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X-ray photoelectron diffraction of NiO: Experiments and calculations
in an extended single-scattering-cluster model
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We present a set of polar-angle-dependent x-ray photoelectron spectroscopy (XPS) measurements
obtained from single-crystalline NiO, in situ cleaved and ion bombarded. The intensities of the 0 18
and Ni 2p XPS peaks show characteristic x-ray photoelectron diKraction e8'ects with intensity max-
ima in the low-index directions (e.g. , [001], [101],[102], and [103]). The relative height of the maxima
can partly be deduced from crystal geometry and scattering strength of 0 and Ni (derived from
the atomic scattering factors), where 0 is a much weaker scatterer than Ni. Nevertheless it turns
out that 0 plays an important role as a scatterer in these experiments, especially considering the
0 ls emission along [101]. Experimental observations are compared to calculations for an improved
single-scattering-cluster (SSC) model including a simulation of multiple scattering. This addition
turned out to be necessary in order to get reasonable agreement of experiment and calculation while
still retaining most of the ease and clarity of the original SSC model.

I. INTRODUCTION II. EXPERIMENT

The intensity of x-ray photoelectron spectroscopy
(XPS) signals from ordered structures depends systemat-
ically on the direction into which the electrons are emit-
ted. This effect is known for about 20 years since the pio-
neering work of Siegbahn and co-workers ' on NaCl and
is commonly described as x-ray photoelectron diffraction
(XPD). During the last years a number of attempts to
understand and to quantify the observations have been
carried out (see reviews in Refs. 3—8). The basic phe-
nomenon is elastic scattering of the outgoing photoelec-
tron on the surrounding (e8'ective) atomic potentials.
The typical energy for this kind of experiments is well
above a few hundred eV. In this energy regime scatter-
ing on an atom leads to an enhancement of the intensity
for small scattering angles. ' This forward scattering
can also be described as "forward focusing" because the
scattering atom acts like a focusing lens for the electron
passing by. Maxima in the intensity variation can in
principle be attributed to directions of neighboring atoms
and thus give information on the structure of the surface
region. Besides this, forward focusing can have a sig-
nificant infIuence on the quantification of XPS data as
shown in Ref. 13.

In this work we will present XPD spectra of cleaved
NiO surfaces obtained under various polar and azimuthal
angles. We will try to give an explanation for the observa-
tions and compare the spectra to calculations within the
single-scattering-cluster (SSC) model. We will present
an approach taking into account effects of multiple scat-
tering which gives a much better agreement with the ex-
periment.

The measurements presented here were carried out in
a VG ADES-400 angle resolving spectrometer equipped
with a dual x-ray anode at a base pressure of about 10
mbar. This machine is equipped with a movable analyzer
that can be rotated within two perpendicular planes. In
all the experiments the direction of the incident light was
kept fixed with respect to the sample at an angle of 72 to
the surface normal. The detector direction (and thus the
exit direction of the electrons) was varied by moving the
analyzer. A sketch of the geometry is shown in Fig. 1.
Except for two spectra, all measurements were carried
out in the plane defined by the direction of the incoming
light and the surface normal. The angular resolution for
our system is about 2.5'. The energy resolution is about

[010]

x —r

[& oo]

detector

FIG. 1. Experimental geometry for the measurements in
the (010) plane. Additionally the analyzer can be tilted per-
pendicular to the indicated plane.
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0.7 eV at a pass energy of 50 eV. Al Kn (he@ =o, ~ = 1486.7
eV) was used for excitation.

Single-crystalline surfaces of Ni0 were prepared by
cleaving xn si u ~~t'(UHV conditions) with a special y e-

d tool. By this procedure we obtain near y per ectslgne oo .
and absolutely clean (001) surfaces (cf. Refs. an ).

III. EXPERIMENTAL RESULTS

All measurements were carried out on cleaved (001)
surfaces of NiO single crystals. The data presented here
were obtained by measuring 0 1s and Ni 2p XPS spectra
as a function of the polar angle of the emitted electrons.

