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Abstract

A new substrate emission X-ray photoelectron di�raction method that subtracts a clean substrate measurement from

a measurement of the adsorbate-covered sample is able to reveal important adsorbate±substrate registry information

while it suppresses disturbing substrate e�ects in the di�ractograms. Short measurement times and an unambiguous

data quality allow for a quick and convincing structural characterization of homogeneous adsorbate layers. The data

processing and analysis methods are illustrated with experimental h-BN/Ni(1 1 1) data and multiple-scattering calcu-

lations. Ó 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Over the last years, X-ray photoelectron dif-
fraction (XPD) has developed into a more and
more quantitative tool for obtaining surface struc-
ture data, reaching in some cases the accuracy of
quantitative low-energy electron di�raction
(LEED). For speci®c geometries, XPD yields even
superior results in terms of ambiguity because
certain structural parameters can be extracted di-

rectly from the experimental data, while LEED
always has to rely on sophisticated theoretical
simulation of I�V � curves for a series of trial
structures and the associated R-factor analysis.
Due to the dominant forward-scattering signals in
XPD, stereographically projected gray-scale pic-
tures of experimental and theoretical angular dis-
tributions of core-level photoemission allow for an
intuitive visual comparison, and in various cases
nearest-neighbour directions can immediately be
read out [1,2]. For measuring the internal geome-
tries of adsorbate layers or ultrathin epitaxial ®lms,
this approach has been vastly successful using
photoemission signals from within the overlayers.

However, such experiments usually do not give
any information on the overlayer±substrate regis-
try, i.e. the adsorbate bonding site in the surface
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unit mesh. Forward-scattering signals of the ad-
sorbate emission containing this information are
directed into the crystal and cannot be measured.
Only in rare cases the much weaker backscattering
signals of the type adsorbate emission ± substrate
scattering have been observed [3]. Unfortu-
nately,these features depend strongly on high
backscattering cross-sections and low thermal vi-
brations ± constraints which are hardly ful®lled if
light elements are involved.

The substrate emission perspective, if the ad-
sorbate structure was projected into the vacuum
only by electrons originating from atoms in the top
substrate layer, would provide reliable structural
information. This has been demonstrated in a re-
cent study of Gd ®lms on W(1 1 0) [4,5]. In this
system, the photoemission signal from the tung-
sten atoms right at the interface can be separated
from the contribution of deeper layers due to their
interface core-level shift. But again, this case rep-
resents a particularly favourable situation with a
large shift, and this technique is not generally ap-
plicable.

In this article, we attend to the question
whether the same information can be recovered
from the full substrate emission signal. The
drawback here is that real di�ractograms are
dominated by scattering inside the substrate be-
cause electrons originating from several substrate
layers are observed. If, additionally, the scattering
cross-sections of the substrate atoms are higher
than the ones of the adsorbate atoms, the substrate
dominance gets even stronger. It will be shown
that this dominance of substrate scattering can be
signi®cantly reduced by subtracting a measure-

ment of the clean substrate sample from the mea-
surement of the adsorbate-covered sample. The
same procedure applied to corresponding model
calculations leads to experimental and theoretical
di�erence data sets that can be successfully com-
pared to each other. It is even possible to identify
spots in the experimental di�erence data as for-
ward-focusing directions between top layer sub-
strate and adsorbate atoms.

As an example, measurements and simulations
of a monolayer hexagonal boron nitride ®lm (h-
BN) on top of a nickel (1 1 1) surface will be dis-
cussed. This system has already been examined in
a LEED study [6] and an adsorbate emission XPD
study [7]. The latter one ®nds only the internal ®lm
structure and its orientation but no evidence of its
lateral registry relative to the substrate. LEED
patterns give a 1� 1 symmetry and scanning tun-
neling microscopy (STM) images show atomic
corrugations with the periodicity of the substrate
lattice. Symmetry considerations suggest three
possible interface geometries which we label ac-
cording to the nitrogen bonding site as `on top',
`hcp' and `fcc' (see Fig. 1). The LEED study fa-
vours the N-top geometry based on an R-factor
comparison of experimental and simulated I±V
curves. This result is ®nally con®rmed by the XPD
data presented here.

2. Experimental

The measurements have been done in a modi-
®ed Vacuum Generators ESCALAB 220 [8]. By
means of a computer-controlled two-axis manip-

Fig. 1. Top view of the only three h-BN/Ni(1 1 1) high-symmetry structure models that remain possible after de®ning the orientation of

the h-BN sheet with respect to the Ni(1 1 1) surface. They are distinguished by the nitrogen adsorption site. The ��1�12� direction of the

Ni crystal lies in the (1 1 1) surface plane. The lattice parameter of the Ni(1 1 1) surface is 2:49 �A.
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ulator and an electron energy analyser with the
angular resolution set to about 5° angle-resolved
photoelectron intensity patterns over the full
hemisphere above the sample are conveniently re-
corded.

