 

optimal at approximately 30 L and 0.38 ML coverage. LEED measurements indicate that 

this c(2x2)0 pattern displays its sharpest and most intense spots for oxygen exposures 

between 30 and 70 L. At higher oxygen exposures, NiO island formation is first observed 

in LEED for a 150 L exposure and 0.85 ML coverage, with two orientations of the oxide 

being observed; these are the minority Ni0(111) and the majority Ni0(001). This oxide 

diffraction pattern is quite apparent well before the fmal disappearance of the c(2x2) spot 

pattern at 300 L. Saturation of the Ni(OOl) surface in this study was somewhat arbitrarily 

set at 1200 L, a point at which a significantly larger oxygen exposures did not appreciably 

increase the oxygen coverage. XPS intensities with proper allowance for inelastic 

attenuation in the overlayer yield a saturation cover of 4-5 :MI... of NiO that is larger than 

that derived in some prior studies; however, only 2-4 ML of this overlayer are found to be 

sufficiently ordered to lead to the well defmed XPD patterns observed. 

Using combined polar- and azimuthal-XPD data, we furthermore fmd clear evidence 

that oxygen burial and/or oxide nucleation occur well before the end of the c(2x2) 

"plateau". The presence Of SUCh·SUbsurface O'_{ygen is a likely factor in earlier reports of an 
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in-plane phase for the c(2x2) structure that were done at higher coverages near 0.5 ML. 

Later studies done at coverages near 0.35-0.40 ML can also be affected by oxide nuclei if 

the technique is particularly sensitive to subsurface oxygen and no precautions have been .. 
undertaken to minimize the interference between the two types of oxygen. 

The unannealed saturated oxide grown at ambient temperature forms a superlattice 

structure that is expanded in the parallel d.i!ection by very nearly lf6 relative to Ni(001), as 

based on the dimensions of the LEED spot splitting that has been discussed in a prior paper 

by Saiki et al. [13]. A series of XPD data, some taken at a high angular resolution of ±1.5°, 

show a very strained unannealed Ni0(001) overlayer of approximately 2-3 ML in thickness 

having a lattice parameter (a12) in the vertical direction that is expanded by about 0.2 A. 

The size of the individual domains are rather small, averaging between 5 A and 10 A in 

radius. Annealing the surface very briefly to 523 K results in a noticeable increase in order 

in both the vertical and horizontal directions. Annealing is further found to increase the 

average thickness of the ordered oxide to between 2- and 4-ML, and the higher angular 

resolution data permits estimating relative vertical interplanar spacings. We fmd the a23-

spacing to have no expansion, while the two layers closest to the surface, as given by the 

an-spacing, have a slight expansion of 0.1 A. 

We have also determined the structure of the c(2x2) overlayer. Grazing emission 

angles were used to enhance surface sensitivity. Nonetheless, there will be some 

interference of the 0 signal from buried NiO due to the presence of in-plane chemisorption 

sites in oxide nuclei distributed over the more widely dispersed c(2x2) geometry. 

Comparing theoretical calculations of mixed c(2x2)0 and vertically-expanded NiO with 

experiment yields an estimated 10--15% contribution of NiO to the c(2x2)0 intensity at the 

optimal exposure of 30 L. By further restricting the azimuthal data analyzed to only the 

lowest two e values of 8° and 11°, we further suppress this interference due to subsurface 

oxygen and we fmally find the optimal geometry to be for oxygen residing in the fourfold 
• 
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hollow sites at a z-distance of 0.75 A. The R-factor for this structure is lower than that for a 

previously proposed pseudobridge site. 

More generally, the results presented here illustrate the utility,.,of XPD, together with 

single scattering calculations and simple R-factor analysis, for determining structures 

present in an epitaxial-like overlayer that contains significant amounts of strain due to a 

misfit of the lattice parameters in the lateral directions. With the development of higher 

intensity x-ray sources such as those using synchrotron radiation, the routine use of higher

angular resolution studies should pennit the study of even deeper lying structures, for 

example, for buried interfaces, clusters or islands on the surface. 
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Table 1 

Values of z and dn from selected techniques. The multilayer LEED result changes to z = 0.85 A if the dn spacing is fixed at the 

bulk value of 1.76 A. 

