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Direct photoelectron-diffraction method for adsorbate structural determinations
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A systematic search technique is proposed for low-energy photoelectron diffraction, which allows
a direct determination of the bond axes from the emitter to the nearest backscatterers. It makes
use of the fact that the Fourier transform of a photoelectron diH'raction spectrum recorded in the
scanned energy mode will show a maximum in the direction corresponding to a nearest-neighbor
atom lying directly behind the emitter. The measurements are best performed with a large detector
opening and a low energy resolution that allows short data accumulation times. Multiple-scattering
calculations for a model system demonstrate that the position of the backscattering peak can be
determined within an error of k3'. This implies a spatial resolution perpendicular to the bond axis
of about +0.1 A, better than that achieved by holographic reconstruction techniques that use much
larger amounts of experimental data.

I. INTRODUCTION

In the last decade photoelectron diffraction (PD) has
been established as a useful technique for the determina-
tion of adsorption sites and bond lengths. In PD exper-
iments the intensity of a photoelectron core-level peak
from one of the adsorbate atoms is recorded as a func-

tion of the kinetic energy or as a function of the emis-

sion angle. In these spectra energy-dependent or angle-
dependent intensity modulations are observed, which re-

sult from the interference between the direct wave coming
from the excited atom and the scattered waves originat-
ing at the neighboring substrate and adsorbate atoms.

The main character of the structural information con-
tained in the difFraction patterns depends essentially on
the kinetic energy of the photoelectrons.

(i) At high photoelectron energies (typically between
400 and 1500 eV) the scattered waves show a domi-

nant peak in the forward-scattering direction. Hence,
the atoms lying above the emitter atom give rise to pro-
nounced peaks in the angular distribution of the photo-
electrons, from which the direction of major bond axes of
the adsorbed molecules can be obtained rather directly. i

Intermolecular forward-scattering directions can also be
found in the angular map of the intensity, from which
conclusions about the arrangement of molecules within
the overlayer can be drawn. ~

(ii) At low photoelectron energies (typically between 50
and 400 eV) backscattering processes at substrate atoms
play an essential role and the PD spectra are mainly de-
termined by the position of the emitter relative to the
underlying substrate. In this energy range PD spectra
have usually been measured in the scanned energy mode
at a set of different emission angles. PD data collected
under these conditions allow the adsorbatwsubstrate reg-

istry to be found; in particular, one can distinguish be-

tween difFerent high-symmetry adsorption sites and can
determine the distance between the emitter atom and the
top layer of the substrate. The degree of relaxation be-
tween the upper substrate layers has also been explored
successfully by this technique.

An essential drawback of low-energy PD investigations,
however, is that the desired structural information can
be obtained from the PD spectra only by a trial and er-
ror procedure; extensive multiple-scattering calculations
must be carried out for different possible structures and
the results compared with the experimental data. Sev-

eral of the structural parameters must then be varied
until the best agreement between theory and experiment
is found. This inefficient procedure, which is also used
in conventional low-energy electron-diffraction (LEED)
investigations, makes the structure determination cum-

bersome and tedious. Obviously, the difficulties of struc-
tural optimization [typically achieved with the help of
some kind of objective reliability factor (R factor)] in-

crease drastically with the number of free parameters in

the model.
The development of direct methods for the analysis

of electron-diffraction data is currently attracting con-

siderable interest in surface physics. 4 Much of this work

related to local diffraction techniques has been inspired

by the paper of Szoke, s in which attention was drawn

to the fact that familiar electron-difFraction patterns can
be regarded as a natural extension of holographic mi-

croscopy. Barton has shown that PD intensity distribu-
tions recorded at a fixed energy in a two-dimensional an-

gle space can be inverted by a Fourier transform. The re-

sult should be a three-dimensional image of the local ge-

ometry around the emitter with atomic resolution. This
holographic reconstruction method has been tested with
computer-simulated photoelectron-diffraction data and
computer-simulated diffuse LEED patterns. ~
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So far these holographic reconstructions suer from
considerable problems.