The h-BN/Ni(1 1 1) samples are prepared in the
same ultrahigh vacuum system on a clean nickel
surface by a catalytic reaction of borazine �BN�3-
H6 vapour according to recipes given in earlier
publications [7,9]. In this way h-BN forms large
terraces of a well-ordered monoatomic layer with
a hexagonal 1� 1 adsorbate structure (Figs. 1
and 2).

For the measurements, the sample atoms are
excited by Si Ka X-rays (hm � 1740:0 eV). The in-
tensity I of 884 eV photoelectrons from Ni 2p3=2

core levels (EB � 853 eV) is then recorded at 5044
angular settings �h;/� which are uniformly dis-
tributed across the hemisphere above the sample
surface (h is the polar angle with respect to the
surface normal and / the azimuthal angle relative
to some high symmetry crystal direction). Due to
the high intensity of substrate emission measuring
times of 1±2 s per setting are su�cient for yield-
ing the high degree of statistical accuracy needed
for this new di�erence method. The measurements
are done for both h-BN/Ni and Ni samples using
the same parameters.

3. Results and Discussion

The measured data sets are shown in Fig. 3.
Obviously they show only minor di�erences that
cannot be evaluated by eye. Furthermore, a the-
oretical calculation of the complex substrate
pattern in such an accurate way that the h-BN
e�ects could be interpreted directly is practically
impossible due to computing power limitations.
Fig. 4 shows the respective calculations for a
three-layer approximation to the substrate; the
calculation procedures will be explained later.
Although the di�erences between the two dif-
fraction patterns are bigger than in the measure-
ments, the substrate in¯uence still dominates the
two pictures.

A remarkable improvement is achieved by
subtracting the di�ractograms I�h;/� of the two
samples (h-BN/Ni and Ni) according to

DI�h;/� � 1

a�h� Ih-BN=Ni�h;/� ÿ 1

b�h� INi�h;/�: �1�

For each of the h-dependent normalization func-
tions a and b a gaussian is ®tted to the average
values hIi�h� of azimuthal cuts in the h-range from
0° to 70°. (Because of a rapid count rate drop to-
wards grazing emission, which is an e�ect of our
measuring geometry, we restrict the polar range
to 6 70° for quantitative analysis. Nevertheless
the pictures show the full data set.) The mathe-
matical expression for the average values is given
by

hIi�h� � 1

N�h�
X

/

I�h;/�; �2�

where N�h� is the number of data points for the
given h. These values are also used in the so-called
``/-average'' normalization which maximizes the
azimuthal contrast and removes any /-indepen-
dent background from the di�ractogram. Such a
procedure is required for the h-BN/Ni case because
the shape of the background is not reproduced in
the simulations. Nevertheless a normal emission
spot must be preserved in the normalization, which
is accomplished by this ``smooth /-average'' with
the gaussian functions (this procedure is related to

Fig. 2. Schematic layer structure of h-BN/Ni(1 1 1) (side view,

same colours as in Fig. 1). Due to a very small lattice mis®t h-

BN forms a commensurate layer on Ni(1 1 1), but the B and N

atoms are slightly out of plane [7]. The layer spacings found

with XPD are dN±B � 0:07 �A [7] and dNÿNi � 1:95 �A (this

study), the bulk Ni layer spacing is dNi±Ni � 2:03 �A.
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the one introduced by Seelmann-Eggebert and
Richter [10]).

The DI pattern of the measurements shown in
Fig. 5a has been processed in such a way as out-
lined above. The remaining pattern di�ers com-
pletely from the substrate pattern (Fig. 3a) and
therefore it must show mainly adsorbate e�ects. Its
intensity variations correspond to an anisotropy of
19%, while the anisotropy

A � maxh6 70°;/ I ÿminh6 70°;/ I
maxh6 70°;/ I

�3�

in the original di�ractograms lies around 59%.
Fig. 5b addresses the question whether the dif-

ference pattern consists of spots from forward
focusing at adsorbate atoms if one assumes the N-
top geometry. Several bright features in the ex-
perimental data coincide with forward-scattering
locations of electrons originating from the top
nickel layer at nitrogen atoms whereas boron di-
rections are under-represented or coincide with
di�raction minima.

