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X-Ray photoelectron diffraction and photoelectron holography as
methods for investigating the local atomic structure of the surface of

solids
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The state-of-the-art theory and experimental applications of X-ray photoelectron diffraction (XPD) and photoelectron
holography (PH) are discussed. These methods are rapidly progressing and serve to examine the surface atomic structure of
solids, including nanostructures formed on surfaces during adsorption of gases, epitaxial film growth, ezc. The depth of
analysis by these methods is several nanometres, which makes it possible to characterize the positions of atoms localized both
on and beneath the surface. A remarkable feature of the XPD and PH methods is their sensitivity to the type of examined
atoms and, in the case of high energy resolution, to the particular chemical form of the element under study. The data on
experimental applications of XPD and PH to studies of various surface structures are analyzed and generalized.
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1. Introduction

Studies of the self-assembly of atoms on the surfaces of
solids and the initial stages of phase formation belong to
leading directions of modern chemistry as these processes
play the fundamental role in heterogeneous catalysis, depo-
sition of thin films and coatings, formation of surface
nanostructures for electronics, photonics and so on. The
apparent success of the surface studies is mainly related to
the development of physical methods for analysis and
theoretical approaches of modelling of surfaces. Combina-
tion of these methods makes it possible to determine the
chemical composition and structure of surfaces, explore the
electronic structure of solids, obtain their images with
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atomic resolution, manipulate single atoms and investigate
processes occurring on the surface. It is generally accepted
that there is no universal experimental method, and a set of
complementary methods should be used in the surface
studies. For example, the comprehensive information
about the surface structure, composition and chemical
state can be obtained using the combination of low-energy
electron diffraction (LEED), Auger electron spectroscopy
(AES), X-ray photoelectron spectroscopy (XPS), secon-
dary-ion mass spectrometry (SIMS) and scanning tunnel-
ling microscopy (STM).

X-Ray photoelectron spectroscopy takes a special place
among the methods listed above as it is a potent method for
chemical analysis of surfaces, which makes it possible to
establish the chemical composition, to obtain information
about the element oxidation states, to analyze valence
electron states, etc. The depth of the analysis with the use
of XPS is determined by the mean free path (4) of photo-
electrons in the material under investigation and is equal to
several nanometres. The maximum depth (d) of the analysis
can be achieved by recording the spectrum at the right angle
to the surface, while recording at other angles leads to
decrease in d to one or two monolayers, thus improving
the sensitivity to the surface features. From the angular
dependence of the XPS, one restores the profile of the
element distribution over the depth. This approach is called
angle-resolved X-ray photoelectron spectroscopy. Even at
early stages of application of this method, it was noted that
periodic structures appeared in the angular dependences of
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the photoemission from single crystal surfaces.!'> This
phenomenon was termed X-ray photoelectron diffraction
(XPD). The first observations of the electron diffraction
from single crystals using angle-resolved X-ray photoelec-
tron spectroscopy were made in the mid-1970s.3-7 It was
suggested that XPD could be employed to analyze the
structure of the local environment of atoms on the surface
of solids. To date, a wealth of experience has been accumu-
lated in both XPD experiments and theoretical modelling of
photoelectron diffraction and interpretation of the exper-
imental data (see, for instance, reviews 8-9-22),

X-Ray photoelectron diffraction (and Auger electron
diffraction) is based on the effect of elastic scattering of
photoelectrons (or Auger electrons) by surface layers and
can be implemented, for instance, by recording the angle
dependences of X-ray photoelectron or Auger electron
spectra, using energy dispersive analyzer or display-type
hemispherical mirror analyzer in a narrow range of electron
energy. In contrast to low-energy electron diffraction
(LEED) and reflected high energy electron diffraction
(RHEED), X-ray photoelectron diffraction detects photo-
electrons which are emitted directly from the core levels of
surface atoms. A major advantage of this method is the
possibility of gaining structural information about each
particular type of surface atoms and even about their
chemically non-equivalent states since the intensity of
scattered photoelectrons depends on the energy of core
levels in atoms.

The intensity of emitted photoelectrons can be measured
as a function of the emission direction k or as a function of
energy hv of incident photons. Therefore photoelectron
diffraction is carried out by scanning over polar (0) and
azimuthal (¢) angles or over the energy of incident radia-
tion. A laboratory X-ray source with constant photon
energy is sufficient in the first case. This version ensuring
high kinetic energy of electrons was called X-ray photo-
electron diffraction. To carry out scanning over the energy
of photons, synchrotron emission is required; below this
method is called photoelectron diffraction (PD). It is
believed that PD gives more accurate quantitative estimates
of interatomic distances.® The version of X-ray photoelec-
tron diffraction with scanning over angles is mainly consid-
ered in this review.

The inverse problem consisting in calculation of theo-
retical XPD patterns for model surface clusters and their
comparison with the experimental data is solved to retrieve
structural information from the experimental XPD picture.
The theory underlying these calculations is well developed '°
and will not be discussed here in detail. If the surface is
complex, this approach often fails as it is difficult to guess
the surface cluster structure. In this case, photoelectron
holography (PH), a method solving a direct problem of
reconstructing atomic surface structure from XPD pattern
as this is done in optics, can be highly helpful.

Photoelectron holography is a new rapidly progressing
field of XPD. In 1986, it was proposed 23 to treat the XPD
picture as a hologram and to use the electron-emitting atom
as a source of coherent radiation. By analogy with optical
holography, the XPD picture is a result of interference of
the reference and object waves (the object is the atomic
environment of the emitting atom). Since the electron
wavelength used in holography is small as compared with
the size of atomic structures, the electron hologram might
provide detailed information about the atomic environment

of the emitter. Photoelectron holography is not widely
adopted yet; however, according to our opinion, the simul-
taneous use of this method and theoretical modelling of
XPD may facilitate more precise determination of the
geometry of the local environment of the atom chosen for
structural analysis and gaining the three-dimensional image
of scattering clusters. In recent years, there has been con-
siderable progress in the development of this method.

The analysis of the number of publications devoted to
X-ray photoelectron diffraction (Fig. 1) indicates that their
maximum falls on the mid-1990s. Then the number of
publications decreased and was stabilized at the level of
~ 40 publications per year. The maximum corresponds to
the period of the development of XPD as a new phenom-
enon; the publications of that period are devoted to the
theory of photoelectron diffraction and working out of
algorithms of mathematical modelling of XPD.

At present, XPD can probably be acknowledged as a
mature structural method for the study of surfaces and
subsurface layers. From the experimental point of view,
XPD and PH are organically integrated into the family of
related techniques such as X-ray photoelectron spectro-
scopy and angle-resolved photoemission spectroscopy
(ARPES). Together, they provide quantitative chemical
information about surface layers, as well as about electronic
structure of the surface. Curiously, XPD and ARPES began
to be used almost simultaneously (see Fig. 1); however, the
latter technique has acquired wider use at present as it
makes it possible to explore the energy band structure of
compounds. Indeed, the ARPES technique is highly
demanded by physicists and material scientists since the
possibility of experimental recording of the energy band
dispersion patterns presents a significant opportunity to
study the fundamental properties of new materials. How-
ever, the depth of analysis by ARPES embraces several
subsurface layers only, and to make conclusions about the
properties of the material in the bulk, it should be verified
that the composition and structure of the surface layers
correspond to those in the bulk. The XPD and PH methods
are well suited for this purpose since they are based on the
same principles and implemented on the same equipment as
ARPES. The recent advances in the development of photo-
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Figure 1. Dynamics of the number of publications on XPD (/),
PH (2) and angle-resolved photoemission spectroscopy (3) accord-
ing to the Web of Science database.
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electron holography should increase the demand for this
method from researchers engaged in the surface studies.
Development of experimental technique of ARPES also
facilitates wider application of XPD and PH.

What is the relationship between X-ray photoelectron
diffraction and other structural methods of surface analy-
sis? Surface images with atomic resolution can be obtained
using STM, which is, perhaps, the most demanded and
popular method. However, in fact, STM visualizes the
density of electronic states on the surface, which is corre-
lated with the atomic structure, but not the atomic structure
itself. Only in some favourable cases, information about the
second or third layer below the surface can be obtained
from STM data. Therefore STM is less informative than
LEED, RHEED, SIMS and X-ray photoelectron diffrac-
tion and photoelectron holography. The two last-mentioned
techniques, which are discussed here, are distinguished, first
of all, by variability of the depth of structural analysis
ranging from surface adsorbed structures to layers that are
few nanometres deep and by the fact that they provide
chemical information inaccessible by other methods so far.

The goal of the present review is critical analysis of the
capabilities and characteristic features of applications of X-
ray photoelectron diffraction and photoelectron hologra-
phy. We did not set ourselves the tasks to describe in detail
the theory of photoelectron diffraction and to give various
examples illustrating the use of XPD and PH, we just
desired to collect and analyze the data obtained by various
research groups and published in different journals. The
theory of X-ray photoelectron diffraction is covered in
detail in several papers.!®~ 1 As the examples of the use of
XPD and PH, review articles devoted to these issues are
published every one or two years (see, e.g., Refs 9, 10, 12,
14, 15, 17, 19, and 20-22).

The general tendency in the development of XPD is
obvious, it is switching from simple model objects to more
complicated complex systems. Nonetheless, it is unclear yet
when XPD and PH pass in their development from the stage
of interesting methods with limited applicability to the level
of perfect versatile approaches to surface structure analysis.
Recent advances in the development of photoelectron
holography (see, for example, Ref. 24) give hope for the
progress along this line. We believe that the present review
would be useful for researchers engaged in the fundamental
and applied studies of surfaces and would present some
general (although not yet completed) picture of develop-
ment of XPD and PH and would prompt some ideas about
promising fields of practical application of these methods.

I1. X-Ray photoelectron diffraction

1. Physical basis

The principal physical processes which determine the inten-
sity of photoelectron diffraction are shown in Fig. 2. Irra-
diation of a surface with photons possessing certain energy
results in emission of photoelectrons from the core levels of
atoms. A photoelectron propagates as a spherical wave
around the emitting atom and can be scattered by the
nearest neighbouring atom to give a secondary wave ema-
nating from the neighbouring atom. Both waves, namely,
the direct wave from the emitting atom and the scattered
wave from the neighbouring atom, which have the same
wavelength and a fixed phase, add up and interfere. If atoms
on the surface are arranged orderly, an interference pattern
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Figure 2. Major processes occurring during photoelectron diffrac-
tion (@) and scheme of electron single scattering in the plane-wave
approximation (b).'%

(@) The arrows indicate the directions of forward scattering and
their projections on XPD 2rn pattern; (b) designations of the
variables are given in the text.

composed of all scattering events of photoelectrons with
equal energy is formed in the 2m space above the sample.
With the use of an electron analyzer, this interference
pattern is recorded as a function of emission angle and/or
electron kinetic energy. To reveal the relationship between
the structural parameters and PD intensity, we consider a
simple model of single scattering of a plane wave in the
surface layers.!?