Ni 2 and 955 eV for 0 ls (see Fig. 2). The presented
XP spectra are shifted to lower kinetic energies due to
static sample charging as Ni0 is an insulator.

In the following we will use the term "XPD spec rum"
for the intensity of the corresponding XP spectrum as a
function of the polar angle (with respect to the surface
normal). Each point in the XPD spectrum was obtained
from a complete XPS spectrum. The intensity was deter-
mined &om the peak area after subtracting the inelastic
background with an algorithm developed by Tougaar
see, e.g. , Ref. 16). For the measurements obtained from

the s uttered sample we took the maximum intensities
(after background subtraction). The resulting spectra
were smoothed using cubic splines. Both data and sp ines
are presen e in et d the Ggures. Except for two data sets a
XPD spectra presented here were measured wit in t e
(010) plane (perpendicular to the sample surface).

A. Cleaved NiO surface

In Fig. 3 XPD spectra for 0 1s and Ni 2p in two difer-
ent azimuths are shown. The step width for these spectra
is 1 . As it turned out that the intensity variations are

following measurements were carrie = K'doutatT =90K
(liquid nitrogen temperature). Within our energy resolu-
tion, which is mainly determined by the linewidth of the
nonmonochromatic x-ray light, we found no evidence for
adsorption of OH on the clean surfaces. (Adsorbed OH

groups lead to a satellite feature 1.8 eV apart from the
main line. ) (010) in Fig. 3 indicates the (010) azimuth.
The two measurements labeled 110 were obtained y si-

ment is along 110 for small angles and deviates a bit for
larger ang es.l . This deviation was taken into account in
the calculations shown later and, for a qualitative discus-
sion, this is close enough to 110.

All f XPD spectra exhibit a clear variation as aour
ouncedfunction of the polar angle. They all show a pronounce

maximum in normaormal emission. Besides this the (010)
spectra show maxima between and 30' and around
45', whereas the 110 spectra show a broad structured
maximum at around 35' and a weaker one between 50

that theand 60 . Another point worth mentioning is tha h
spectra are not symmetric wit r pes ect to the surface
normal (as far as can be seen &om the angular range
shown here). For higher angles the intensity drops.

To show the connection between these measurements
and the crystal geometry, we plotted the spectra as polar
plots in igs. anF' . 4 d 5 together with a cut through the
crystal in the plane of the measurements. The emitting
atom is situated in the lower left of each figure, lines
indicate directions to the nearest neig bors.

B. Ion-bombarded NiO

F 6 bows the inQuence of argon ion born ar menment
on the XPD spectra. Sputtering destroys (or at least
disturbs) the surface ordering. On the other han it is
known that lighter 0 atoms are expelled more easily than
heavier Ni atoms (preferential sputtering was reported
in Refs. 17 and 18). So it is interesting to look at the
changes in the XPD spectra.

The sample was sputtered at room temperature by 3
keV Ar ions (incident perpendicular to the surface) for
severa minu es inl t ' the first case and for another few min-
utes in the second case. This led to changes in the 0 1s
XPS spectrum [shown in Fig. 7(a)j. At lower kinetic en-
ergy an a i iona sdd t al structure appears. The intensity o
this satellite varies smoothly and does not exhi it any
pronounced features. The intensity of the satellite was
calculated from curve fits as indicated in Fig. 7(a).

Along with this the Ni 2p XPD spectrum gets washed
out. After the second sputtering the only prominent fea-
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FIG. 2. XP spectra of Ni 2p and 0 1s in
normal emission. These data are not cor-
rected for sample charging. The background
that was subtracted to determine the inten-
sity is indicated.
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ture remaining is the maximum at 0 . The changes in
the 0 1s XPD spectrum are a bit less pronounced but a
weakening of the structure is also clearly observable.