(i) The fact that both the reference wave and the scat-
tered waves are anisotropic spherical waves can lead to
the images of the atoms being shifted considerably from
their true positions.

(ii) The uncertainity principle implies restrictions on
the resolution in the r space. In directions parallel to
the surface a resolution of about 0.5 A. can be achieved,
but the resolution perpendicular to the surface is more
than four times poorer, s and the atomic images appear
as elongated ellipsoidal blobs.

(iii) In addition to the well-known twin images, many
other features are seen with significant magnitude in the
Fourier transform which cannot be attributed to true
atomic positions.

Although a number of more sophisticated reconstruc-
tion algorithms have since been developed, ~i2 the sit-
uation has not changed substantially in the low-energy
region. i~ is Holographic reconstructions of good quality
have been obtained only at high energies in the forward-
scattering geometry, io i4 is but in these situations the
directions of bond axes can be obtained without holo-
graphic inversion from the forward-scattering peaks.

Recently, an alternative method for a quasidirect struc-
ture determination in the low-energy region has been
proposed. is It is based on the observation that strong
modulations in the energy-scan PD spectra often occur
in directions for which a neighboring atom lies directly
behind the emitter. ir The essential idea is that at cer-
tain energies the efFect of backscattering processes at the
nearest-neighbor atoms can be easily detected in angular
maps of the PD intensity. At energies where the con-
dition for a constructive interference between the direct
wave and the backscattered one is fulfilled, the photo-
emission intensity will show a peak in the direction of the
bond axis and, conversely, at energies where the condition
of a destructive interference is fulfilled, the photoelectron
intensity has a minimum along the interatomic bond di-
rection. These selected energies, at which the measure-
ments have to be performed, can be calculated from a
simple model if one has a reasonable estimate for the in-
teratomic distance between the emitter and the backscat-
terer. On the basis of experimental data for Cu(110)-CO
and Cu(110)(2x 1)-0 it was shown that such a real-space
technique has a spatial resolution comparable to that of
holographic inversion methods. is

In the present paper this idea will be extended towards
a more systematic search method for the direction of the
nearest backscatterers in real space, which does not rely
on the prior estimate of the emitter-backscatterer dis-
tance.

II. THE "BACKSCATTERING EFFECT"
The PD intensity for a simple system consisting of an

emitter (s core state) and one scattering atom is given in
the single-scattering plane-wave approximation by
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where R (unit vector) is the direction from the emitter to
the scatterer, R the emitter-scatterer distance, k the unit
vector pointing towards the detector, e the polarization
vector, and k = /2mE/h the wave number. The scatter-
ing amplitude f(cos e) is a complex function of the energy
and the scattering angle cos8 = k R. The modulus of
the scattering amplitude for a typical substrate atom is
shown in Fig. 1. It has a large maximum in the forward-
scattering direction (8 = 0'). For low electron energies
there exists an additional peak in the backscattering di-
rection (8 = 180'), which is strong enough to be seen in
structure investigations. This secondary peak is larger
than all other structures in the interval 30' ( 8 ( 180'.
The half width of this peak is about 30'.

However, there is an essential difFerence between
the forward-scattering and backscattering regime, which
arises from the phase factor in Eq. (1). In the forward-

A

scattering direction we have k R = 1 and this phase
factor is equal to one. Hence, the peak in the forward-
scattering direction is present at each energy. In the
backscattering geometry there is k R = —1, which means
that the phase factor runs through all directions in the
complex plane when the energy is varied. The intensity
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dependence on energy thus shows maxima, minima, and
various intermediate structures in the backscattering di-
rection. In Fig. 2 this is illustrated using a system which
contains an isotropic emitter (s-wave source) and a single
scatterer. For a set of energies between 150 and 350 eV
the normalized intensity I(8)/Ip, where Ip is the isotropic
intensity coming directly from the emitter, is shown in
the backscattering region. The envelope of these curves is
determined essentially by [f(cos8)i. In order to find the

A

true backscattering direction from I(k) one can choose
a set of special energies, if one has prior knowledge of
the emitter-scatterer distance R (which would typically
be achieved by using a reasonable estimate of its value).