The intensity of photoelectrons (/) depending on the
emission direction k (electron wave vector) is determined
by the interference of the unscattered wave (¢o) with waves
elastically scattered by ith atoms surrounding the emitting
atom (¢;)

2

1(k) = M

$o (k) + Z &k, r;)
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In the simplest case of photoemission from the s level (see
Fig. 2) with the initial state s (the orbital quantum number
linit = 0) and the only final state p (/r = 1), the dipole matrix
element of photoemission is proportional to the scalar
product of unit vectors of incident radiation polarization &
and the corresponding directions of injected photoelectrons:
r;

.k R
k:%andr:?l

Accordingly, the unscattered wave can be expressed as
o = Aj(é k) &)

whereas the scattered wave can be expressed in the follow-
ing way:

(67

i

b, =AW, 1108 exp [i(kr; — kr; +,(08))] 3)

where Aj and Aj are exponential factors for intensity
attenuation due to inelastic scattering by the emitting
atom and the ith scattering atom; W; is the Debye— Waller
factor allowing for the dynamic atomic displacements in
solids;

FA08) = 1:(07)  exp [iys;(0)] 4)

f,(@,’f) is the complex factor for scattering of the plane wave

by the ith atom of the emitter environment, |f,(6f)| and

l//I(B,k) are the amplitude and phase of atomic scattering,

respectively, Hf‘ is the angle between vectors k and r;.
Taking into account that

kr; = kricos Gfl_

the phase component of the scattered wave is determined as

exp {i[kr,(1 — cos 0F) +y,(08)] }

i

¢i~

Having transformed Eqn (1), one gets

I(k) = |y (& - k)

2
+2Re Y [i(k) - bilk,r 0)]+ )

+2R€Z |:(/)j(k7 iy 0{'(,) ! (/)j(k7 ’f/’v ()lk,):|
i)

where Re is the real part of complex expression.

The first term in this equation corresponds to the
photoemission intensity distribution in absence of any
scattering by neighbouring atoms. The information about
spatial distribution of atoms relative to the emitter is in the
second term. The third term describes the diffraction of
waves scattered by ith atoms at jth atoms and, hence, it
contains information about the spatial distribution of the
atoms relative to one another.

Two major approaches used in XPD analysis follow
from Eqn (5); they are based on measurement of the
intensity /(k) as a function of either the magnitude or the
direction of wave vector. In the former case, the dependence
of the exponential term exp{ifkr;(1 — cos 6',,‘)}} on the scalar
quantity k = |k| is used in the structural analysis. For this

purpose, a tunable X-ray source is employed in experiments,
and the intensity is recorded as a function of kinetic energy
of photoelectrons at a fixed observation angle.?>-2¢ Such
experiments are often called energy-scanned photoelectron
diffraction. The experiments of this type can only be carried
out at synchrotron radiation centres where it is possible to
vary X-ray radiation energy from tens of electron volts to a
few keV. This option of photoelectron diffraction is not
considered in this review.

The second approach to gaining structural information
is varying the direction of the wave vector with the magni-
tude remaining unchanged. The vector direction relative to
the atomic ensemble is described by the dependence of the
exponential term exp{i[kr;(1 — cos Gf)]} on the Ofi angle. As
the wave vector direction coincides with the radius-vector
going from the emitter to the detector, the angle Hft can be
changed by rotation of the sample relative to the detector.
The experiments of this type are called angle-scanned XPD.
If a two-dimensional electron detector is used, it is sufficient
to rotate the sample around the normal to its surface. In this
case, both synchrotrons and laboratory sources of X-ray
radiation are suitable. Different types of the experimental
setup for angle-scanned XPD are considered below.

Analysis of Eqn (5) indicates that a separated phase
component of the XPD pattern can be considered as a
hologram.

Thus, as follows from Eqn (5), the photoemission inten-
sity distribution reflects the spatial structure of the local
environment of the chosen emitter atom. If there is a
definite pattern in the arrangement of the surface cluster
atoms relative to the chosen emitter, their contributions
form the oscillating component of the intensity dependence
on the wave vector. The intensity measured in the XPD
experiment is a superposition of intensities /(k) produced by
separate emitting atoms, each having its own local environ-
ment. Therefore, the diffraction effects related to scattering
by the local environment are most pronounced for the
systems with an ordered arrangement of emitting and
scattering atoms. As a result, the main objects of studies
with the use of XPD are surfaces of single crystals, ultrafine
epitaxial layers, films adsorbed on single crystals, etc. For
these systems, the normalized anisotropy of spatial emission
of photoelectrons

1,

— 1 Al

max min = = %100
Imax max
exceeds ~50% —70%. The examples of experimentally

obtained and calculated 2m-projections of photoemission
I(k) for a perfect single-crystalline surface of Cu(111) are
shown in Fig. 3.

It is of interest to compare X-ray photoelectron diffrac-
tion with other related techniques of structural analysis
such as LEED and EXAFS (extended X-Ray absorption
fine structure) (Fig. 4). Note that EXAFS is a method for
structural studies in the bulk, it enables one to investigate
the structure of the local environment of the chosen type of
atoms and is used in the studies of single crystals, poly-
crystalline and amorphous samples, solutions an so on. The
major advantage of EXAFS is its versatility. Its main
disadvantages consist in necessity of the use of synchrotron
radiation and complexity in processing and interpretation
of experimental data. A monochromatic beam of low-
energy electrons (30—200 eV) is used in the LEED experi-
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4

Figure 3. Experimental (a) and calculated (b) stereographic pro-
jections of Cu3p photoelectron diffraction pattern for the Cu(111)
surface.?’

(a) The projection was obtained using a toroidal analyzer (BESSY
I1, Berlin) at the exciting synchrotron radiation energy of 600 eV;
(b) the calculations were carried out using the EDAC (electron
diffraction in atomic clusters) programme in the multiple electron-
scattering approximation.

ments, it impinges on the surface and after scattering
acquires the information about it. This technique provides
the information concerning the long-range order of the
surface structure, but it does not give chemical information,
i.e., it does not distinguish particular positions of atoms of
different types. The obvious advantages of LEED are the
possibility to get structural information using this technique

in the online mode and good mathematical basis for the
interpretation of diffraction images.

Thus, in comparison with LEED, XPD has, on the one
hand, a significant disadvantage consisting in long duration
of the experiment, but on the other hand, a distinct
advantage, namely, the possibility to analyze structural
positions of atoms of a given type and, moreover, to
discern between positions of atoms of the given type in
different chemical states. In other words, XPD is one of the
rare techniques providing chemical information about sur-
faces in addition to structural information.

Due to the sensitivity of XPD to the geometry of the
local environment, it is possible to analyze structures of
both perfect single crystal faces and other objects such as
surface clusters with structure of the same type (not neces-
sarily periodic) and orientation (see Fig. 4), whose size can
be very small (less than 10 A). These cluster are formed at
early stages of growth of epitaxial films.?%-3% Another
suitable object is adsorbed molecular layers, where the
adsorbed molecules do not form an ordered surface super-
structure, but are situated at certain positions relative to the
atoms of the first substrate layer.”-2!-22 The structural
analysis of such small atomic surface objects is possible
with XPD only.

Structural analysis of polycrystalline and amorphous
surface layers cannot be performed using XPD since spatial
geometry of the local environment (in the coordinate system
‘sample surface — photoemission wave k’) varies in a random
way depending on the emitting atom position and the set of

EXAFS Yes Yes

XPD Yes Yes

LEED Yes Yes
Figure 4.
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Illustration of capabilities of EXAFS, XPD and LEED in the study of surface structure of solids (http://www.sussex.ac.uk/

(a) The basics of the methods: EXAFS is based on the analysis of oscillations of X-ray absorption coefficient near the absorption edge due
to interference between the diverging wave of the emitted electron and a part of the same wave scattered by neighbouring atoms in
backward direction; XPD is characterized by clear spatial anisotropy of the photoelectron emission from the surface due to scattering and
interference of the electron wave outgoing from the emitting atom at the atoms of the local environment; LEED is the diffraction of low-
energy electrons elastically scattered by the surface layers.

(b) The possible structures of surfaces: (/) a single-crystal surface or epitaxial layers, (2) periodic structures with ordered arrangement of
atoms and atomic clusters, (3) non-periodic structures with the same structure and orientation of atomic clusters, (4) surface structures
without ordering or mutual orientation. ‘Yes’ and ‘No’ express the applicability of the particular method to the study of the particular
surface.
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all possible orientations of scattering clusters with the same
(or similar) structure does not give an oscillating
component, which depends on the phase factor
exp{ilkr;(1 — cos Gfi)]}. Clearly, only objects which possess
a sufficient number of emitting atoms with similar spatial
geometry of the local environment or have a limited number
of structurally non-equivalent positions of emitting atoms
are amenable for determination of structural parameters of
surface clusters with the use of XPD.?°

2. Experimental implementation

Various schemes are used to obtain the experimental dif-
fraction pattern by means of angle-scanned XPD. The
simplest scheme can be implemented using a laboratory
spectrometer with hemispherical electrostatic electron ana-
lyzer (Fig. 5a). In this scheme, the position of the X-ray
source and electron analyzer relative to the sample is fixed;
to obtain the complete 2n diffraction projection, it is
required to rotate the sample over the azimuthal (¢) and
polar (0) angles and reduce the solid angle of photoelectron
collection (). It was shown that the decrease in the Q angle
can be achieved by disabling the focusing lenses of the
analyzer,3!-32 in this case the collection angle is defined by
the distance from the sample to the analyzer (~600 mm)
and the size of entrance aperture of the analyzer (3 mm); as
a result, the electron collection angle can be decreased from
~25to ~1°. This scheme is simple and makes it possible to
switch from the XPS mode with angle averaging to XPD
with high angle resolution. In the latest generation of
electron spectrometers, the photoelectron collection angle
is controlled by a set of focusing lenses.

An XPD experiment is carried out in the following way.
Scanning over the azimuthal angle ¢ from 0 to 360° (if the
crystal symmetry is known, the scanning range can be
reduced) in certain A increments, e.g., of 1°, is performed

at a fixed polar angle 0. Then the polar angle is changed
(also by 1°), and scanning over the azimuthal angle is
repeated, the typical range of variation of the polar angle
is usually 0—80° relative to the normal to the sample
surface. In the case of XPD with resolution of chemical
(or magnetic) states, the rotation of the sample is accom-
panied by recording of the X-ray photoelectron spectrum
for the element of interest in each point (0, ¢). The measure-
ments afford an array of ten (or more) thousands of spectra.
Each spectrum is decomposed into components responsible
for nonequivalent forms of the element, the intensity of each
band is measured, and the arrays of intensities of separate
chemical states (0, ¢) are formed. Then, the diffraction 2x
projections of non-equivalent states of the chosen elements
are constructed.