IV. DESCRIPTION OF THE THEORETICAL
MODEL

The model we used to describe our observations is
based on the well-known single-scattering-cluster model

I

(SSC) iiitroduced, for example, in Refs. 19 and 20. This
model has been shown to be in very good agreement with

e. . Ref. 21 .a wide range of XPD experiments &see, e.g. , e .
However, it has mainly been applied to metals and metal-
adsorbate systems so far.

Within this model the intensity emitted from an atom
i and scattered by the atoms j (see Fig. 8) into the di-
rection rd, t of the detector is given yb

eff' —~2~ —i kA, ~(8(»- rd.t))e '" + ) „(8(rs-,rU))f,', ~

2

where 8(r;, rz) denotes the angle between two vectors r,
an rj~ rij isd . . - the vector r . —ri pointing from atom i2
to j, 4;~ is the projected path length difFerence in de-

~O)& is thetector direction between positions i and j.
2 2 ) 23photoionization cross section as given in

(EO)= ' '~1 ——(3cos 8 —1)~.~„,(E) ( P
dA ' 4~ E 4 (2)

I I I
'

I
a I I I I I I I I I

I I I
'

I
'

I

The values for P were taken from Ref. 24, o I(E)/47r
was neglected because it can be factored out of Eq. (1)
and it is not angle-dependent. Equation (2) describes the
dependence of the intensity, so we put the square root of
der/dO into Eq. (1) because the sum is carried out for the
amplitude. The term e / " describes the attenuation o
the amplitude (intensity oc e l") connected to inelastic
losses (t; is the distance from the atom i to the surface

The effective scattering factor f; (not to be inter-
mixed with the f,g defined by Rehr et al. ' that is
mentioned below) describes the scattering of an electron
moving from atom i to atom j and scatterea into the
direction rp, &. It is given by

8' — ' 'k)r, &~ A( ( V& d&t))DW(O( ))

f~(O) is the complex scattering factor for the scattering
of the electron by atom j. It was taken from the tables
in Refs. 10 and 11 which contain calculations (numerical
solutions of the Dirac equation) for plane wave scattering
(partial wave expansion) on atomic potentials. DW(8)
is the Debye-Wailer factor. The Debye temperature of
577 K was taken from Ref. 27 (for the topmost surface
l d half of this value in the calculations). Upayer we use a o

SCto this point our description follows the standard S
model with just some terms in Eq. (1) grouped differently.
Because we will use f;+ in the extension described below
it was necessary to introduce the whole formalism.

Additionally re&action of the outgoing electrons on the
surface was included by assuming an inner potential of
6.7 eV as derived from angle-resolved ultraviolet photo-
electron spectroscopy measurements.

Th b summation over j is carried out for all atomsea oves
in the cluster which in our case was a cuboid of 7 y
by 4 unit cells, each containing 4 Ni and 4 0 atoms.
This sum is the total intensity from one emitter. The
summation over the emitters only has to be carried out
for all inequivalent atoms in the cluster.

Nla (O1O)

|001) [103] 0 1s
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FIG. 3. XPS intensities for 0 18 and Ni 2p as a function
of the po ar ang e ~

——1 1 (= XPD). The amount of modulation is
—Y . ~,/Y ~. Thick linesindicated as a percentage [(Y „—Y;„)/ „].

0are smoothing splines, step size is i

FIG. 4. Polar plots of the XPD spectra from Fig. 3 in the
(010) azimuth. The straight lines point to the nearest neig
bors.
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FIG. 5. Polar plots of the XPD spectra from Fig. 3 in the
110 azimuth.

FIG. 7. (a) 0 1s spectrum (XPS) after the first ion bom-
bardment. (b) Intensity of the "satellite" as a function of
angle.

A. Extensions to the SSC model

There are two main shortcomings of this model. One
is that electrons are treated as plane waves instead of
spherical waves and the other is the neglection of multiple
scattering. A correct treatment of spherical waves tends
to decrease forward-scattering amplitudes. ' A usual
approach to approximate this influence is to decrease the
above-mentioned scattering factors f~ (8). Th. is was also
done in our calculations.