This restriction, which certainly constrains the range
of applicability of the method, can be overcome by mea-
suring the PD intensity as a function of the energy and
applying a Fourier transform to the modulation function
y(k),

u(k, r) = f dt's(k)e (2)

g(k) is obtained from the PD intensity I(k) by remov-
ing the direct intensity contribution of the excited atom
Ip(k), which is a smooth function of both energy and
emission direction,

I(k) —Ip(k)
I()(k)

(3)

For fixed directions k the function u(k, r) has been
intensely studied in angle-resolved photoemission fine-
structure spectroscopy (ARPEFS) investigations, s which
have shown that valuable conclusions on the adsorption
site can be drawn from these Fourier spectra, .

In the single-scattering picture underlying Eq. (].) it
follows straightforwardly that the function u(k, r) will
have a maximum in the backscattering direction k = —R
and at a distance r, which is roughly twice the bond
length R (the difFerence being associated with the k de-
pendence of the scattering amplitude). For finding the
backscattering peak in the three-dimensional space (k, r)

P

it is sufBcient to determine for each direction k the co-
ordinate r~ „(k)where the maximum of u(k, r) occurs
and to plot these maxima

U(k) = maxu(k, r) (4)

as a function of the emission direction k, i.e., as function
of the polar angle 8 and the azimuthal angle 4.

The width of the backscattering peak in U'(k) is mainly
determined by the modulus of the scattering amplitude in
the backscattering region. Furthermore, this peak shape
can be infiuenced positively by a proper choice of the po-
larization vector. Ideally we use s[ik, in which case the
first term in Eq. (1) will become one (constant contri-
bution of the direct wave) and the factor in front of the
scattering amplitude will be k R = cos8, which has an
extremum at the scattering angle 8 = 180' and thus sup-
ports the formation of the backscattering maximum in

u(k, r). From Eq. (1) it follows that the magnitude of the
peak in U(k) is proportional to R i. Hence the backscat-
tering maximum in the Fourier spectrum is larger the
smaller the distance between emitter and backscatterer
1S.

There exist two additional parameters, which can be
optimized in the experiments: the energy resolution of
the monochromator and electron-energy analyzer s and
the angular resolution of the detector. is ~P Including
these effects and assuming sheik, one obtains for the lead-
ing terms of the PD intensity considered in Eq. (1)

I(k) (x 1+
i f (cos 8) i

cos[kR(1 —cos 8) + Q(8) j

xa (akR sin 8) e b(&E R[1—

class])-

(5)

where g(8) is the phase of the scattering amplitude. The
influence of a circular detector opening is described ap-
proximately by the aperture function a(x) = (2/x) Ji(z),
in which a is the half-angle of the conical aperture. This
aperture function is shown in Fig. 3. The finite width of
the energy distribution of the photoelectrons gives rise to
an exponential damping term in Eq. (5), where b,E is
the half width at half maximum of the Gaussian distri-
bution function assumed for the photoelectron energies,
and b = m(8 ln2 h E)
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FIG. 2. Normalized PD intensity of a single Ni backscat-
terer as a function of the scattering angle 8 for a set of equidis-
tant wave numbers in the range 150—350 eV. FIG. 3. Aperture function a(x) = (&/&) A(2:).
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A systematic search for the nearest backscattering
atoms can therefore be performed as follows: For a fixed

direction k the PD intensity is recorded as a function of
the photoelectron energy, and thus of the wave number
k. From these data the Fourier transform U(k) is calcu-
lated immediately. The measurements are then repeated
for other directions k in order to find the maxima in

U(k), which give directly the bond axes from the nearest
backscatterers to the emitter.