At present, there are electron spectrometers specially
designed for the analysis of angle dependences of X-ray
photoelectron spectra. An example of such spectrometer is
Theta Probe (USA) (Fig. 5b), which is able to record an
array of electron spectra in a 60° polar angle range in <1°
increments owing to a modified system of lenses. To obtain
the complete diffraction pattern, it is sufficient only to scan
360° of the azimuth angle. However, the central part of the
XPD pattern from 0 to 20° is missing.

Toroidal electron analyzers (Fig. 5¢) providing two-
dimensional distribution of photoemission are of great
interest for XPD. Such analyzers operate, for instance, in
one of the lines of the BESSY II synchrotron storage ring
(Germany),?’-33 and in the BL25SU line of Japanize syn-
chrotron SPring-8.3%35 A specific feature of instruments of
this type is the possibility to record full 2n patterns of
electron photoemission for polar and azimuthal angles in
the 0—90° and 0—360° ranges, respectively. An example of
experimental scan of diffraction pattern of Bi4f photoelec-

The analysis

spotis 1 um,
the collection
angle is 60°

Figure 5. Types of spectrometers used in recording of XPD patterns by angle scanning.

(a) VG Escalab MK II laboratory electron spectrometer;3'-32 (b) Theta Probe specialized electron spectrometer for studies of angle
dependences in XPS; (¢) basic design of toroidal electron spectrometer for ARPES and XPD studies; in the bottom part, two sections of
toroidal analyzer are given and trajectories of photoelectrons emitted by the sample surface under the influence of photons (synchrotron
beam is marked by the arrow) are shown, the photoelectrons are detected at the analyzer outlet using a multichannel plate.?”
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Figure 6. Experimental scan of the Bi4f photoelectron (E = 742 eV) diffraction pattern for the Bi»Te3(111) surface obtained with the use
of a toroidal analyzer at the synchrotron centre BESSY II (a), stereographic projection constructed from this scan (») and model

stereographic projection of the Bi,Tes3(111) plane (c)."

trons obtained with the use of a toroidal analyzer for a
BirTes(111) surface is shown in Fig. 6.

Note that the duration of scanning with 1° angle
resolution using toroidal analyzer is ~1 h; during this
period, the sample makes a full rotation around the normal
to the surface by the azimuthal angle. Thus, the duration of
the experiment is comparable with recording of the conven-
tional XPS spectrum. In the course of subsequent process-
ing, the experimental scan is transformed to more easily
understandable stereographic projection. In our opinion,
these instruments are currently most convenient and accu-
rate in getting XPD patterns.

3. Structural analysis

The information about the structure of the surface layers
under study is extracted from experimental data obtained
by X-ray photoelectron diffraction. The methods for struc-
tural XPD analysis are well developed and described (see,
for instance, Refs. 17,19 and 21). Depending on the depth
of treatment, precision and versatility, one can distinguish
three qualitative levels of analysis of the experimental XPD
data. The first (simplest) level is based on determination of
the symmetry of the diffraction pattern and angles of the
main scattering peaks. This approach gives quite adequate
ideas about the surface structure in some cases. At the next
level, quantitative theoretical calculations of XPD pattern
are conducted for model clusters describing the surface. The
used theoretical models contain a series of approximations,
which affect the accuracy of the final result and the
calculation speed. The structural parameters are refined
based on the R-factor, which is a measure of agreement
between the theoretical and experimental XPD data. The
third level is based on the solution of the direct problem of
restoration of the structure of the scattering cluster sur-
rounding the emitting atom from the XPD data with the use

T The data were obtained by the authors in collaboration with Doctor of
Chemical Sciences L V Yashina (Department of Chemistry, Lomonosov
Moscow State University).

of formalism of photoelectron holography. This level is not
more precise than the theoretical calculations; however, it
makes the first step towards determination of the scattering
cluster geometry and allows estimating the interatomic
distances. Actually, both approaches, the model calcula-
tions and holography, are required to determine the surface
structure parameters, especially, in complicated cases,
where relaxation effects and structural transformations on
the surface take place.

Consider the main features of X-ray photoelectron
diffraction and the possibilities and constrains of XPD
structural analysis of surfaces defined by these features.?®
An important specific feature of XPD consists in the
dependence of the complex factor of atomic scattering

f,(@f) [see Eqn (4)] on the photoelectron kinetic energy (FE)

and the scattering angle (95)

The first calculations of atomic scattering amplitudes
| /i(0F)| were performed in the 1980s36-37 to show that the
angle dependence of |f,(6f‘)| is substantially anisotropic if
photoelectron kinetic energies are >1000 eV (Fig. 7). The
non-zero values of atomic scattering amplitudes correspond
to narrow range of the Ofi angles close to the direction to
the scattering atom; the effects of reverse scattering are
practically absent. Thus, the effects from interference of
waves scattered by the local environment of the emitting
atom are negligibly small at these energies, and photo-
emission intensity maxima are only observed in the direc-
tions of forward scattering (Hfi ~ 0°), which correspond to
the directions r; to the atoms surrounding the emitter.
Additionally, the scattering phase shift becomes insignif-
icant at small scattering angles in the forward direction.?®

This effect was called the forward-scattering approxi-
mation. In some cases, this approximation can be used in
the structural analysis since the distribution patterns of
major photoelectron intensity maxima almost entirely
reflect the geometry of the local environment of the emitter.
The forward-scattering approximation is most often used to
determine the symmetry and bond parameters of adsorbed
molecular systems.
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Figure 7. Angular distribution of the amplitude |f(0f)\ of the electron scattering by nickel (¢) and oxygen (b) atoms at E = 60—1000 eV
and scheme of interference of two ideal spherical waves outgoing from the emitting copper atom and a scattering copper atom with a zero

scattering phase shift (c).37-3%

The angle 61‘1 = 0° corresponds to the direction of forward scattering, if kinetic energy of emitted electrons is high, the zero-order peak is
strongest. The peaks of the first and higher orders become more intense at low photoelectron energies.

This approximation is also used in the analysis on
interatomic distances in surface layers of single crystals
and in epitaxial films. The XPD patterns for single crystal
surfaces fully correspond to stereographic projections (see
Fig. 6¢).!17-3%40 In some uncomplicated instances, it is
possible to determine the type of structure and crystallo-
graphic orientation and to estimate the lattice parameters
directly from the experimental XPD pattern. The use of
forward-scattering approximation and stereographic pro-
jections proved to be fruitful for studies of phase trans-
formations at single crystal surfaces, especially, if they are
characterized by rigorous orientational interphase relation-
ships, and for analysis of structural regularities of epitaxial
nanolayer growth. In the case of ordered adsorbed systems,
location of the adsorbate atoms on the single crystal surface
can be qualitatively characterized in the framework of this
approximation.

At the same time, as it was noted by Westphal,'® this
version of photoelectron diffraction is based on the zero-
order interference (see Fig. 7 ¢), which does not depend on
the electron wavelength. Therefore, this version is not
genuine diffraction as the peaks of higher orders are not
considered.

Since the forward-scattering approximation is applica-
ble only to high-energy electrons, this approach was further
developed in laboratories equipped with spectrometers hav-
ing one or two constant-energy photon sources such as
MgK, (1253.6 eV) and AlK, (1456.6 eV). At such high
energies of exciting photons, the kinetic energy of electrons
emitted from core levels is 300 eV or more, therefore the
advantages of this approach can be used.

The classic study of Saiki er al.! represents an example
of application of the forward-scattering approximation to
analysis of molecular bond orientation on surfaces. The
authors studied CO adsorption on the Fe(001) surface using

XPD. For the CO/Fe(001) adsorption system, it is known
that CO molecules are bound to the metal surface through
carbon atoms. Since oxygen atoms are located above
carbon atoms, photoemission of oxygen atoms exhibited
no effect of forward scattering. On the contrary, electrons
emitted by carbon atoms were scattered and produced
signals in the direction of the C—O bonds. Figure 8a,b
shows the Cl1s/O1ls signal dependences on polar angles for
two azimuthal directions, [110] and [100], and the depend-
ence of the Cls emission intensity for polar angle 6 = 35°.
As can be seen, a strong anisotropy of the C1s/O1s emission
intensity ratio is observed in the [100] azimuth direction
with maximum at 6 = 35° relative to the surface. At the
polar angle 0 = 35°, there are two strong maxima in the
dependence of the Cls intensity on the azimuthal angle,
they correspond to the [100] and [010] azimuths. Analysis of
obtained dependences definitely indicates closer location of
carbon atoms to the single crystal surface and orientation of
CO molecules in the (010) plane at a 35 £ 2° angle relative to
the Fe(001) plane. The arrangement of CO molecules on the
Fe(001) surface is shown in Fig. 8 c.

The forward-scattering approximation approach was
popular at early stages of development of the XPD techni-
que and was successfully applied to study the NO/Ni(100)
system#? and to analyze the geometry of more complex
molecules such as the formate on the (110) surface of
titanium dioxide.*?

A necessary condition for the application of the for-
ward-scattering approximation is as follows: the emitting
atom must be located below the atom that scatters the
electron wave. In the case of systems with adsorbed layers
where separate atoms but not molecules are adsorbed on
the surface, atoms of the crystal outer layer can act as
emitters. It is possible if the states of atoms of the outer
layer differ from the states of other atoms of the crystal and
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Figure 8. Results of XPD study of CO adsorption on the Fe(001)
surface.*!

(a) Relative intensities of the Cls/Ols signals vs. polar angles; (b)
intensities of the Cls signal vs. azimuthal angles; (¢) model CO
adsorption on the Fe(001) surface.

their spectrum can be distinguished against the intensive
spectrum of the crystal matrix.

A characteristic example of the use of this approach is
given in the study of Daimon et al.** in which the arrange-
ment of the adsorbed (1 x 1)O/W(110) layer was ascertained
using XPD with resolution of W4f states in the tungsten
spectrum (Fig. 9). The authors succeeded in obtaining the
21t projection for W4f photoelectrons of only the upper
layer of the tungsten atoms that are chemically bonded to
oxygen atoms. Using the forward-scattering approximation,
they analyzed the experimentally obtained 2m projection of
Wi4f photoelectron diffraction on the tungsten surface and
determined structural parameters of the location sies of
ordered oxygen atoms.

A similar approach was used in a study of CO and N>
chemisorption on the Ti(0001) surface.??-33 In this system,
carbon, oxygen and nitrogen atoms, after dissociation of the
molecules on the surface, are partially incorporated into the
octahedral interstitial sites of the titanium lattice below the
crystal surface. The XPD analysis with resolution of the
Cls, Nls and Ols chemical states made it possible to

determine the adsorbate location sites both on and below
the surface. Of recent studies, it is worthwhile to note the
study #* of the adsorbed O/Nb(110) layers. The niobium
atoms of the first layer of the Nb(110) surface responsible
for intrinsic energy states in the Nb3d spectra were used as
emitters.