For a further interpretation of the data in
Fig. 5a the procedure from Eq. (1) is repeated with

Fig. 3. Si Ka excited Ni 2p XPD patterns of a (a) Ni(1 1 1) and (b) h-BN/Ni(1 1 1) sample measured at room temperature. The 5044

angular settings are mapped stereographically where the top of the picture corresponds to the ��1�12� direction of the Ni crystal and the

centre to �111� (normal emission). The edge of the picture corresponds to emission at a polar angle of 88°. The count rate is represented

by a linear gray-scale.

Fig. 4. Ni 2p XPD patterns of a (a) Ni(1 1 1) and (b) h-BN/Ni(1 1 1) sample with N-top geometry simulated by MSC.
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simulated di�ractograms for every possible geom-
etry. These data sets are calculated according to
multiple-scattering theory using a computer pro-
gram developed by Kaduwela et al. [11]. (The
bene®t from multiple-scattering theory with re-
spect to single-scattering will be pointed out later.)
The calculations are based on an initial guess of
the atomic structure of the sample, in our case
derived from the well-known face-centered cubic
nickel structure and the h-BN adsorbate structure
known from earlier XPD measurements [7]. The
structure model is then compiled into a ``cluster''

that describes the coordinates of the atoms in the
neighbourhood of one designated photoemitting
atom. For the Ni(1 1 1) sample the cluster was
assembled of 37 Ni atoms distributed into three
layers, 19 atoms in the top, 12 in the second and
six in the third layer. In each layer one emitter
atom near the layer centre is chosen and the results
are averaged to threefold symmetry. For the h-BN/
Ni cluster with N-top geometry, 19 nitrogen and
18 boron atoms are added, which gives a total of
74 atoms.

The cluster dimensions have been optimized
with the subsequent di�ractogram di�erence in
mind. The most expressive features are expected at
polar angles around 60° which correspond to
scattering at the ®rst and the second BN rings.
This requires a su�ciently large diameter of the h-
BN layer whereas the vertical extent of the sub-
strate may be kept small.

The simulated di�ractogram di�erences are
shown in Fig. 6 for the three adsorbate geom-
etries discussed above and parameter values
mentioned in the caption of Fig. 2. Now, the
experimental data in Fig. 5a can be visually
compared to them. Neglecting the stronger an-
gular broadening in the measurement and looking
for corresponding high-intensity and low-intensity
features at the same angles in the experimental
and the simulated pictures, Fig. 6a (N-top ge-
ometry) reproduces them best, while the N-fcc
simulation in Fig. 6c di�ers considerably from the
experiment. Although in the N-hcp picture (Fig.
6b) some broad, threefold features catch the eye,
their position and ®ne structure does not match
the experimental picture. Of course, improve-
ments to the simulation quality are desirable but
would require larger clusters and thus much more
computing time. 1

The visual facts are also re¯ected in an R-factor
analysis that compares the experimental and sim-
ulated di�erence data using the de®nition

1 With the cluster size given in the text one h-BN/Ni

simulation runs for about 4 h of CPU time on an Intel

Pentium II-based computer.

Fig. 5. (a) Di�erence pattern (adsorbate-covered sample minus

clean substrate) from the measurements showing just the ad-

sorbate e�ects. Assuming the N-top geometry (which is argued

for in the text) sub®gure (b) adds markers at directions where

forward scattering at the adsorbate atoms is expected. Bright

dots indicate scattering at boron and dark ones at nitrogen

atoms. Their size refers to the emitting nickel layer.
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R �
P�DI 0exp ÿ DI 0sim�2P�DI 02exp � DI 02sim�

; �4�

where the sums are over angles �h;/� with h6 70°.
In order to equalize the anisotropies of experi-
mental and simulated data sets the average values
of the data sets are forced to 0 by subtracting a
constant and the standard deviations to 1 by di-
viding by a constant (these scale-corrected data
sets are labelled with primes). The normalization
of R is chosen such that a value of 0 corresponds to
perfect agreement, a value of 1 to uncorrelated
data, and a value of 2 to anticorrelated data [12].

The R-factor values are listed in Table 1
for multiple-scattering (MSC) as well as single-
scattering calculations (SSC). Both scattering lev-
els clearly favour the N-top geometry while MSC
gives some more con®dence. The most important
lack of the SSC di�ractograms that we observe in
our data sets is the well-known inaccuracy of SSC
in estimating forward-focusing intensities along
substrate atomic chains [11,13]. Since forward-
focusing directions play an important role in our
di�erential method the defocusing e�ect of multi-
ple scattering along these chains has to be handled
properly.