An important point is that these experiments can be
carried out with unusually large values for the detector
opening a and the width of the energy distribution b E.
Because the intrinsic width of the backscattering peak in
the scattering amplitude (Fig. 1) is large, our calcula
tions show that a value of about 20' can be used for n.
Such a large detector opening will give a high counting
rate (this rate scales as o,2), so it should be possible to
use a very short accumulation time for the data points.
Moreover, the large detector angle improves the shape
of the backscattering peak in U(k), since the aperture
function a (akRsin 8) in Eq. (5) [which has its maxima
at e = 0' and 180' (see Fig. 3)] further reduces the inten-
sity for all positions of the scattering atom which do not
lie exactly in the backscattering direction. This damping
is greatest for scatterers far from the ideal backscattering
and forward-scattering axis. In particular, the structures
which occur in

~f(e)] around e = 100' are weakened con-
siderably by an o; value of about 20'. A large energy
spread b,E smoothes the fine structures in the energy-
dependent function I(k) considered at a fixed direction
A

k. The long period oscillations in the energy scans, how-

ever, which arise from single scattering at nearest neigh-
bors remain largely unchanged. More quantitatively, this
can be seen from the term e ~&++ i "'el& in Eq. (5).
If b,E is about 10 eV, the resulting damping will be neg-
ligible for the single-scattering processes from the near-
est backscatterers, but the contributions from many of
the longer scattering pathways, and in particular from
higher-order scattering pathways, will be weakened con-
siderably. Of course, a large energy width of the electron
distribution will also speed up the experiments provided
the signal-to-background ratio remains satisfactory, since
it increases the counting rate and reduces the number of
energies which need to be measured as a coarser grid on
the energy scale can be used.

III. MULTIPLE-SCATTERING CALCULATIONS
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tigated by energy-scan photoelectron diffraction. 2i The
spherical-wave computations have been performed in the
framework of a magnetic-quantum-number expansion by
means of exact recursion formulas. ~o Scattering processes
up to fourth order were included in these calculations.
The scattering events at the hydrogen atoms have been
neglected, since the scattering cross section of hydrogen
is much smaller than that of the nickel atoms due to
the large difference in the atomic numbers. The values
for the inelastic mean free path of the electrons have
been taken from Seah and Dench. s2 The sample tem-
perature was assumed to be 100 K and the thermal
vibrations of the nickel atoms were taken into account
by means of temperature-dependent complex scattering
phase shifts. ss The intensity I(k) was calculated in the
energy range from 100 up to 350 eV, used in the previ-
ous experimentssi on this system which led to the origi-
nal structure determination. The resolution parameters
used in the calculations presented here are n = 20' and
b,E = 10 eV. The integration over the detector opening
has been performed numerically, since the approximate
aperture function a(x) given above may not be accurate
enough at such a large value of n.

In Figs. 4—6 the calculated values U(k) and rm~(k)
are presented as functions of the polar angle e (measured
from the surface normal) for difFerent adsorbate positions
and for several azimuths which are defined in Fig. 7. The
polarization vector of the photons has been assumed to
be parallel to the emission direction. Obviously, when
probing the PD intensity in the vicinity of the surface

A key question in establishing the applicability of this
idea is whether the backscattering intensity contribu-
tion from a single nearest-neighbor atom is sufficiently

large relative to the scattering contributions from the
large number of other atoms in the system. To inves-

tigate this problem we have performed numerical cal-
culations for realistic systems to establish whether the
"backscattering eEect," which we want to use for a real-

space structure determination, remains detectable after
the superimposition of all the other scattered waves. As
an example we present multiple-scattering calculations
for the system Ni(111)-NHs, which was recently inves-
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FIG. 4. Maxima in the Fourier transform of the energy-
scan PD spectra from the atop site: I = 0' (solid line),
C = 30' (dashed line).
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FIQ. 7. High-symmetry adsorption sites on a Ni(111) sur-

face: The substrate atoms are depicted as filled circles (first
layer), empty boxes (second layer), and filled boxes (third
layer). The considered adsorption sites are located directly
above these atoms. Hence, the atop site is indicated by a
filled circle, the fcc hollow site by a filled box and the hcp
hollow site by an empty box.
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FIG. 5. Maxima in the Fourier transform of the energy-
scan PD spectra from the fcc hollow site: C = 90' (solid line),
C = 30' (long-dashed line), I = 0' (short-dashed line).
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FIG. 6. Maxima in the Fourier transform of the energy-
scan PD spectra from the hcp hollow site: 4 = 30' (solid
line), 4 = 90' (long-dashed line), C = 0' (short-dashed line).