Besides the systems with adsorbed layers, single crystal
surfaces, epitaxial films and subsurface structures can be
studied in the framework of forward-scattering approxima-
tion. Recall that, according to the approximation, the
angular positions of the scattering intensity maxima reflect
the geometry of the short-range order for the given emitting
atom and coincide with the directions of the close packing
and the planes in the crystal which pass through the sites of
this atom. If emitting atoms with non-equivalent short-
range geometry exist for the same chemical state, the total
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Figure 9. Results of XPD study of the (1 x 1)O/W(110) system.**
(a) Experimental X-ray photoelectron spectrum of tungsten
(1) with distinguished W4f states of the first surface monoatomic
tungsten layer chemically bonded to oxygen atoms (2) and single
crystal bulk (3). Diffraction patterns of W4f photoelectrons:
(b) bulk component; (¢) component from the first tungsten mono-
layer bonded to oxygen; (d) location of oxygen atoms on the
W(110) surface.
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XPD pattern (which is a superposition of scattering inten-
sities for all the emitters) reflects the whole set of the close
packing directions for the atoms of this type. By comparing
the 2n projections of photoelectron intensity distributions
with stereographic projections, one can determine crystallo-
graphic orientations of single crystal surfaces. This problem
can be solved most easily for single-component structures or
the structures in which the short-range geometry of all the
emitters is the same for any chemical state of these emitters.
In this case, the only XPD pattern is required even for a
multicomponent system. The application of this approach
was demonstrated in a series of studies of single crystals of
CulnSes(112),%° Fe/Cu3zAu(001),* Ru(0001) and Ni(001),!2
Ni(110) ¢ and Nb(110).4°

It is impossible to determine the structural type of single
crystal surface unambiguously in the forward-scattering
approximation because it neglects the scattering effects
related to different types of atoms in structurally equivalent
sites (i.e. to ordering), to small deviations of lattice param-
eters, efc. Nevertheless, analysis of the experimentally
obtained XPD patterns in the framework of this approx-
imation affords information about the short-range order
geometry and the structure of the surface layer in the case of
not sophisticated structures of known composition and,
therefore, it can be useful for identification of such struc-
tures.

Consider the surface of a FCC crystal as an exam-
ple.!'®-47 The emitting atom is located in the second surface
layer of three (in the general case) layers. The geometry of
the atom environment is illustrated by Fig. 10. For exam-
ple, electrons emitted by an atom in the Ni(111) crystal are
scattered by the neighbouring atoms.*’” At high kinetic
energies, the maximum scattering occurs in the directions
from the emitter to the surrounding atoms. The positions of
these atoms can be defined through interplanar spacings
and 0 and ¢ angles (Table 1).

The directions to the atoms of the fourth local environ-
ment coincide with the directions to the atoms of the first
one. The experiment and calculations of photoelectron
diffraction for the emission from the Ni2ps,» levels of the
Ni(111) surface are understandable from the scheme shown
in Fig. 10. As can be seen, determination of the azimuthal
and polar angles of the major reflections in the experimental
XPD pattern is sufficient to confirm or refute the simple
picture of the forward scattering for the zero-order diffrac-
tion (at high kinetic energy of photoelectrons) on the
Ni(111) surface.

At present, the primary analysis of diffraction patterns
in the forward-scattering approximation can be carried out
by computer programmes used to construct stereographic
projections for model clusters that describe the surface
without diffraction effects. An example of such a projection
for Ni(111) is shown in Fig. 105. The convenience of this
approach consists in the possibility to mark (with colour or

Table 1. The 0 and ¢ angles determining the positions of atoms.*”

Local environment 0 /deg ¢ [deg

First 35.5 0,120, —120
Second 54.7 60, 180, —60
Third 20 60, 180, —60
Fourth 35.5 0,120, —120

— >
w

(111) p\lane 207,
\ 35.3°
"-.‘ | '// ®!
' / A2
¢ =0° ;
54.7°.
//
@ =0°

Emitter

Figure 10. Schematic view of three layers of the (111) surface of an
FCC crystal.

(@) The emitting atom is located in the second layer below the
surface; atoms of the first (/) and second (2) environments are in
the layers above the emitting atom, atoms of the third (3) environ-
ment are above the surface;*’ (b) stereographic projection calcu-
lated for model Ni(111) cluster.

size) the reflections corresponding to certain scattering
atoms from the emitter environments of different orders.
In the case of multicomponent crystals or complex adsorbed
systems, this approach to the primary analysis of XPD
patterns seems helpful.

Return to Eqns (4) and (5). The effect of forward
scattering, which occurs only at E > 1000 eV, has been
discussed above. In the range of high kinetic energies of
photoelectrons, a rough approximation of photoemission
from s level is also valid.3%48-50 The type of final states of
the emitted electron (/f) and their interactions are not taken
into account in this approximation; therefore, the dipole
matrix element can be omitted. As a result, interference
effects for waves scattered at the local environment become
negligible in this region of energies.

Studies of Fadley and co-workers !7-5! can be considered
as a limiting case of the use of high energy photoelectrons.
Hard X-ray synchrotron radiation with photon energy (Ej,)
of 5-20 keV or radiation of laboratory sources such as
CrKy12 (Eny = 5.417 keV) was employed to excite the pho-
toemission. This resulted in a 2-3-fold increase in the
analysis depth (up to 10 nm and more), which is very
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important, for example, in studies of thin-film structures. At
such high energies of emitted photoelectrons, the effects of
forward scattering by the nearest atoms not merely pre-
dominate but completely determine the structure of XPD
patterns. This technique was called hard X-ray photoelec-
tron diffraction (HXPD). Owing to the increase in the mean
free path in HXPD, the number of emitting atomic layers
increases, and the Bragg scattering by the crystal planes
starts to have effect. Taking this into account, the photo-
electron diffraction is best regarded as a process of multiple
Bragg scattering resulting in the appearance of Kikuchi
bands. The analysis of results of theoretical modelling for
HXPD showed that this technique can be very sensitive to
the type of the element and the positions of atoms in the
lattice (such as substitutional or interstitial sites), as well as
to the lattice relaxation.!”

As the photoelectron kinetic energy decreases below
1000 eV, the role of interference effects (see Fig. 7) and
angular momenta of initial and final states of the emitted
photoelectrons in both the forward and backward scattering
increases. In this case, complete quantitative calculations of
photoemission intensity /(k) are required to analyze exper-
imental XPD patterns.

To demonstrate the XPD pattern changes depending on
the photoelectron kinetic energy, we will consider our own
results of the Bi;Tes(111) surface studies. The experimen-
tally obtained and simulated XPD patterns for Bi4f elec-
trons with kinetic energy increasing from 202 to 742 eV are
shown in Fig. 11. The Bi4f binding energy (Ep) is ~160 eV.
The energy of photons of exciting synchrotron radiation
was varied to change the kinetic energy of electrons. It can
be seen that at high kinetic energies of photoelectrons, the
XPD pattern is clear-cut, and the reflections corresponding
to the major directions of close packing of atoms in the
Bi,Tej lattice are distinguished. At low energies (< 500 eV),
the patterns becomes more sophisticated due to intensifica-

tion of effects of the first, second and higher orders, as well
as effects of backward scattering. Analysis of such patterns
from the position of the forward scattering is impossible,
and carrying out of model calculations is needed.

The interest in XPD at medium and low kinetic energies
of electrons is very high. Intensification of backward
scattering effects is required, for example, in gas adsorption
studies, where the adsorbate atoms are used as sources of
photoemission, and the diffraction pattern from scattering
by the substrate atoms is analyzed. Weakening of the
maximum of forward scattering and intensification of the
interference effects of the first, second and higher orders
(see Fig. 7¢) form the basis of implementation of photo-
electron holography. From the experimental point of view,
the interest in XPD at low electron kinetic energies is
caused, inter alia, by high intensity of synchrotron radiation
at low Ej, values, which has a positive effect on the
precision of XPD data.

4. Numerical simulation of photoelectron diffraction

Quantitative calculations of XPD are needed in order to
understand the nature of photoelectron diffraction maxima
and compare the experimentally obtained results with
theoretical predictions for the model surface structure. At
the initial stage of development of XPD calculations, the
model of single scattering plane wave [single scattering
cluster —spherical wave (SSC-SW)] was employed [see
Eqns (1)—(5)]. This approach was used until the mid-
1980s, mainly, for investigation of the adsorbed gas/metal
systems and also various single-crystal surfaces.!> 5233 The
qualitative correspondence between the experiment and the
theory was quite good; however, the anisotropy of photo-
emission intensity in the forward direction was overesti-
mated and divergence in the fine structure of the peaks was
observed. A substantial difference between the results of
calculations in the scattering plane wave approximation and

Kinetic energy of Bi4f photoelectrons

a b ¢

Experiment

Figure 11. Bi4f photoelectron diffraction patterns obtained experimentally and calculated in the multiple scattering approximation for the
Bi>Tes(111) surface at E = 202 (a), 302 (b), 542 (c), 642 (d) and 742 eV (e).
The experiment was carried out with the use of the toroidal analyzer (BESSY II), the calculations were performed using the EDAC code.
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experimental data was revealed for the (2 x2)S/Ni(001)
system, indicating the restricted applicability of this
approach to the quantitative structural analysis of surfaces.

The capabilities and limitations of the SSC-SW
approximation in the XPD studies were considered in detail
in a review.!5 Particularly, it was noted that in the region of
moderate kinetic energy (< 300 eV), the assumption of
photoemission from the s level proved to be unsatisfactory;
its limitations in interpretation of the data of photoelectron
and Auger electron diffraction were demonstrated in many
experimental and theoretical studies.3?46-50.54.55 Particu-
larly, substantial discrepancy was found between forward
scattering intensities measured in experiments with single
crystals at low kinetic energies of Auger electrons (65 eV)
and calculated in the framework of the scattering plane
wave approximation: only minima of scattering intensity
were observed instead of expected maxima.>* 35 The analy-
sis of the whole set of the data showed that this was due not
only to low kinetic energy but also to the character of the
wave source, i.e., the initial and final angular momenta of
the emitted electron.3-3° Calculation in the single scattering
spherical wave approximation confirmed that the type of
the final state of the emitted electron with £<100 eV (the
wave type is s, p, d, f, g or h) determines the observed
diffraction pattern (Fig. 12). Accurate description of the
initial and final states of photoelectron wave can also be
necessary if kinetic energies are high, especially, in the case
of precision structural XPD studies.4%- 3¢

Figure 12. Calculated 2mn projections of electron diffraction
(E = 60 eV) for the Cu(001) surface in the single scattering spher-
ical wave approximation.3®

The type of electron wave is s (a), p (), d (¢), £ (d), g (e), h (f).