Parameter I XPD 
z 0.75±0.05 A 

dn 
Reference [a] 

[a] This work 

[b] Reference 15 

[ c] Reference 6 

[d] Reference 12 

[ e] Reference 11 

Multilayer 
LEED 

0.75±0.04 I> 
1.86±0.02 A 

[b) 

' 

Total Energy ARPEFS SEXAFS ISS 
0.84±0.01 A 0.90±0.04 A 0.88±0.04 A 0.86±0.1 A. 
1.76 A(fixed) 1.85±0.03 A 

[b) • [c) [d) [e) 

VI 
0 



FIGURE CAPTIONS: 

Figure 1. A schematic of the principle surface strUctures that appear on Ni(OOl) under 

ambient-temperature oxygen exposures from approximately 30 L up the 1200 L. (a) Very 

rapid atomic' 0 adsorption leading to a c(2x2) overlayer. The c(2x2) structure results in a 

temporary reduction of the oxygen uptake as all available dissociation/chemisorption sites 

are filled. (b) Formation of small oxide nuclei well before the ideal c(2x2) coverage of 0.50 

ML is reached. At ambient temperature, these islands are thought to be predominantly NiO 

in the [001] orientation and they have been estimated to be between 2- and 3-ML thick. (c) 

Continued lateral growth at the oxide perimeters on additional oxygen exposure in the range 

of70 to 600 Land a corresponding reduction in the c(2x2) structure. (d) Saturation of the 

oxide overlayer is reached at -1200 L and two, very distinct epitaxial orientations have been 

detected. The majority oxide is in the (001)-orientation, while a minority (111) species has 

also been observed. (e) Annealing briefly to 523 K for about five minutes results in a 

vertical thickening of the oxide islands and the appearance of oxygen-depleted regions 

indicated by the reappearance of the c(2x2) structure. 

Figure 2. General geometry of our experiment, showing the directions of the polar (8) 

and azimuthal($) specimen rotations. The angle a was fixed at 72° for the HP 

spectrometer and at 48° for the VG spectrometer. Al Ka radiation (hv = 1486.6 e V) was 

used in either case. The surface normal of the specimen is the [001] direction of nickel, and 

<l>- is measured with respect to [100]. 

Figure 3. (a) XPS oxygen coverage data (solid curve) as a function of oxygen exposure 

and associated LEED observations from the clean surface up to 1200 L. Also shown are 

the 0/Ni Auger ratio data of Wang et al. (dashed curves) at substrate temperatures between 
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300 K and 400 K. The Auger curves have been normalized so that the result at 400 K 

crosses the XPS curve at 30 L. The XPS observation direction was chosen to represent an 

average Ni 2P312 intensity from the surface and thus to avoid the enhancement of 

photoemission intensity commonly found along low-index rows of atoms. The XPS 

coverages here do not allow for attenuation in the oxide overlayer, and thus represents lower 

bounds. (b) As in (a), but a close-up of the critical 0 L to 120 L region that spans the 

c(2x2) overlayer regime. 

Figure 4. Two of the primary surface structures of interest here are: (a) the fourfold-

hollow c(2x2) structure occurring at submonolayer coverages of less than -0.5 ML and (b) 

the saturated oxide in (00 1) orientation, which forms at coverages of 2-ML or more. 

Grazing electron emission angles were used to obtain surface-sensitive diffraction 

information, while larger takeoff angles were used to probe the deeper subsurface structures, 

especially of the second and deeper lying oxygen emitters of the oxide. 

Figure 5. (a) A schematic drawing of an ideal2-ML of Ni0(001) grown on Ni(001), 

with the oxide overlayer having a lattice constant parallel to the surface that is expanded by 

lf6 relative to the underlying Ni(001) substrate. The two bold arrows correspond to oxygen 

forward scattering along the [101] emission directions at a polar angle e = 45°, and to nickel 

forward scattering along the [1 I 1] directions at e = 35.3°. (b) Two types of clusters used in 

our theoretical analysis: an intermediate-sized 35-atom cluster, 2-ML thick, that spans 

approximately two unit cells, and a minimal five-atom cluster ( one emitter plus four 

scatterers) shown here as those atoms with the heavier outline, 

Figure 6. Experimental 0 1s azimuthal scans taken along e = 36.3° (very close to the 

<1 I 1> direction at 35.3°), with a standard ang.ular resolution of ±3.0° and for a series of 
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oxygen exposures from c(2x2) at 30 L up to the saturated oxide at 1200 L. These curves 

are compared to sse calculations for fourfold hollow c(2x2) oxygen at z = 0.75 A and for 

saturated oxide made up of 2-ML of Ni0(001) having various cluster sizes to explore the 

effect of domain size and strain on the diffraction patterns. Also shown is the calculated 

diffraction pattern for 2-ML ofNiO(lll) having long range order. 