The most important and visible influence of multiple
scattering is that it reduces forward focusing along chains
of atoms. This has been shown in calculations by Tong,
Poon, and Snider and Xu, Barton, and van Hove as
well as in experiments by Egelhoff. The clearest ex-
planation for this can be found in the "forward focus-

freshly
cleaved

1 sputter cycle

2 sputter cycles

ing" model introduced by Tong, Poon, and Snider. The
atomic potential acts like a focusing lens for the scat-
tered electron. Extending this analogy it can easily be
seen that a number of lenses which are lined up will in
most cases end up in a defocusing arrangement.

However, multiple-scattering calculations are compli-
cated and time consuming. So, in order to simulate these
eKects in our calculations we added a routine to the pro-
gram that looks up whether atoms are lined up from the
emitting atom in the direction of the detector (within
an angle of +DO). If this is the case, only the scatter-
ing on the first atom in the chain is taken into account.
The defocusing is introduced by scaling this scattering

efF 2 —1down by a factor of (1 + c „~& P f; ). T. he sum-
mation is carried out for the rest of the atoms in the
line. By variation of c „lq the inHuence of this correction
can be adjusted. The values used in our calculations are
c „lt ——1.0 and LO = 10 . These were chosen so that
the (calculated) emission from a chain of Ni atoms resem-
bles that from the dynamical calculations of Xu, Barton,
and von Hove. With this method we can deduce the
influence of multiple scattering from a rather simple cal-
culation for a linear chain and transfer it to the more
complicated cluster calculation.

The parameters used in the calculations are described
in the following. We derived the inelastic mean free
path A from the equation given by Tanuma, Powell, and
Penn. For 0 ls (Eg;„955eV) the value calculated in
this way is 17.8 A. , for Ni 2p (Eq;„-632 eV) it is 13.1 A.
The asymmetry factor P in Eq. (2) is 2 for 0 ls and 1.424

freshly
cleaved

1 sputter cycle

2 sputter cycles

-20 -10 0 10 20 30 40 50 60

Polar Angle (deg)

FIG. 6. XPD spectra of NiO after ion bombardment: the
topmost curve shows the undisturbed curve. The measure-
ment plane is (010). Step size is 2 for the data obtained
from the sputtered sample.

H(i,. r, , )

FIG. 8. The geometry of the basic scattering event in the
SSC calculation: an electron is emitted from atom i and scat-
tered on atom j.
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or Ni 2p. The angle of incidence for the exciting x ra~ ~ x ray
is 2 . In none of the shown calculations did we account
for an angular broadening due to finite angle resolution
in the measurement.

V. DISCUSSION

Jablonski showed that P values for emission from solids
get significantly reduced compared to atomic values due
to elastic scattering. ' They derived a formula to cal-
culate a corrected P, which would result in P 0.8 for
Ni 2p. Their proposed correction depends on the atomic
number and is close to the original P = 2 for O. So this
is in good agreement with our observations.

A. InQuence of the photoionization cross section

A bit surprising at first glance might be that the ob-
served XPD spectra do not show the complete symme-
try of the crystal structure (which is a rock salt struc-
ure~. Rom this we would expect symmetry around nor-

mal emission. This is true as long as only the crystal in

b
itself is considered. In the experiment the incident l' htci en ig

reaks the symmetry. The angle of incidence is —72
with respect to the surface normal. According to E . (2)o q.
he photoionization cross section has a maximum at 90

(to the incidence), that is 18' on our scale. So to the left
of thhe normal emission the intensity is stronger reduced
than on the right-hand side. This effect can be studied
by varying the angle of incidence. Indeed the relative in-
tensities shift while the peak positions stay at the same
place (not shown here).