Thus, XPD modelling in the scattering plane wave
approximation gives no good result in quantitative struc-
tural analysis, especially, in the case of low kinetic energies
of photoelectrons. At present, realistic quantum mechanical
models have been developed that describe photoelectron
scattering by spherical waves in the approximation of single
and multiple scattering, and based on these modes, so-called
scattering spherical wave methods have been devel-
oped.’” % The matrix formulation of separable Green’s
functions 48-49-60 and Taylor-series magnetic quantum num-
ber expansion (TS-MQNE)>7-3 are approximate schemes
which are most widely used for XPD simulation. Both
schemes approximate the scattering system by a cluster
consisting of separate atoms; this corresponds to the local
type of formation of diffraction effects in the surface layers.
One of advantages of the cluster approaches consists in the
capability of modelling separate structural defects (of both
topological and compositional types). At the same time, like
all quantum chemical approaches, these methods do not
take into account the statistical character of structural
defect distribution. The key provisions for the application
of separable Green’s functions to simulation of photoelec-
tron diffraction in the single scattering spherical wave
approximation are considered by Kaduwela et al.*®

Numerical simulation of XPD in scattering spherical
wave approximation (even in the single scattering approx-
imation) significantly enhances the possibility of carrying
out structural analysis of ordered adsorption and epitaxial
systems on surfaces. For these systems, the effects of multi-
ple scattering can be often neglected, and geometric param-
eters can be estimated, as well as the type of the lattice
formed by the adsorbed atoms and location of these atoms
on the surface can be established.?8-41.61-64 Smekal er al.®®
considered the applicability of single scattering approxima-
tion to analysis of crystals with a high level of structure
imperfection, polycrystalline and even amorphous materi-
als. The single scattering approximation is efficient in the
analysis of XPD patterns obtained after interference of
backscattered electron waves which were emitted by adsor-
bate atoms on a surface. It is preferable for this purpose to
observe XPD of photoelectrons with low kinetic energy.
Such analysis of the ¢(2x2)S/Ni(001) absorption system
resulted in determination of geometric parameters of the
surface structure, viz., location (which is characterized by
the z parameter) of the ¢(2x2)S adsorbed layer on the
Ni(001) single crystal surface and the first interlayer spacing
(di2) for the Ni(001) face.®® Thus, the single scattering
approximation operates well in the studies of processes
occurring directly on surfaces when the model clusters
describing the system are not large.

The results of investigation of ordering of endohedral
fullerenes Dy3sN@Cso on the Cu(111) surface can be cited as
an example of modelling in the single electron scattering
approximation.®” The STM images of the Dy3;N@Cso/
Cu(111) surface and the results of XPD analysis, including
experimental patterns and modelling of electron photoem-
ission from C and N 1s levels are shown in Fig. 13. Since
carbon atoms form the fullerene cage, whereas the nitrogen
atom is located at the centre of the system, the diffraction
patterns reflect the view of fullerene from the outside or
inside depending on the atom (C or N) chosen as the
emitter. As the kinetic energy of photoelectrons is
>400 eV, the effects of forward scattering dominate in the
diffraction patterns.
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Figure 13. STM image of the surface of the Dy3N@Cso/Cu(111)
system (the inset shows the model of endohedral fullerene) (a) and
experimentally obtained 2r patterns of carbon () and nitrogen (d)
Is electron diffraction and corresponding simulated diffraction
patterns (¢ and e) calculated in the approximation of single
scattering of electrons.®’

The fact that the XPD patterns for Cls and N1s photo-
electrons are observable and have clear-cut scattering max-
ima indicates that the adsorbed fullerenes on the Cu(111)
surface are ordered. From the results of calculations of the
XPD patterns, which were carried out in the single scatter-
ing spherical wave approximation, a gecometric model of the
DysN@Cgo/Cu(111) system was constructed, and intera-
tomic distances in this model were determined.

In the case of more complex systems, it is desirable to
use the multiple electron scattering approximation. Partic-
ularly, the effects of multiple scattering have to be taken
into account while studying single crystal surfaces the XPD
patterns of which are formed by photoemission from ten
(and more) surface layers, while model clusters contain a set
of atomic emitters and a few layers of scattering atoms. It
was demonstrated in a series of seminal experimental and
theoretical studies37-48-68-71 that due to these effects, the
intensity maxima of forward scattering by the emitter local
environment atoms become substantially weaker, and addi-
tional fine structure appears in the diffraction pattern. The
results of calculation of multiple scattering of Al2s elec-
trons, which were carried out by means of separable Green’s
functions, are shown in Fig. 14.48 As can be seen, the effects
of multiple scattering already occur for two scattering
atoms in the chain. It is believed that for a complete
description of this effect, it is sufficient to consider 6—8
scattering events in the calculations.

The multiple scattering was taken into account in the
XPD studies of epitaxial layers and adsorbed molecular
structures. Taking the Cu(111),”> RhO,/Rh(100),73
(1 x1)O/W(110)*° and 1T-TaS, (see Ref. 74) systems as
examples, it was shown that the computational algorithms
using multiple scattering approximation are preferable to
attain precise geometric parameters for surface epitaxial
and adsorption layers. Among many studies performed in
this field in recent years, several studies 7>~ 82 are of special
interest for our consideration. Particularly, Atrei’> demon-
strated that the intensity of the silver 3ds,, emission signifi-
cantly decreases along the closely packed NiO(001) layers
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Figure 14. Results of calculation of single (/) and multiple (2) scattering in relation to Al2s photoelectron diffraction (E = 1336.0 eV) by a

linear chain of aluminium atoms.*$

(a) Schematic view of the location of the emitting atom; (b) calculated dependencees of photoemission intensity in models / and 2; (¢)
scattering intensity in the Al[101] direction (/) vs. the number of aluminium atoms in the chain (n) in models / and 2; (d) deviation of the

results obtained with models / and 2 vs. n.
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deposited on the Ag(001) substrate. The analysis of epitax-
ial MnO films on the Ag(001) surface showed that for close-
packed structures such as NaCl, the interpretation of XPD
data in the framework of the forward scattering model is
not sufficient.’® When the multiple scattering model was
applied, the precision of estimates increased 3 —5-fold and
tetragonal distortions were revealed for <5 nm thick film.””
Network structures consisting of distorted MnOg tetrahedra
were detected in the study’® of epitaxial layers of
Lag7X03MnO (X = Ca, Sr, Ce) on SrTiO;. It was found
by means of analysis of diffraction of photoelectrons
emitted by dopant atoms that the strontium and calcium
atoms occupy definite sites in the crystal lattice, whereas
cerium atoms are located arbitrarily.

In the case of unconventional surface systems, it may
happen that the higher the quality of XPD simulation the
more complicated is to bring the results into agreement with
the experimental data. For example, it was impossible to
determine the structure of TiO> clusters in an ultrafine TiO»
film on the Pt(111) surface unambiguously from the XPD
data.”® Meanwhile, using calculations in the multiple scat-
tering spherical wave approximation, which is sensitive to
the local environment of the emitting atom, it was possible
to detect dissolution of the ultrafine iron film deposited on
the Ag(001) surface to a multitute of non-oriented clus-
ters.80

Using the multiple scattering approach in the analysis of
diffraction of photoelectrons emitted by oxygen 1s state and
lead 4f7)> state, Despont ez al.8! determined the direction of
growth of the anisotropic ferroelectric PbTiOs3 film on the
Nb-—SrTiOs3 surface; it is virtually impossible to attain this
result by any other methods at a film thickness of ~6 nm. A
unique XPD experiment with resolution of carbon chemical
states and calculations in the multiple scattering approx-
imation demonstrated 82 that first two graphene monolayers
epitaxially deposited on the 6H-SiC(0001) surface form a
common buffer monolayer with a cellular structure.

Lately, owing to improvements in mathematical formal-
ism of calculations in the multiple scattering spherical wave
approximation, most of structural XPD studies have been
carried out with the use of this approach. As an example, we
mention the very good agreement between the results of
calculations and experimental data shown in Fig. 11. Some
discrepancies in the region of low kinetic energies of photo-
electrons are rather related to the statistics of the experi-
ment than to the accuracy of model calculations. A good
compliance between experiment and theory is observed in
the XPD patterns of the Cu(111) surface (see Fig. 3).27
These experiments were carried out using a unique toroidal
analyzer and the calculations were performed in the multi-
ple scattering approximation.

In general, one can conclude that, at present, the
technique of both XPD experiment and XPD modelling
has reached high level. Of most popular programmes serv-
ing for XPD modelling, worth noting are EDAC#3 and
MSCD (multiple scattering calculation of diffraction).4
When model calculations are carried out using, for instance,
the EDAC code, the following factors are taken into
account: the geometry of the experiment, the type of polar-
ization of synchrotron radiation, the size and shape of the
modelled cluster, the number of scattering events to be
taken into consideration, the electron mean free path in
the material under study, the electron kinetic energy, and
the energy level from which the electron is emitted. Addi-

tionally, such parameters as inner potential and the Debye
temperature are used.3®

Comparison of experimental and theoretical XPD pat-
terns is carried out on the basis of R-factor: the smaller this
factor, the better the agreement between theoretical and
experimental data, and, hence, the more precise the descrip-
tion of the surface under study by the model cluster. The
R-factor can be calculated in several ways. The following
formula can be used for this purpose:
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where n and m are the numbers of azimuthal and polar
angle dependences, respectively; the superscripts exp and th
stand for the experimental and theoretical values, respec-
tively.®>

The R-factor can also be calculated from the following
equation: 66,86
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Here, the normalized angular anisotropy is defined as
follows:
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Finally, it was suggested 87 to determine the R-factor by
the equation
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Besides the above, other methods for calculating the

R-factors have been suggested.®3-3% Any of the methods can

be employed to compare experimental and theoretical XPD

patterns, the choice being usually dictated by the methodo-
logical aspects of construction of the stereographic projec-
tions and the type of the problem to be solved.

The procedure for numerical estimation of goodness of
fit between theoretical and experimental diffraction patterns
brings XPD to a basically new level, namely, XPD can be
considered as a method for structural analysis of surfaces.
The use of R-factor forms the basis for optimization of
geometric parameters of model clusters describing the sur-
face or some structures on this surface.

This type of optimization can be exemplified by the
results obtained in the study of the 1T-TiSe, crystal sur-
face.®> It is known that this crystal has a layered structure
composed of three-layered Se—Ti—Se blocks separated by a
van der Waals gap. The layered compounds (sulfides,
selenides, tellurides) are convenient for experimental study
as their crystals can be easily cleaved in vacuum along the
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van der Waals gap to form structurally perfect and chemi-
cally clean surfaces. Many studies have been carried out
using these objects, in particular, APRES experiments to
investigate the band structure of compounds. However, the
question of whether the structure of the crystal surface after
the cleavage is the same as the bulk structure remains open.

STM and XPD experiments and quantum chemical
calculations were carried out for the crystals of dichalcoge-
nide 1T-TiSe,.?%-°! The experimental and calculated diffrac-
tion 2w patterns for photoemission of Ti2p electrons and
emission of Auger Se(LMM) electrons from the 1T-TiSe»
surface are shown in Fig. 154a. The calculations were done
in the multiple electron scattering approximation consider-
ing the options of existence of structural defects in the
1T-TiSe; lattice, relaxation shrinkage (stretching) of surface
layers and van der Waals gap and deviation of 1T-TiSe»
surface geometry from the base (001) plane.

