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Structural determination of a molecular adsorbate by photoelectron diffraction:
Ammonia on Ni(111)
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The adsorption of ammonia (NH3) on the NiI 111) surface has been investigated by photoelectron
diffraction. To determine the adsorption site and the distance above the NiI 111] surface, photoelectron
diffraction spectra of the N 1s core level were recorded in the scanned energy mode for normal and two

off-normal emission directions and compared with extensive multiple-scattering calculations. The best
0

agreement and the lowest 8 factor were found for an atop site and a Ni-N bond length of 1.97 A. The
anisotropic vibrations of the emitter have been taken into account in the theory and the mean-square dis-

placement for the vibrations of the ammonia molecule parallel to the surface was determined to be 0.04
A.

I. INTRODUCTION

Transition metals show very different activities when
used as catalysts for the synthesis or decomposition of
ammonia. Since the adsorption and desorption of the
molecule itself are important steps in these reactions, a
through characterization of the adsorbed ammonia mole-
cule on these surfaces could lead to a better understand-
ing of the differences. On the close-packed nickel I 111[
surface it is known that ammonia adsorbs molecularly
with its threefold rotational axis normal to the sur-
face. ' The circular halo pattern obtained with electron
stimulated desorption (ESDIAD) shows that the hydro-
gens point away from the surface and that the molecule is
azimuthally either rotating or randomly oriented at 80
K.' Small amounts of preadsorbed oxygen change, how-
ever, the circular pattern into three spots, indicating an
azimuthal locking as a result of hydrogen bonding to the
oxygen atoms. Angle-resolved photoemission spectrosco-
py has confirmed the upright geometry of the molecule
by an analysis of the adsorbate-induced features using

photoemission selection rules. ' Using photoemission in
an azimuthal angle-scan mode the same orientation of the
hydrogens was found as with ESDIAD for the case of
preadsorbed oxygen; the azimuthal ordering was there-
fore interpreted as being due to small amounts of surface
contaminants. Long-range-ordered structures have not
yet been unambiguously identified because of the
difficulties involved in making precise low-energy elec-
tron diffraction (LEED) measurements. It is well estab-
lished that NH3 decomposes on the Nit 111) surface un-

der electron bombardment, ' ' giving rise eventually to a
clear (2X2) pattern which has been tentatively assigned
to adsorbed NH„(x=1,2). With a special low current
LEED system a weak (&7X v 7)R 19' pattern was found
over a wide range of coverage and temperature. The
sensitivity to incident electrons makes it difficult to deter-
mine the exact adsorption geometry by recording LEED
I-V curves and making subsequent comparison with

dynamical calculations.
From temperature-programmed desorption (TPD) it is

known that below 90 K ammonia multilayers are formed,
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which desorb as a sharp peak at —120 K.' ' ' ' ' The
remaining monolayer then desorbs as molecular NH3
over a wide range up to 350 K. Thermal decomposition
to NH„(x= 1,2}and atomic nitrogen were detected only
in traces and might well be due to the presence of surface
defects. The coverage of the ammonia monolayer (satu-
ration coverage) has been given as 0.25 [Ref. 2(b)] and
1.0. The latter value was corrected to &0.3 in a subse-
quent paper; a further value of 0.14 was derived after a
reinterpretation of the TPD and LEED measurements.

The bonding and structure of the Ni[111]-NH3 system
has also been studied by means of quantum-chemical
calculations. Recent ab initio valence-orbital
configuration-interaction calculations for an ammonia
molecule on a 28-atom nickel cluster gave the lowest total
energy for the atop site with a Ni-N bond length of 2.12
A. The differences in total energy between the atop site,
the fcc threefold hollow site (underlying nickel atom in
the third layer), and the bridge site were small, however.
The Ni-N bond lengths resulting from the calculations
for the latter two positions were unexpectedly large (2.78
and 2.74 A, respectively). The equilibrium geometry was
calculated to have the molecular axis perpendicular to
the surface, but tilting the molecular axis or rotating the
molecule azimuthally requires little energy. In an earlier
study at the Hartree-Fock level, in which only the fcc
threefold hollow site was considered, the Ni-N bond
length was given as 2.13 A. '

In the present paper we have used scanned energy
mode photoelectron diffraction to determine the struc-
ture of NH3 on Ni[111]. This technique involves the
measurement of the intensity of photoelectrons emitted
from a core level of the adsorbate in a selected direction
as a function of photon energy and thus of the kinetic en-

ergy of the photoelectron. In the plot of intensity versus
kinetic energy ("the photoelectron diffraction spectrum")
modulations can be seen as a result of interference of the
primary photoelectron wave and secondary waves elasti-
cally scattered at surrounding atoms. The form of the in-
tensity modulations is determined by the distance and
directions of the neighboring atoms and hence carries the
desired structural information. Due to its local character
the effect is not dependent on the presence of long-range
order. Energy-scan photoelectron diffraction has already
been shown to be a useful tool for the determination of
adsorption sites and bond lengths for a number of other
atomic and molecular adsorption systems. "