Fig. 7 shows the individual terms of the R-factor
sum (4) in a di�ractogram-like fashion. Here,
bright colours report a big di�erence between ex-
perimental and simulated data. This is the case
mainly for the N-fcc model. For N-top the di�er-
ences are distributed evenly across the whole pat-
tern but for N-hcp they concentrate around the
meaningful 60° polar angle.

For a more detailed view on the anisotropies
one can still extract azimuthal or polar cuts
through decisive points from the di�ractograms, as

Table 1

R-factors (from Eq. (4)) of the di�erence data compared to

MSC and SSC calculations for the three structure models. Both

simulation levels clearly favour the N-top registry. Compared

to SSC, MSC improves mainly forward-scattering intensities

along substrate atomic chains

MSC SSC

N-top 0.395 0.454

N-hcp 0.541 0.553

N-fcc 1.348 1.204

Fig. 6. Di�erence patterns (adsorbate-covered minus clean

substrate) from MSC for the three structure models (a) N-top,

(b) N-hcp and (c) N-fcc. They are compared to the experimental

picture in Fig. 5.
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is shown in Fig. 8. Again, this graph clearly sup-
ports the N-top geometry.

It is also possible to extract structural parame-
ters from the di�erence data if a series of simula-
tions is carried out with systematically varied
parameter values. As an example we re®ne the
BN±Ni layer spacing dN±Ni in the N-top geometry
while the corrugation dN±B is kept constant. The R-
factors from Eq. (4) for di�erent spacings in the N-
top geometry are well approximated by a parabola
the minimum of which indicates the best-®t value.
The statistical error is estimated from Rmin�
var Rmin and the corresponding dN±Ni interval. The
variance of Rmin is de®ned as

var Rmin � Rmin

����
2

N

r
; �5�

where N is the number of independent pieces of
structural information contained in the experi-
mental data [14], i.e. the number of inequivalent
di�raction features that could be distinguished
in the measured angle range. In our case, N �
DX=dX �230, the ratio of the analysed and inde-
pendent solid angle (0°6/6 120°, 0°6 h6 70°)
and a 5° wide cone representing the smallest dif-
fraction spot size observed in the measurements.
We obtain dN±Ni;XPD � �1:95� 0:16� �A. This value

Fig. 8. Comparison of measured and simulated DI 0�/� cuts at

the polar angle h � 60° in a two-dimensional plot. Only a 120°
interval around ��1�12� is shown from the threefold symmetric

picture. The experimental data have been averaged according to

the same symmetry.

Fig. 7. Di�ractogram-style R-factor maps show the squared

di�erences of the experimental and each of the three h-BN/Ni

models for an estimate of the matching quality in di�erent angle

regions. The gray-scale is chosen the same for all pictures while

the calculated maximum values are 0.0012 (N-top), 0.0014 (N-

hcp) and 0.0042 (N-fcc), respectively. The values are normalized

as in Eq. (4).
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lies somewhat below dN±Ni;LEED � �2:22� 0:07� �A
found from LEED [6].

4. Conclusions

A di�erence method for the analysis of adsor-
bate structures based on angle-scanned photo-
electron di�raction has been introduced. It takes
advantage of the element sensitivity of XPD,
which permits to obtain di�erent perspectives on
the atomic neighbourhood, and speci®cally looks
at the adsorbate from the perspective of the top-
most substrate layers. The visualization feature of
angle-scanned XPD allows an intuitive and un-
ambiguous characterization of the atomic struc-
ture when combined with simulation techniques
and the interpretation of forward-scattering di-
rections. The di�erence method is especially suit-
able for determining the adsorbate±substrate reg-
istry in interface structures.

Its practical use for a compact and homoge-
neous layer has been demonstrated on the h-BN/
Ni(1 1 1) system where the registry can be clearly
discriminated, although the precision of extracted
parameter values is limited by the instrumental
angular resolution and the intrinsic angular width
of di�raction features. Due to the high intensity of
substrate photoemission short measuring times are
achieved, and, because one is always in the for-
ward-scattering regime, sample cooling is not re-
quired. On the theoretical side, the atomic clusters
can be held su�ciently small to allow quick MSC
on modern workstation computers.

We expect that this method can be successfully
applied to a wide variety of similar adsorbate
systems. Besides the limitations of conventional
angle-resolved photoelectron di�raction (like mac-
roscopic domain averaging or the need for su�-
ciently high scattering factors and scatterer
densities) the one important prerequisite for this
new method to work is that the substrate surface is
not signi®cantly reconstructed in the clean or the
adsorbate-covered state. Of course, the substrate
structure has to be known before, and a preceding
investigation of the adsorbate structure consider-

ably facilitates the re®nement of the structure
model.
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