The EDAC programme using multiple scattering
approximation for the chosen cluster 33 was employed for
calculations. This programme is suitable for large clusters
containing up to a few thousand atoms. Iterative procedures
were applied to achieve fast convergence. The size and
shape of the cluster are characterized by the quantity

Rmax = |l‘,- - r0| + (Zsurf - Zi)

Here, r; and ro are the radius vectors to ith scattering
atom and to emitter, respectively; zsu,r and z; are coordi-
nates of the surface and ith scattering atom along the
surface normal.

A parabolic-shaped cluster was used in this study;®3 its
size was chosen to be approximately 1.5 times larger than
the mean free path of an electron with energy of ~ 1300 eV
in TiSe, (Fig. 155b). The number of atoms in the cluster was
varied from ~300 to ~ 1000 depending on the location of
the emitting atom relative to the crystal surface.

In the general case, matching theory and experiment
requires a complex multiparametric analysis with optimiza-
tion of geometry of the model cluster and search for the
global minimum of R-factor. This is a very time-consuming
task. In a simple embodiment, consideration can be
restricted to several geometric parameters of the dichalco-
genide crystal lattice, e.g., one can vary the width of the van
der Waals gap between the first and second Se —Ti— Se (D)
blocks, interlayer relaxation inside the first upper block (d)
and the lattice parameter a (see Fig. 15 ¢).%> The crystal bulk
parameters are used as the starting values, and then they are
varied by being substantially increased or decreased. The
diffraction pattern for Se(LMM) Auger electrons and R-
factor for its divergence from experiment were calculated
for each point of three parameters (altogether >500
points). As a result, R-factor quasi-surfaces for the set of
the parameters a were constructed (Fig. 15d).

The global minimum in the R-surfaces corresponds to
the best coincidence of the experimental and theoretical
XPD patterns and indicates the optimal parameters of the
surface structure.®> However, as can be seen from Fig. 154,
there are two equivalent R-factor minima rather than one;
therefore, the univocacy of the result has been questioned.
The reason of this situation is the application of a simplified

a

Results of XPD experiment

d

Se(LMM) Ti2p

50 0 /deg

0

—50

50 -50

0 50 60/deg

Results of calculations in the multiple
scattering approximation

6.0 A

Se(LMM) Ti2p

c

:

-50 0

0/d 1
30 0/deg a=35A

Figure 15. Results of XPD experiment and model calculations in the multiple scattering approximation for diffraction of Se(LMM) Auger
electrons and Ti2p photoelectrons for the 1T-TiSe, surface (a), 0 is the polar angle used to construct the diffraction patterns; divergence
factor between theoretical and experimental XPD patterns (b); unit cell of the layered crystal of 1T-TiSe, with the indicated lattice
parameters «, ¢ and D (c); changes in the divergence factor surface depending on the deviations of the lattice parameters from their bulk
values (d).8°
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model describing the surface. Both R-factor minima indi-
cate significant deviation of the lattice parameters in the
crystal surface layers from the corresponding bulk values.
However, only linear distortions of the lattice were taken
into account in the modelling, and the optimization was
limited to three parameters. In view of the fact that a fairly
simple model case of a pure single crystal surface was
considered in this example, the question arises regarding
the correctness of structure optimization on the basis of
XPD data for more complex systems such as polyatomic
molecules adsorbed on a surface and epitaxial layers,
especially, if additional relaxation effects occur on the
surface during adsorption or epitaxy.

Clearly, some initial information on the geometry of the
scattering cluster is needed to solve the inverse problem of
determining the surface structure from XPD data; this
information is to be used for R-factor optimization, which
is possible in the XPD method. This possibility is based on
direct reconstruction of the scattering cluster structure from
the XPD pattern using the holography formalism.

II1. Photoelectron holography

The idea of visualization of atoms in a crystal lattice which
underlies the atomic resolution microscopy (such as electron
and scanning probe microscopies) cannot be completely
implemented since two-dimensional projections of atomic
structures are obtained by means of microscopy. Like
photography, microscopy imprints the intensity of reflected
(or transmitted, in the case of transmission microscopy)
radiation. Similarly, only the amplitude (but not the phase)
of the scattered wave can be recorded in the diffraction
experiment, thus providing two-dimensional information
about the structure of the reciprocal space. Only measure-
ments of diffraction in all possible directions make it
possible to reconstruct the crystal lattice. The direct visual-
ization of three-dimensional atomic structure is a non-
trivial task. For the first time, the idea of reconstruction of
optical image of the atomic structure on the basis of
diffraction data was expressed in 1920.°2 The development
of the visualization concept in its final form belongs to
Gabor,”? who proposed in 1948 an original method for
increasing the resolution of electron microscopes which was
called holography (from the Greek holos meaning whole
and grapho meaning to write).

The Gabor’s method of visualization included two
stages. At the first stage, the interference pattern of two
electron beams, a reference beam not interacting with the
substance and an object beam scattered by an atomic
structure, was recorded on a multilayer photoplate. At the
second stage, the obtained hologram was enlarged by a
factor of a few thousand and irradiated with monochro-
matic radiation (whose wavelength was also increased by a
factor of thousands relative to the electron beam wave-
length). Owing to the light diffraction on the multilayer
film, a detailed image of the three-dimensional crystal
structure was formed. The development of lasers, coherent
light sources, in the 1960s not only made it possible to fully
implement the Gabor’s concept in the field of atomic
structure imaging but also made holography a popular
technical and artistic means.

The principle of atomic holography was transferred to
structural methods that use coherent radiation such as X-
ray and neutron radiation or electron beam. The photo-

electron holography technique is used to reproduce the
atomic structure in three dimensions; therefore, the wave
scattered by atomic structure plays the role of the object
wave (¢;). Usually, the same wave which has not undergone
scattering serves as the reference wave (¢o). The resulting
interference of these waves contains holographic informa-
tion.

At present, there are many options of atomic hologra-
phy, and practically all of them are used to obtain structural
information. Nevertheless, it is difficult to distinguish
different types of atoms even upon detailed visualization.
Photoelectron holography and related techniques, in which
the chosen atom plays the role of the source of both object
and reference waves of a photoelectron or an Auger
electron, give a possibility to reconstruct the environment
of the atoms of this type and also discern between the
environments of the same atoms in different chemical states
(Fig. 16).°* This defines photoelectron holography as the
only holographic method for gaining chemically meaningful
information.

It is necessary to note that in the past few years,
attosecond photoelectron holography has been actively
developed; it is directed to imaging of ionization of atoms
and molecules above their threshold under the influence of
radiation of a high-power infrared free electron laser. As in
the case of photoelectron holography, the source of both
object and reference waves is the atom emitting a photo-
electron. The holographic approach to the attosecond
spectroscopy of xenon atoms has been reported in detail.”>
Below, we consider photoelectron holography based only
on the data of photoelectron diffraction.

Scatterer
hv Emitter

Hologram

’ r,
Object wave <)

AN OF 5

Reference wave

Figure 16. Schematic view of the formation of a photoelectron
holographic image. The incident photon with the energy /v excites
the emission of the electron wave outgoing from an atom on the
surface (or in a subsurface layer) of a solid. The electron wave
possessing a certain energy (wavelength) passes through the lattice
above the emitting atom without scattering (the reference wave)
and interferes with similar waves scattered by lattice atoms without
energy loss (the object waves). As a result of the interference of the
coherent waves, the holographic image of the local environment of
the emitting atom is formed.”*
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Holographic images of argon and neon atoms were
obtained using an atom that scattered incident radiation as
a source of coherent radiation.’® This study revealed the
first problem of atomic holography with internal source:
many identical sources create a great number of holograms,
which are recorded simultaneously. Reconstruction of such
a mixed hologram gives a mixed image of environments of
all source atoms. It was a reason why most of holographic
studies were carried out with single-element single crystals,
whose atoms have equivalent positions and identical envi-
ronment, and, therefore, their holograms coincide.

In 1986, it was suggested 2 to use atoms emitting photo-
electrons as internal sources of radiation. Until that time,
photoelectron diffraction patterns were not regarded as
holographic because of the technical differences in informa-
tion recording. Indeed, if an electron beam is used, a
hologram is a result of single recording on a photoplate,
the image can be then reconstructed with the use of an
optical laser after enlargement of the record, whereas in the
case of XPS, the diffraction pattern is an ordered set of a
large number of spectral measurements; therefore, recon-
struction of this hologram can be made by numerical
processing of the spectra, but not by the optical method.

According to the idea of Szdke,?? the subject of holog-
raphy is the atomic environment of a point ‘laser’ generat-
ing the highly coherent reference wave. Therefore, the
photoemission intensity /(k) in Eqn (5) is described by a
sum where the first term

(& k) [* = Iy (k)

characterizes the intensity of the reference wave, the second
term

2R€Z,-: [¢3(k) “ ik, i, 95,-)}

is a result of the interference of the reference and object
waves, while the third term

2Re> [qsf(k, ri 03) - (k. 1, ef,)}
i#]

describes the result of self-interference of the object waves.
The holographic information is contained in the second
term only. The third term can be neglected if

b (k)| > |i(k, 1, 05|

and then the hologram y(k) is given by the equation
) = 100 = 1K) = 2Re Y (45060 dkrt)]

In 1988, Barton®’ showed that the image of a surface
structure can be obtained from the XPD pattern by means
of two-dimensional fast Fourier transformation. The first
reconstruction was carried out by Barton from the calcu-
lated pattern of diffraction of Sls photoelectrons for the
¢(2 x 2)S/Ni(001) surface. The thus obtained image (Fig. 17)
revealed high photoemission intensity near the actual posi-
tions of the atoms of the emitter local environment and
made it possible to identify the site occupied by the
adsorbate. However, the accuracy of coordinates of atoms
surrounding the emitter was extremely low.

5 x/A

Figure 17. Cross-section of the holographic reconstruction
obtained from the calculated S1s photoelectron diffraction pattern
for the ¢(2 x 2)S/Ni(001) surface in the plane perpendicular to this
surface and passing through the emitter («) and the model cluster
(represented on the same scale) used in these calculations (b).%7

Several algorithms based on correction of the anisotropy
of the scattering factor were suggested to improve the
accuracy of determination of the positions of atoms.”8 101
The disadvantage of this approach consists in that the peaks
of forward scattering and diffraction rings bearing the
information about the surface structure are partially over-
lapped, resulting in loss of a part of information about the
atomic structure. Later on, the SWIFT (scattered wave
included Fourier transform) algorithm was suggested,'0?
taking into account the object wave anisotropy and the
reference wave shape. This is especially important for Auger
electron diffraction. An example of using the SWIFT
integral for reconstruction of the structure of two-layered
Cu(111) film is presented in Fig. 18.%°

Barton '93 showed that the effects of multiple scattering,
self-interference and coupling of holographic images can be
substantially reduced if one uses a combination of holo-
grams recorded at different kinetic energies. This approach
provides a solution to the classical problem of coupling of
holographic images, which was noted by Gabor back in his
original work.”> The necessity to subtract the reference
wave from the XPD data gave rise to two main trends in

o

Figure 18. Images obtained after holographic reconstructions of
the diffraction pattern on the surface of a Cu(111) two-layered film.
The reconstructions were carried out using the simple Fourier
integral (a) and the SWIFT integral (b). The crosses mark the
exact atom positions. The structure at the centre represents the part
of the cluster including the emitter and the upper layer of
atoms. 9% 102
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photoelectron holography, viz. near-node PH%°-102 and
differential photoelectron holography 194106 (DPH). Sub-
stantial contribution to the development and popularization
of photoelectron holography as a research method was
made by Fadley and co-workers.!07

The recording of diffraction patterns near the nodal
plane of the outgoing p-wave (near-node) was implemented
by Wider er al.'%* In this case, the polarization vector of the
incident radiation is practically perpendicular to the photo-
electron emission direction, and, therefore, according to
Eqn (2),

po(2-k)[* ~ 0

as cos(é - k) ~ 0.