H. EXPERIMENT

The UHV system for the experiments is equipped with
a four-grid LEED optics, a quadrupole mass spectrome-
ter, a gun for ion bombardment, and a hemispherical
electron analyzer (ADES 400, VG Scientific Ltd). The
temperature of the sample could be varied between 100
and 1000 K by LN2 cooling and resistive heating through
tungsten wires which held the crystal in position. The
temperature of the sample was measured by a thermocou-
ple in direct contact with the crystal. The surface of a
nickel crystal was prepared in the usual way, including
in situ argon ion bombardment and annealing cycles up
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FIG. 1. Experimental N 1s photoelectron spectra of NH3 on
the Ni[111) surface in normal emission for a series of incident
photon energies. Only every second spectrum is shown. Inset:
experimental geometry.

to 800 K until a well-ordered (1X1) LEED pattern was
obtained and x-ray photoemission spectra (XPS) measure-
ments with synchrotron radiation revealed no surface
contamination. The LEED pattern was also used to
determine the azimuthal orientation of the crystal. Am-
monia was used as purchased (Linde AG, 99.98%o}. Satu-
ration coverage of ammonia was achieved by an exposure
of 40 sec at 5 X 10 mbar with the sample at —110 K.
The purity of the adsorbed layer was checked with XPS.
Special attention was paid to carbon- and oxygen-
containing contaminations.

Measurements were performed using synchrotron radi-
ation from the high-energy toroidal grating monochro-
mator HE-TOM 1 on the Berliner Elektronen
Speicherring-Gesellschaft fur Synchrotron-Strahlung
electron storage ring. ' The general method of taking
scanned energy mode photoelectron diffraction data has
been explained in previous publications" ' but is also de-
scribed here since some of the details have now changed.

Figure 1 shows a series of normalized N 1s photoelec-
tron spectra for NH3 adsorbed on the Ni(ill) surface at
saturation coverage and a sample temperature of —100
K. The electric vector of the incident radiation lies in the
plane spanned by the surface normal and the [110] az-
imuth, which is the direction of the close-packed nickel
atom rows, (see also inset of Fig. 1}at an angle of 45' to
the surface normal. The photon energy of the incident
radiation was varied from 490 to 750 eV in steps of 3.5
eV. The corresponding binding energy of the N 1s core
level then leads to kinetic energies of the photoelectrons
in the range from 90 to 350 eV. For each photon energy
a photoelectron spectrum was recorded in a window of
kinetic electron energy with the N ls peak near the
center of the spectrum and a width of 50 eV; for the sake
of clarity only every second spectrum recorded is shown
in Fig. 1. These spectra were normalized to the current
in the electron storage ring to correct the decrease in
photon flux with time. Since the width of the N 1s pho-
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FIG. 2. Experimental photoelectron diffraction spectrum of
NH3 on the NiI 111] in the normal emission direction obtained
by analysis of the individual spectra in Fig. 1.

which oscillates about zero. The y(Ek;„)obtained from
the raw data in Fig. 1 is shown in Fig. 2. The modula-
tions in photoelectron intensity due to the diffraction pro-
cesses are —+40%. During the analysis it was found
that the subtraction of the background polynomial in
each N 1s photoelectron spectrum is a source of error
and could give rise to an uncertainty of +5%%uo in y(E„;„).
Three maxima at 125, 190, and 280 eV and two minima
at 140 and 225 eV are the most significant features in the
spectrum of Fig. 2. The minimum at 100 eV may not be
significant, because the error introduced by the data
analysis becomes larger at this end of the spectrum.

III. THEQRY

Proper quantitative determination of the structure of
NH3 on NiI 111I from the photoelectron diffraction spec-
tra requires the use of extensive multiple-scattering clus-
ter calculations. Within a first-order perturbation theory
the intensity of the outgoing photoelectron signal is given

toelectron peak is a smoothly varying function and the
background is also relatively smooth, the outline formed
by the peak maxima already shows the modulations of
the N 1s peak intensity. To obtain the N 1s photoelec-
tron peak areas the spectra were fitted simultaneously
with an asymmetric Gaussian for the peak and a polyno-
mial of third order for the background using a standard
nonlinear least-square-fitting-routine. To obtain the pho-
toelectric intensity I(E„;„)the integral of the Gaussian
was calculated from its height and width. Plotting the in-
tensities of all peaks versus the kinetic energies of their
maxima then gave the raw photoelectron diffraction spec-
trum.