As can be seen in Eq. (1) the influence of —" (8)dOi
cannot simply be factored out because the arguments
H(rr~, rg, t) and O(rr, , r,~) are different. However, only
those directions close to the direct emission contribute
significantly to the amplitude. So, to obtain an estima-

~ r ~ ntion of the inHuence of the photoionization cross section
we divided the XPD spectra from Fig. 3 by —"(0).Thedpi
result is shown in Fig. 9. The 0 1s spectrum looks more
or less symmetric now, but the Ni 2p seems to be skewed
just the other way around as before. This indicates that
the P value used in Eq. (2) might be too large. When it
is reduced to about 0.9 the spectrum looks much more
symmetric. The lowering of P is reasonable because the
value presented in Ref. 23 were calculated for free atoms
in opposition to atoms in a solid examined here. Ebel and

B. Cleaved NiO surface

Many of the diffraction effects modulating the XPD
spectra shown above can be modeled from the very basic
scattering events where only the scattering of the out-

oringgoing e ectron on the two or three nearest-neighborin
atoms is taken into account. This has been shown for
example by Poon and Tong (theoretically) and Arm-
strong and Egelhoffss's~ (experimentally).

The most important feature of the scattering of elec-
trons in the XPS energy regime (more than several hun-
dred eV) is that the scattering amplitude is strongly for-
ward peaked. For this reason the qualitative interpreta-
tion of XPD spectra is relatively straightforward: max-
ima appear in the directions of the neighboring atoms.
Another point to be kept in mind that Ni is a stronger
scatterer than 0 because of its higher atomic number (cf.
Refs. 10 and 11). Figure 10 shows the calculated inten-
sities for scattering on a single atom for the two most
important directions in the (001) plane: [001] and [101].
Besides maxima pointing into the direction of the scatter-
ing atom (zeroth order difFraction) we find modulations
due to higher-order interference between outgoing and
scattered waves.

Looking at the (010) XPD spectra in Figs. 3 and 4 the
intensity maxima can be attributed to the four nearest-
neighbor directions indicated in Fig. 4. These directions
are [001], [103], [102], and [101] (0, 18, 27, and 45 ).
In both, 0 18 and Ni 2p, there is a strong maximum
in normal emission ([001]), where the atoms are m tos

ensely packed. The next-nearest neighbor is found un-
der 45 /[101], where we observe a clear, sharp maximum
for 0 18 and a broad one for Ni 2p.

The third maximum between 20 and 30 shifts from a

Ni 20 0 1s

0 1s
(010)

Ni 2p
(010)

I ~l riala s & s s i & I & & I s & a j I »» I s s s & I

-20-10 0 10 20 30 40 50 60

Polar Angle (deg)

FIG. 9. XPD spectra from Figure 3 [(010) plane] corrected
by do(O)/dA [Eq. (2)].

I I I I I I I I

40 60 80 0 20 40 60 80

P o1ar Angle (de g)

FIG. 10 Calculated intensities for scattering on one atom~ ~ ~

(the emzttmg atom is in the bottom). These pairs correspond
to the closest neighbors in NiO.
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higher angle in the 0 18 spectrum to a lower one for Ni 2p.
Figure 4 shows two directions to not so close neighbors
within this range: [102] and [103]. Taking into account
the diferent scattering strength of 0 and Ni we would
expect a stronger contribution from the neighboring Ni
atom, that means [102] for 0 ls and [103] for Ni 2p. This
is just what we observe experimentally, as can be seen in
Fig. 4.

Additionally we have contributions from first-order
diffraction ([001] and [101]) to these directions (see
Fig. 10). In both cases we get additional intensity at
about 20', which is just the direction of the experimen-
tal maximum for Ni 2p. For 0 1s we observe a broader
maximum than for Ni 2p which could be due to this ad-
ditional intensity.

A similar description can be given for the 110 spectra
in Figs. 3 and 5. The nearest-neighbors directions in this
azimuth are [001], [113], [112],and [111].Again, there is
a strong maximum in normal emission. For 0 1s there is
a maximum at around 30' which is inclined to the [113]
Ni atom, and a weak maximum at around 40 pointing
to the [123] atom (the top right Ni atom). But there is
only a weak structure at 50' j[lll]. For Ni 2p there is,
apart from the normal emission, a broad feature around
30', whose maximum points to the [112] Ni atom. The
[111]0 atom also gives a clear contribution to a shallow
but clearly visible maximum at around 50'.