Due to the fact that photoelectron emitted from the s
shell goes to a p orbital, scattering in the forward, side and
back directions occurs more evenly in the case of the near-
node approach as compared to other approaches. An
example of application of the near-node technique to obtain
photoelectron hologram of the Al(111) surface is shown in
Fig. 19.195 Two extreme alternatives are presented there;
they correspond the near-node experiments at y = 0° at
which forward scattering towards the close packing of
atoms is intensive, and at y = 80° where the forward
scattering intensity is minimized. The 3D reconstruction
procedure was carried out based on the diffraction (holo-
graphic) patterns, and the result of significantly higher
quality was obtained in the second case. The restrictions of
near-node PH are associated with the necessity to have a
source of synchrotron radiation and a special instrument
and also with the objects of the study since it is preferable to
deal with the emission from electron s levels. To date, the
structures of the following systems have been studied by
means of near-node PH: a pure AI(111) surface'?> and
Cs—CO/Ru(0001) system containing a mixed adsorbed
layer of caesium and CO on the ruthenium surface.!¢

Another approach 107-108 to decreasing the contribution
from forward scattering during the PH experiment was
called differential photoelectron holography. It is based on
the difference of two diffraction patterns obtained at close
energies of incident radiation.

This approach implies replacement of the normalized
intensity function y [see Eqn (9)] by its derivative with
respect to the photoelectron wave vector k, or, more
conveniently, by difference between the y values obtained
for two energies differing by a small quantity

oy = y(k + oK) — y(k)

With this approach, the effects of forward scattering can
be substantially suppressed since

Iy [k(k + 0k)] = Iy[k(k — k)]

The DPH approach was applied to experimental and
theoretical holograms of the Cu3p photoemission from the
Cu(001) surface, the final 3D image proved to be of higher
quality than the initial one.!07

The differential photoelectron holography approach
implies the following. The equation of hologram of single
scattering for the emitter—scatterer pair located at the
distance r is written as follows:

a b
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Figure 19. Formation of the three-dimensional image of the
AIl(111) surface using the near-node approach.!'%

Two versions of the experiments with the use of the near-node
approach are shown, viz., at y = 0°, the effects of forward scattering
are dominant in the XPD pattern (hologram) (the second row on
the left) (¢) and at y = 80°, the effects of forward scattering are
supressed (the second row, on the right ) (b). The suppression of the
forward scattering effects significantly improves the accuracy of the
reconstruction of atomic structure of the surface as it seen from the
shown cross sections (the third row) and 3D images (the fourth
row) of the atomic structure of the Al(111) surface.

-1 _ 2| fk, 6)]
Iy ~ rcos [kr(1 — cos 0% +

1) = Gk, 0]

where I is the intensity without scattering by atoms, y is
the scattering phase.!08
If the quantity ok is small, so that

(6] /]| is the change in the scattering amplitude |f]), then the
difference between the two holograms for

Sk
ki =k+5
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can be expressed by the following simple equation:

Sy(k) = y(k Je) = y(k_k) = (10)

~ — @sin [kr(l — Cos Hf) + ‘/_/(ka Gkr)]

where direction k is determined by the 0 and ¢ angles, |fer| is
the effective scattering amplitude given by the formula

k
or| = 21/ sin Okr(1 2cos@,.) +%

 is the mean value of ¥ for k.. In the forward scattering
region (Gf — 0), the |fe] value is small and in the limit
oY — 0 it approaches zero. If ok is also small, the |fef
quantity is proportional to r. Therefore, differential photo-
electron holography makes it possible to reduce the forward
scattering effects and, in addition, improve the quality of
the images of atoms most remote from the emitter. How-
ever, the average value ¥ still remains in Eqn (10), which
may cause small shifts of atom positions in the 3D recon-
structed image.!1%7

What is the practical outcome of this approach? Two
scattering amplitudes, the conventional (| f|) and effective
DPH amplitute PH (| fer]), are shown in Fig. 20 a as func-
tions of the 6 angle for a pair of the closest neighbouring
copper atoms spaced apart by 2.56 A.17 The photoelectron
kinetic energy in this case is 295 eV.

It is clearly seen that the effective scattering amplitude
loses its intensive maximum in the forward direction, some-
what increases in the backward direction and, what is
important, becomes sensitive to the angle in the 30-90°
region. At lower kinetic energies (for instance, as low as
81 eV used by Fadley er al.'97), the effective scattering
amplitude in the lateral directions decreases; therefore, it
becomes difficult to detect an atom located in the angular
sector of the forward scattering. The use of differential
photoelectron holography is exemplified by the study of the
Cu(001) surface (Fig. 205). As can be seen, the quality of
the three-dimensional image is high. The emitting atom
denoted by the letter ‘e’ is located in the zero-plane of the
image, other atoms are below it and on the sides. Thus, the
DPH technique reconstructs the atomic structure in the
plane of the emitting atom and below it and, to a lesser
extent, above it. It is suitable for studies of single-crystal
surfaces. If adsorption of atoms or molecules on a surface is
studied, apparently, an adsorbate atom should be chosen as
an emitter. In this case, this atom and the substrate
structure below it would be well identified.

Since the DPH experiment implies variation of the
photoelectron kinetic energy, a source of synchrotron radi-
ation is required, and this fact restricts the scope of
application of DPH. The DPH experiments with Cu(100)
and TiO»(110) single crystals were performed using a
laboratory spectrometer and a combined Mgk,
(1253.6 eV) and AlK, (1456.6 ¢V) anode.!%%- 110 From the
diffraction patterns obtained for two kinetic energies of
Cu3p photoelectrons, the difference hologram was con-
structed used for 3D reconstruction of the atomic structure.
This approach does not quite meet the classical scheme of
the DPH experiment, in which the photon energy changes
only slightly. Nevertheless, such extention of the experi-
mental base for photoelectron holography and, in partic-
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Figure 20. Angular dependences of the conventional (/) and ‘effec-
tive’ (for DPH) (2) amplitudes of electron wave scattering in the
forward and backward directions (a) and 3D reconstruction of the
atomic structure of the Cu(001) surface obtained using DPH (5).107
(a) The Cu—Cu pair of atoms is chosen as an example, one atom
emits the electron wave, the other scatters it; (b) the inset shows the
model Cu(001) cluster with marked copper atoms playing the role
of emitters (e) and scatterers (1—4) of electrons.

ular, conducting experiments on laboratory equipment can
only be welcomed.

Other versions of photoelectron holography such as
spin-polarized PH have been considered, and the effects of
circular dichroism in PH have been discussed.!!!-113 It is
worth to note that there is a relatively new promising area in
photoelectron holography, namely, the scattering pattern
extraction algorithm with maximum entropy method
(SPEA -MEM), which might become universal.

As indicated above, the reconstruction of 3D image
from a photoelectron hologram according to the classical
scheme [see Eqn (9)] is not accurate due to the effect of
forward scattering and the phase shift in the region of
forward scattering that impede the simple Fourier analysis.
The reconstruction from a single energy hologram remains
so far a rather difficult problem despite application of
various methods for elimination of undesirable effects.

A Japanese research group suggested 2494 114.115 3 new
fairly versatile algorithm, which is based on the application
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Figure 21. Schematic representation of the reconstruction of the 3D image of the atomic structure from XPD patterns using the
SPEA - MEM approach.?4 %4 115

(a) The SPEA—-MEM approach. 1. The starting data are represented by the experimentally obtained hologram y*P(k) in the two-
dimensional reciprocal space (the XPD pattern). The starting values for the object (atom) image function in the real three-dimensional
space g(r) and the corresponding function of the computed hologram y¢2!(k) are specified. 2. The resdual systematic error y'(k) of the
hologram calculation is determined. 3. The residual systematic error g°'(r) in the real space is calculated. 4. The value of the function g(r) of
the object image is corrected by the parameters y°'(k) and g°'(r) using the maximum entropy method (MEM) (the equation is given in the
Figure). 5. Filtration of the image and the operations of the translational symmetry are applied. 6. The object image is transformed into the
theoretical hologram with the use of scattering matrices (SPEA), then the procedure starting from point 2 is repeated n times (n iterations)
until the convergence of the solution with a given accuracy is achieved;

(b) Geometry of the function of electron scattering (E = 818 ¢V) by a copper atom. The relative positions of the emitter and scatterer and
the hologram corresponding to this arrangement are shown on the left. From the location of the peak of forward scattering on the
hologram, the direction from emitter to scatterer is determined, the distance r between these atoms can be obtained from the repetition rate
of the diffraction rings. The information about the repetition rate of the diffraction rings can be reduced to the dependence of the intensity
on the deviation angle 0. The set of these dependences for different values of the parameter r forms the scattering matrix.

of scattering matrices and the maximum entropy method
and can be employed in the analysis of photoelectron
holograms. The main advantage of this approach is the
possibility of processing of a single hologram, and it is
especially convenient in the case of the Auger hologra-
phy.!!'* This algorithm is based on the assumption that the
reconstructed image is discontinuous. In other words, the
perfect reconstruction should visualize the point positions

of atoms, but not a continuous object. This assumption
makes it possible to describe the scattering from each atom
by a certain scattering matrix containing the information
about the arrangement of interference rings at the specified
angle relative to the line connecting the emitting and
scattering atoms (Fig. 21). The scattering matrices can be
computed by the SPEA program and are determined by the
type of the scattering atom.?*
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The obvious fact of discontinuity of the atomic structure
used in SPEA-MEM makes it possible to regard an XPD
pattern as a hologram even if forward scattering maxima
are present. If after conventional Fourier transformation of
an XPD pattern, diffuse bands are observed in the forward
scattering directions (see Fig. 17), in the case of disconti-
nuity, atomic positions can be distinguished in these bands.
The second assumption underlying this algorithm is that the
atomic structure possesses the translational symmetry,
which can be chosen to be three-dimensional or lateral.!!?
This assumption results in intensification of the effects due
to lateral scattering and thereby improves the reconstruc-
tion accuracy. The procedure of transformation from the
reciprocal to direct space is based on the transformation of
a two-dimensional element of XPD pattern (the hologram),
a pixel, into three-dimensional element of the direct space, a
voxel Fig. 21). The iterative maximum entropy procedure
serves to attain the best correspondence of the experimental
hologram (the XPD pattern) to the hologram calculated for
the image reconstructed within the programme code.?* The
detailed description of SPEA—-MEM and the fields of its
application can be found in the publication of Matsushita
et al.**