normal, this condition can be fulfilled only approximately
in the experiment. The bond length between nitrogen
and the nearest nickel neighbors was fixed at 1.97 A, the
value which was obtained in the PD investigations. s

If the nitrogen atom occupies an atop site, the function

U(k) has a strong peak in the normal-emission direction

[panel (a) of Fig 4], wh. ich is clearly consistent with the
fact that a backscattering nickel atom is directly below

the emitter atom. The second maximum, which appears
at 8 = 57' in the O = 0' azimuth, comes from one of the
next-nearest-neighbor atoms in the top layer. The pure
geometrical angle of this interatomic axis in the struc-

ture is e = 51.6', which will be shifted by refraction
efFects at the surface to a value of e = 54.2'. In panel
(b) of Fig. 4 it can be seen that the values for r~,„are
smaller than 2R = 3.94 A. for the nearest neighbor at
e = 0' and 2R = 6.35 A for the next-nearest neigh-
bor at e = 57'. Assuming that the energy dependence
of f(cos8) is weak, it follows from Eq. (5) that for a
vanishing detector opening (a = 0') and b,E = 0 eV
the ridge of the backscattering peak in u(k, r) should
appear at r „(8)= R(1 —cos8) having the maximum
at r ~ = 2R and 8 = 180', where R is the emitter-
backscatterer distance and 8 the scattering angle. Ob-
viously, an integration over 8 then has the consequence
that in spectra obtained with a large a the peak position
is shifted systematically to lower values of r, as it can
be observed for the atop position in Fig. 4, where 30%
of the shift in r is due to the large detector opening
and 70 % due to the energy dependence of the scattering
properties.

It should be noted that in particular one of the higher-
order scattering contributions has a noticeable infiuence
on the backscattering efFect. This is the double-scattering
process which contains the emitting atom as a forward
scatterer after the first backscattering process. In the
ideal backscattering geometry it has the same path-
length difFerence to the direct wave as the single backscat-
tering process itself and, hence it contributes to the same
peak in the Fourier spectrum. In Fig. 4 [panel (a)j about
5% of the peak height in normal-emission direction are
caused by this double-scattering pathway.

In Fig. 5 the function U(k) is shown for the three-
fold hollow site on the Ni(111) surface which has the
next atom directly below the adsorption place in the
third layer of the substrate (fcc hollow site). The main
peak from the nearest backscatterer can be seen around
6 = 48' in the 4 = 90 azimuth. The true polar angle
of this bond axis is 8 = 46.8', which will be shiRed in
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FIG. 8. Maxima in the Fourier transform of the energy-
scan PD spectra fIom the fcc hollow site (C = 90'): T = 100
K (solid line), T = 300 K (long-dashed line), and neglecting
all vibrations (short-dashed line).

the PD spectra due to the refraction at the surface po-
tential towards 49'. An additional peak which cannot be
attributed to a backscattering atom appears in normal-
emission direction. It arises from a superposition of the
tails of the three nearest-neighbor backscattering peaks.
Hence, it can be considered to be more or less a result of
the high symmetry of this direction. In agreement with

this interpretation the value of r is about 3.4 A for
this secondary peak, which is smaller than r = 3.7 A.

obtained for the main peaks in Figs. 4 and 5.
Furthermore, in Fig. 6 the function U(k) is shown for

the other threefold coordinated adsorption site, the hcp
hollow site, for which the next atom directly below the
adsorption place occurs in the second substrate layer.
These spectra look very similar to that of the fcc hollow
site apart from an azimuthal rotation of 60' to realign the
(top layer) nearest neighbors. This means that the struc-
ture differences in the second layer are completely dom-
inated by the strong backscattering contributions from
the nearest neighbors. Weak features associated with
the atom in the second Ni layer can be seen only in the
full Fourier transform u(k, r) of the PD spectra around
r = 6.3 A in the normal-emission direction. However,
these contributions are damped considerably due to the
large value of hE.