To summarize: the main parts in the spectra are
formed due to zeroth order scattering (forward focusing)
on the neighbors of the emitting atoms. Additionally
we observe contributions from Brst-order scattering near
the strongest scattering directions. There are clear dif-
ferences between the behavior of the 0 1s and the Ni 2p
emission. This is what we expect because the surround-
ing atoms are exchanged (each 0 is replaced by Ni and
vice versa) and 0 and Ni differ strongly in their scatter-
ing strength.

C. Comparison with SSC ca1culations

However, we are left with a number of open questions
concerning the relative intensities. For example, in the
0 18 (010) spectrum the intensity at 45' is nearly as high
(or higher if the photoionization cross section is taken
into account) as the normal emission, but for Ni 2p this
maximum is very shallow and much weaker than the nor-
mal emission. This is just opposite as what would be ex-
pected from the scattering strength of the atoms in these
directions (0 for 0 ls and Ni for Ni 2p).

To get further insight into these problems we did SSC
calculations as described above. Unfortunately the re-
sults of the calculations turned out to be not very encour-
aging in the beginning. As can be seen in the bottom of
Fig. 11 simple SSC calculations do not very much resem-
ble the measured data. At 45 they result in high inten-
sity for Ni 2p, low for 0 18. In the calculation for 0 1s
this maximum is nearly invisible because of two neigh-
boring maxima. Also the maximum in normal emission
is much higher than the rest in both cases.

These problems are not a matter of cluster size. We
increased the cluster size until we reached convergence,
that means until there was no further change with size.
So we had to look for other influences. As mentioned
above, the two main shortcomings of basic SSC calcula-
tions are the neglection of spherical wave scattering and
multiple scattering. To correct for spherical scattering it
is common to simply reduce the scattering factors. We
did this, but only for scattering by Ni. 0 is a weak scat-
terer with low atomic number Z, so these corrections do
not have a big influence on the 0 scattering factor. The
Ni scattering factor was diminished by a factor of 2.0.
The result is shown in Fig. 11 and indicates a clear im-
provement.

The next step was to at least simulate multiple scatter-
ing as described above. These two corrections together

(OIO)

XPD

SSC

(110)
XPD

XPD

SSC

(110)
XPD

FIG. 11. In6uence of a diminished Ni scat-
tering factor (labeled Ni-Damping) and sim-
ulated multiple scattering (labeled MSC) on
the calculated 0 1s and Ni 2p (010) intensi-
ties.

SSC
SSC
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more convincing description of what is ob-give a much more
ained experimentally. Figure 12 shows the final results

together with the measurements.
The agreement is not perfect b t thc u e most important

~ ~ Q

eatures are well described. N thow ere is much higher
intensity at 45 for 0 18, and the opposite for Ni 2p. The
calculation also accounts for th 'dth f hr e wi o this maximum,
giving a much broader maximum for Ni 2p than for 0 s.
However the mae maxima in the calculation for Ni 2p (010)

i p an or ls.

seem to be shifted a bit.
Another d'r discrepancy is that maxima at higher angles

are not observed or strongly tt t da enua e in the experi-
ment. This is for angles above 60' ' th ~0in e ~ 10' spectra
and for angles above 45 in the 110 se spectra. The rea-
son or t is is that the instrumental response is et tin

g 'ng detection angles because the visible
cross section of the sample surface gets smaller than the
detected area of the analyzer.

D. Ion-bombarded NiO

The laast point to discuss here is the effect of ion bom-
ardment on the NiO surface. Ph t 1e. o oe ectron diffraction

is c osely connected to the ordering of the surface. If
his ordering is reduced (e.g. b tt '

)y spu ering) we would
expect that the diffraction features would be w ku e wea ened

e . his is what we observe in Fig. 6. After the first
sputter cycle the surface is disturbed slightly and the
diffraction features only change little. After the second

almost completely gone, at least in the Ni 2p spectrum.

emission. For a disorded (or a submonolayer) struct
nsi y should only be influenced by the photoion-

r~ s ruc ure

ization cross section and thu h'b t b ds ex i i a road maximum
at an an le of 90 w'g ith respect to the incidence of light.