The SPEA —-MEM approach is more friendly to the user
than the earlier holographic approaches. At the same time,
it is also not free from drawbacks. For instance, the
artefacts in the form of unaccountable intensity maxima
can appear in the 3D images of the atomic structure.
Furthermore, if the atom under consideration has several

non-equivalent positions in the lattice, the 3D reconstruc-
tion sums up the information about all of the positions,
which greatly complicates the interpretation. In this case, it
is helpful to compare the 3D reconstruction of the exper-
imental hologram with a similar reconstruction of the XPD
pattern computed for the model cluster. This approach
makes it possible to label the artefacts in the 3D image
and attribute the real maxima to the positions of certain
atoms in the lattice. Available versions of this algorithm
were tested in the studies of SiC,''¢ SrTiO; (Ref. 117) and
pure graphite surfaces,''® and also of ultrafine films of iron
silicide ''® and nano-sized films of silicon dioxide on a
silicon substrate.!20

Consider again the study of the 1T-TiSe, surface.®’
Recall that the result obtained by optimization of structural
parameters of this surface with the use of R-factor was
ambiguous since there were two global minima (instead of
one) in the R-surface (see Fig. 15). Which of the two
solutions is correct? The structure of atomic environments
of the selenium and titanium atoms on the 1T-TiSe, surface
was reconstructed using the SPEA—-MEM technique, and
the structural positions of the atoms were determined. It
was found that the lattice of the diselenide surface layers
was strongly distorted. Two upper Se—Ti—Se blocks
(sandwiches) (~3.5 A thick) are separated by a ~3.7 A
wide van der Waals gap, the parameter a being equal to
~3.85 A. A shift of the titanium atoms along the [001]
direction was revealed in the structural blocks on the crystal
surface, the Ti layers are displaced by ~0.55 A downwards

Calculated (using EDAC code)
XPD patterns for the model TiSe; cluster

Theory

Experiment Experimentally obtained XPD

patterns for the TiSe, single crystal

The emitter is selenium (A)

Se

90 60 30 0
0 /deg

30 60 90

Ti
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0 /deg
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The emitter is selenium (B)
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Figure 22. Results of analysis of the SPEA—~MEM reconstruction of the XPD patterns for diffraction of Se(LMM) Auger electrons and
Ti2p photoelectrons from the 1T-TiSes surface.!?!

Theoretical and experimental XPD holograms for selenium (top) and titanium (bottom) are shown on the left and on the right, respectively.
The cross sections in the (110) plane of the 3D image of the local environments of the selenium and titanium atoms in TiSe» are shown at the
centre. The positions of selenium and titanium atoms are marked with circles and squares, respectively, r is the distance from the emitting
atom.
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in the upper block and by ~0.25A upwards in the second
block. Thus, the holographic reconstruction gives the result
similar to one of the solutions presented in Fig. 15 which
corresponds to the R-factor minimum at @ = 3.83 A. Simul-
taneously, the 3D reconstruction predicts displacement of
titanium layers in the Se —Ti—Se blocks, albeit with mod-
erate accuracy; this possibility was not considered in the
structural optimization with the use of R-factor. Therefore,
the direct reconstruction is useful in the initial stage of
analysis of XPD holograms, it should be followed by
construction of a structural model and its subsequent
R-factor optimization.

Nevertheless, the problems due to the imposition of 3D
images from several non-equivalent positions of the atoms
and appearance of artefacts after reconstruction remain.
Both problems can be mitigated or even eliminated if,
simultaneously with the reconstruction for the experimental
holograms, the same procedure for the XPD images calcu-
lated for model clusters is carried out. An example for the
case of the 1T-TiSe, surface is shown in Fig. 22.12!

The fact that the crystal has a surface means that the
system is asymmetric in the whole since there are the half-
space containing the crystal material on one side of the
surface, where the emission and scattering of electrons by
the lattice atoms occur, and the half-space above the sur-
face, where electrons move freely. Due to the non-equiv-
alence of directions along one of the crystallographic axes,
along the [001] axis in this case, the site symmetry of the
emitting atoms is lower than their crystallographic site
symmetry. As a result, there are two non-equivalent sites of
selenium atoms in the layered 1T-TiSe, structure, corre-
sponding to locations of the selenium atoms in the upper
and lower layers of three-layered Se—Ti—Se blocks. Two
upper blocks are analyzed. The titanium atoms are sur-
rounded by selenium layers on both sides and, in the first
approximation, all of them have the same crystallographic
site. This is the reason why the 3D reconstruction for the
titanium atoms is clear and unambiguous. On the contrary,
in the case of selenium atoms, the 3D reconstruction
includes information from two versions of their environ-
ment in the upper and lower layers, respectively. The model
calculations of XPD followed by 3D structure reconstruc-
tion with the use of the SPEA—MEM method made it
possible to exclude artefacts from the consideration and
attribute the other maxima to the sites of titanium and
selenium atoms in the 1T-TiSe, lattice.8>

IV. Conclusion

This review is concerned with the development and the
current state of a unique method for the analysis of
surfaces — X-ray photoelectron diffraction. In the opinion
of experts, over the past decades, XPD has transformed
from a promising phenomenon into a reliable method for
gaining structural and chemical information about surfaces.
From the point of view of instrumentation, XPD is insep-
arable from such popular techniques as XPS and ARPES;
together they constitute a line of related methods for
thorough investigation of a surface at a depth of a few
nanometres.

The distinctive features of XPD in comparison with
other techniques of structural analysis such as LEED and
STM are high chemical sensitivity to the surface conditions
and a greater depth of analysis embracing ten (and more)

surface layers. By chemical sensitivity we mean the ability to
distinguish between different chemical forms of the chosen
element (provided that the spectrometer resolution is suffi-
cient) and to carry out the structural analysis for each form,
but not merely the possibility to determine the type of an
atom and the structure of its local environment. Mainly,
two branches of XPD are developing actively:

— angle-scanned XPD, which is highly sensitive to the
bond directions, and

— incident energy-scanned XPD, which is very conven-
ient for determination of interatomic distances.

The former branch has been discussed in this review
because angle-resolved XPD is more widely used since the
experiments can be conducted using both laboratory spec-
trometers with light sources with fixed photon energy and
synchrotron radiation with variable photon energy. In the
case of energy-resolved XPD, a tunable radiation source is
required, therefore the experiments can be carried out only
at synchrotron centres.

In the case of angle-scanned XPD, 2n patterns in the
form of stereographic projections result from the experi-
ment. A separate 21 pattern is formed for each element on
the surface or for its spectrally distinguished state. The type
of the pattern reflects the structural position of the element,
but strongly depends on different factors and, first of all, on
the energy level from which the photoemission occurs and
on the photoelectron kinetic energy. By varying these
parameters, one can enhance or reduce the sensitivity of
the method to the atomic environment above or below the
emitting atom. As a result, XPD is adjustable to a particular
task from the range of tasks spreading from the structural
analysis of molecules adsorbed on surfaces to the study of
layers under surfaces.

The XPD experiment can easily be implemented, result-
ing in 2n patterns with high angular resolution in a wide
range of photon energies over a short period. To obtain the
structural information from the experimental 2r patterns, it
is necessary to solve the inverse or direct problem, thus
reconstructing the 3D image of the local environment of the
emitting atom. The structural analysis with the use of XPD
has travelled a long way of development and currently, like
its experiment technique, is at a very decent level of
applicability. In some cases, the structures of molecules
adsorbed on a surface can easily be understood from the
angle-scanned XPD patterns without using numerical mod-
elling. In more complicated cases, a detailed analysis of the
data is required. For this purpose, the inverse problem is
solved, i.e. theoretical calculations are carried out for
different model clusters. The use of R-factor for comparison
of experimental data with the results of modelling makes it
possible to determine interatomic distances with accuracy
within a few hundredths of angstrom. There are universal
computer programmes (such as EDAC and MSCD) to
calculate the intensities of photoelectron diffraction to a
good accuracy.

In the case of even more complex systems, these
approaches based on modelling do not lead to a positive
result. At early stages of development of XPD, pure metal
surfaces and adsorption of simple molecules were mainly
studied. Later on, the compositions of single crystal surfaces
and adsorbates became increasingly complex, and the inter-
est switched to studies of subsurface layers and various
ordered structures on the surface, relaxation effects, ezc.
This resulted in the situation when, having good experimen-
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tal XPD data and possessing powerful software for their
modelling, it was extremely difficult to carry out model
computations and determine the surface structure due to the
lack of basic information about the surface. Probably, this
explains the slight decline of interest in XPD in the last
decade. The active work in this field in the 1980s—1990s was
aimed at understanding the XPD phenomenon and getting
its mathematical description. Both tasks were generally
solved. Therefore, one could expect wide application of
XPD in various fields. However, the number of model
tasks and simple systems is limited. In the case of more
complex systems, many competing processes occur on
surfaces, and non-obvious (at least at first glance) structures
are formed. In this situation, it is extremely difficult to
choose the suitable model cluster and optimize its parame-
ters using the R-factor to control the convergence of
theoretical and experimental XPD patterns.

This problem has been solved owing to development of
photoelectron holography, which makes it possible to
reconstruct the 3D space around the emitting atom and
determine the positions of the atoms surrounding the
emitter. The same diffraction 2n patterns play the role of
the experimental basis of photoelectron holography; how-
ever, they are represented as holograms in this case. It is of
special importance that the 3D reconstruction of atomic
environment does not require any knowledge of the surface.
The precision in determination of positions of atoms with
the use of photoelectron holography is not high yet (the
accuracy is ~ 0.2 A in the best case), and subsequent
conventional XPD calculations with the use of R-factor
are necessary for accurate determination of the structure.
The SPEA—-MEM approach can be recommended as a
numerical method for reconstruction of scattering cluster
from XPD holograms.

In the whole, one can state that there is a powerful
analytical method at the disposal of researchers, viz., X-ray
photoelectron diffraction, which enables one to carry out a
comprehensive analysis of the surface structure, including
adsorption and epitaxial layers on the surface and layers
that are few nanometres below the surface. It is very
important that this method possesses well developed exper-
imental and theoretical basis. In our opinion, the structural
analysis should be started with the procedure of holo-
graphic reconstruction of the 3D structure of the scattering
clusters around the emitting atoms of the elements con-
tained in the surface. At the next stage, it is necessary to
refine the structural parameters by means of model calcu-
lations of XPD and search for the minimum of R-factor,
which reflects the degree of convergence of theoretical and
experimental XPD patterns.
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Russian Foundation for Basic Research (Project Nos 12-03-
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are grateful to E B Shalaeva and L V Yashina for useful
discussion of photoelectron diffraction and holography
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