Figure 7. 

45°. 

Figure 8. 

Same as Figure 6, but for 9 = 46°, which is close to the <101> direction ate= 

(a) Experimental polar scans of the 0 1s intensity along the <101> azimuth, 

obtained under high angular resolution of ±1.5° before and after a quick anneal of the 

saturated oxide to 523 K, are compared to theoretical diffraction calculations for a variety of 

clusters. The position of the forward scattering peak along the <101> direction is used to 

determine the interplanar separation of the oxide in the Ni0(001) overlayer. (b) As (a) but 

along the <1 i 1> azimuth. 

Figure 9. Experimental fourfold-averaged 0 1s azimuthal scans of the unannealed 

saturated oxide ate = 43°, 45°, and 47° are compared to theoretical c_alculations for 

intermediate-size 35-atom clusters incorporating various structural distortions as described 

in the text, as well as for a minimal five-atom cluster. 

Figure 10. Sums of R1 R-factors comparing different theoretical calculations to the five 

azimuthal scans ate= 43°, 44°, 45°, 46°, and 47° for the unannealed oxide data summarized 

in Figure 9. 
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Figure 11. High angular resolution 0 1 s azimuthal experimental data from an annealed 

oxide overlayer for five closely spaced polar angles near'[l01]. 

Figure 12. Similar to Figure 9, but after a quick anneal to 523 K and obtained with a high 

angular resolution of ±1.5°. Theoretical calculations are for fully converged clusters of 20 

A in radius that were found to be necessary in order to predict all of the diffraction features 

present. 

Figure 13. Summed R1 results similar to Figure 10, but this time for the high angular 

resolution annealed oxide azimuthal data of Figures 11 and 12. 

Figure 14. Experimental azimuthal scans of the 0 1s intensity for c(2x2) oxygen (30 L) 

and the unannealed saturated oxide (1200 L) at (a) 8 = 8° and (b) 8 = 11°. These curves are 

compared to sse calculations for the c(2x2) overlayer residing in the fourfold hollow at z = 

0.75 A and for the oxide to calculations for a 35-atom cluster having an an expansion of 

+0.2 A, as well as for a 2-ML NiO(OOI) cluster of 10 A in radius. 

Figure 15. As Figure 14, but for (a) 8 = 14° and (b) 8 = 17°. 

Figure 16. Summed R1 results for the unannealed oxide azimuthal data shown in Figures 

14 and 15. 

Figure 17. (a) Summed R1 results comparing the c(2x2) azimuthal data taken at the 

grazing emission angles of 8 = 8° and 11 o to theoretical calculations comparing the fourfold 

hollow and the pseudobridge bonding site. (b) Comparison of all five summed R-factors 

for the fourfold hollow site. (See definitions of R1. R2, R3, R4, and Rs in the text.) 
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Figure 18. Comparison of experimental and theoretical azimuthal curves for the c(2x2)0 

structure at a = go and 11 o. Theoretical curves are for the optimal geometry based on the R 1 

analysis of the fourfold hollow (z = 0.75 A) and for the pseudobridge site proposed by 

Demuth et al .. 

Figure 19. (a) and (c) Height-dependent R-factor analysis comparing experiment to the 

fully converged fourfold hollow theory at a= go and 11°, respectively. The downward 

pointing arrows indicate the' expected positions of the different orders of constructive 

interference between the direct wave and a wave singly scattered from the nearest-neighbor 

Ni atom, as calculated from Equation (6). (b) and (d) Analogous R-factor comparisons of 

theory to theory in which only the nearest-neighbor Ni scatterer is present in a two-atom 

cluster. In (b), the two-atom curve at z,.; o.g A is used as the reference, and in (d) the curve 

at z = 0.7 A is used 

Figure 20. Geometry of the nearest-neighbor scattering interaction, illusrrating the 

pathlength difference involved in producing the oscillations in Figure 19. 
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