~ ~ ~ ~ 6925

We do not observe this for the main peaks of 0 18 and
p or e 0 18 satellite which indicates that the

atoms from which the satellit 1 ti e e ec rons originate are sit-
uated on top of the Ni0 in a single layer d dor in isor ere

er o erwise t eymu ip e ayers without short-range order oth
should exhibit diffraction effe t It kec s . is nown from the
results in Ref. 15 that this satellite feat ' th
ere 18 XPS spectrum is due to OH that adsorbs

on defects (in our case produced b b by ion om ardment).
When using a nondifferentiall'a y pumpe ion gun, as in
our experiments tp, ~e surface gets contaminated from the
residual gas.

The remaining modulation of the intensity of the main
peaks, especially the maximum t 0

' d'a, in icates that the
ur e ayer stays more orstructure underneath this disturb d 1

ess intact, at east on a short-range scale. Th 1e ayer on
op a tenuates emission from below I 1 t'w. ne as ic attenua-

tion is proportional to exp( —x/A), where 2: is the traveled

The traveled path is highest for high emission angles 0

maxima are reduced much stronger than the normal-
emission maximum. This is wh t ba we o serve in Fig. 6.
The difference between the 0 1 d th N8 an e i 2p emission
is probably due to the higher inelastic mean free path of
the 0 ls electrons (17.8 A vs 13.1 A).

VI. CONCLUSIONS

The qualitative explanation of the presented XPD
spectra of NiO is rather straightforward. The main max-
ima can de deduced from the close-packed rows of atoms
in the Ni0 structure. Howeve h 'twever, w en it comes to a quan-
titative descri tion'p ', which means the interpretation of

culties. In studies of Ti02 (Refs. 36 and 37) it was found

0 1s (010) Ni 2p 010

XPD

Msc +
Ni Daxnping

MSC

FIG. 12. CComparison of experimental
XPD curves with SSC calculations including
diminished Ni scattering factors and multiple
scat tering corrections.

Ni Daznping

I I I I

-20 -i0 0 i0 20 30 40 50 60 70 -20 -10 0 10 20 30 40 50 60 70

Polar Angle (deg)
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that the scattering on 0 atoms only contributes little to
the XPD spectrum, but we found that it has a very big
influence as can be seen e.g. for the [101]emission in the
0 18 XPD.

Simple single-scat tering-cluster calculations do not
give a reasonable explanation for the experimental ob-
servations. Additionally to diminishing the scattering
factor for Ni we introduced an empirical correction to
simulate multiple scattering. This results in a consider-
able improvement in the description of the experimental
data. By our correction we avoided full-scale multiple-
scattering calculations but nevertheless included this ef-
fect. Another advantage of our approach is that we did
not completely sacrifice the simplicity of the SSC ap-
proach which is that the basic phenomena can be un-
derstood from looking at the crystal structure. Prom
the results of the calculations we can judge that multiple
scattering plays a very important role in understanding
the diffraction features.

In spectra obtained &om crystals bombarded with Ar

ions off-normal maxima are weakened and vanish for
higher doses of Ar ion bombardment. This effect is due
to the adsorption of OH during the sputtering process
on one hand and the destruction of the order of the top
layer of the crystal. Both results in an attenuation of the
emission from the deeper layer: the larger the off-normal
angle the bigger is the inhuence. Because this layer is not
well ordered it does not add a contribution to coherent
scattering.

From the overall angular variation of the Ni 2p in-
tensity we deduce a smaller asymmetry factor for the
photoionization cross section than calculated for atomic
emission. This is in good agreement with calculations
presented in Ref. 33.
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