It should be noted that the backscattering effect shows
a considerable temperature dependence due to the strong
infiuence of thermal vibrations on the Debye-Wailer fac-
tor in backscattering geometry. All results shown so far
have been obtained assuming isotropic harmonic vibra-
tions of the atoms with amplitudes corresponding to a
temperature of about 100 K, which can be realized ex-
perimentally by cooling with liquid nitrogen. In Fig. 8
it is shown how the structures in U(k) are weakened by
increasing the temperature to 300 K.

In comparison with the sharp forward-scattering
peaks, which are used for the structure investigations
in the high-energy region, ~2 the backscattering peaks
in the Fourier transform U(k) shown in Figs. 4—6 are
weaker and broader. However, the high-energy forward-
scattering method is of limited value in the investigation

of adsorption structures because the adsorbate typically
lies above the substrate atoms, which then cannot for-
ward scatter the adsorbate photoemitted electrons into
the detector. Investigating substrate atom photoemission
is also of little general use because the component of emis-
sion arising from the top-layer atoms cannot normally be
distinguished from that of the underlying substrate. By
contrast, low-energy photoelectron backscattering of the
adsorbate photoemission is, as we have shown, a viable
route to the determination of adsorbate-substrate reg-
istry.

Although the half width of the backscattering maxi-
mum in U(k) (Figs. 4—6) is about 30', the position of
these peaks can be determined with an accuracy of +3',
or better. For a bond length of 2 A, as considered here,
this means that the error in position perpendicular to
the bond axis is +0.1 A., which is much better than
the accuracy of holographic reconstructions. However,
the bond length between the emitter and backscatterer
should not be determined from measurements with such
a large detector opening of cr = 20', since under these
conditions r

„
is shifted systematically towards lower

values as discussed above. Hence, in order to determine
the bond length between the emitter and backscatterer
more precisely one should perform an additional mes

surement with a higher angular and energy resolution for
the backscattering direction in the scanned energy mode.

IV. CONCLUSIONS

The results of model calculations presented here
demonstrate that the "backscattering effect, " which oc-
curs in the scattering amplitude for energies between 100
and 300 eV, can be utilized successfully for direct struc-
ture investigations. By exciting an s core level of an
adsorbate atom it should be possible to determine the
direction in which the nearest backscatterer in the un-
derlying substrate is located with an accuracy of about
k3'. The proposed procedure requires the measurement
of PD spectra in the scanned energy mode over an energy
range of about 250 eV with a step width of 10 eV (i.e., 26
data points). In order to find the maxima in the Fourier
transform U(k) these PD spectra have to be recorded
on an angular mesh covering the whole two-dimensional
angle space above the surface. These measurements are
best performed with a large detector acceptance angle,
which has the added benefit of making the data collec-
tion time short. Having used these data to identify the
nearest-neighbor backscattering directions, we then pro-
pose that energy-scan PD spectra can be measured with
a higher angular and energy resolution in these direc-
tions in order to determine the bond length between the
emitter and backscatterer as accurately as possible.

Our method makes use of PD data I(k) from a thr==
dimensional space (energy, polar angle, and azimuthal
angle) similar to the sophisticated holographic recon-
struction methods. ~ ~ In contrast to these holographic
methods which require amassing a huge amount of data
in the two-dimensional angular space, we propose to fil-
ter out only that information which is relevant for Bnding
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the nearest backscatterers. This can be done by using a
large detector opening, which means that the PD inten-
sity is probed by wide overlapping cones. Hence, the
data recording is much faster in the proposed technique
than in comparable holographic techniques. Notice that
we have also assumed a fixed angle between the detector
and the photon polarization vector, so the experiment
can be performed by simply "rocking" the sample. Our
method provides a rapid route to a first-order structure
determination, which if neccessary can then be refined

further by a full comparison of theoretical and experi-
mental PD intensity data, which makes use of all the fine
structure, measured in three-dimensional k space.
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