In order to correct for the smoothly varying transmis-
sion functions of the monochromator and the analyzer a
least-square fit by a polynomial of third order is per-
formed on the raw photoelectron diffraction spectrum.
This polynomial represents Ip(E„;„),the intensity
without scattering processes. The photoelectron
diffraction data can then be represented in the form of a
modulation function g,

I(Ek;„) Ip(Ek; )
X(Ekin ) = I (E )0 kin

where A is the vector potential of the photon field, p the
momentum operator of the electrons, II, the core orbital
which is excited, and r the detector position. The Green
function of the total system G(r, r', Ef ), which has to be
taken at the final-state energy Ef, can be expanded into a
series over all possible pathways which connect the emi-
tter via scattering centers to the detector. ' ' The wave-
function contributions from these hypothetical scattering
pathways have been calculated on the basis of a
magnetic-quantum-number expansion described in Refs.
16 and 17. In this method an optimized set of basis func-
tions is used for the angular-momentum representation in
the scattering theory. As a consequence, all sums over
magnetic quantum numbers converge rapidly and can be
truncated after a few terms without any loss of accura-
cy. ' ' The essential terms in this scheme are rotation
matrices which determine the optimum linear combina-
tion of basis functions for each scattering process and z-
axis propagators in two center angular momentum repre-
sentation. Both matrices have been calculated by means
of fast recursion relations given in Ref. 20.

The essential difference compared to other approaches
which are used for multiple-scattering cluster simulation
of photoelectron diffraction spectra is that the matrix ele-
ments of the free-electron propagator are calculated
without any approximation. Recently, it has been
shown' that the principle of "separable approximations"
for the free-electron Green function, in which the angular
momentum indices l and l' of the z-axis propagators are
decoupled in order to save computer time, can be the ori-
gin of substantial errors for the case that both / and I'
have large values. Hence, the Taylor-series magnetic-
quantum-number expansion, ' the reduced angular
momentum expansion, ' and the scattering matrix formu-
lation, ' which all belong to this class of approximations,
can introduce considerable uncertainty into the results
for all second- and higher-order scattering processes, if
the distance between emitter and scatterer is small
(nearest neighbors), i.e., for all scattering processes of a
scattered wave which contains the full set of partial
waves (see Ref. 19 for more details).

In the present calculations the truncation parameter in
the magnetic-quantum-number expansion was set to
M=3 for all emitter-scatterer distances R shorter than 4
0 0

A, M=2 for R ~ 10 A, and M=1 otherwise. The calcu-
lations were performed with up to 18 scattering phase
shifts for nickel potentials at the highest energy. The
effect of inelastic scattering processes was described by
exponential damping factors containing the mean free
path of electrons for which the "universal" values from
Seah and Dench were assumed.

The finite energy resolution, a fundamental property of
the experiment, was taken into account from the outset.
This energy broadening of a photoelectron diffraction
spectrum leads to additional damping factors in the
theoretical expression for the intensity which systemati-
cally suppress the contributions of long scattering path-
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ways. Thus, the calculation of a smoothed scanned en-

ergy mode photoelectron diffraction spectrum requires
considerably less numerical effort than the correct calcu-
lation of an unbroadened spectrum, because a smaller set
of scattering pathways is sufficient for convergence and a
larger separation between two grid points on the energy
scale can be chosen.

The theoretical calculations shown below contain the
contributions of —1000 single scattering and -5000 dou-
ble scattering processes. It turned out that the double
scattering processes, which require most of the comput-
ing time, give noticeable contributions to the intensity
and therefore cannot be neglected. In the present exam-
ple triple- and higher-order scattering pathways could be
neglected, because they are damped out by the energy
broadening due to their larger scattering path lengths.
This was checked by test calculations at selected energies.

IV. DETERMINATION OF THE ADSORPTION SITE
AND THE NI-N BOND LENGTH

Strong modulations in energy-scan photoelectron
diffraction spectra are normally indicative of a dominant
contribution from one scattering pathway. This often
corresponds to a particular geometry in which a substrate
atom is directly "behind" the emitting atom, i.e., when
emitter, scatterer, and detector are colinear. In such a
configuration the strong 180' backscattering expected for
Ek;„(500eV dominates. From the normal emission
spectrum of Fig. 2 we might therefore expect that the
molecule occupies an atop site, although there is also the
possibility, perhaps less likely, that the hcp threefold hol-
low site is occupied. (This latter site has an underlying
nickel atom in the second layer, as opposed to the fcc
threefold hollow site where the underlying nickel atom is
in the third layer. } In the simulations, however, all four
high-symmetry sites, including the twofold bridge and
the fcc threefold hollow, have been considered.

Scattering processes at hydrogen atoms were neglected
since their scattering cross sections are very much small-
er than those of the substrate atoms. Furthermore, there
is a strong evidence from theory and experiment that the
hydrogen atoms are rotating or randomly oriented az-
imuthally on the clean surface, ' which additionally de-
creases their contributions to the intensity modulations.
The neglect of the hydrogens thus reduces the ammonia
molecule to a single nitrogen atom. Scattering contribu-
tions of neighboring nitrogen atoms were also neglected
since their relative positions are not known. On the as-
sumption that the coverage is below 0.5, the distance
from the emitting nitrogen atom to the nearest nitrogen
atoms will be larger than the distances to the substrate
atoms which dominate the backscattering. Furthermore,
the scattering cross section of the nitrogen atom is much
smaller than that of the nickel atoms.

Figure 3 shows the calculated photoelectron diffraction
spectra for a series of separations between the nitrogen
atom and the outermost Ni layer, z, at each of the four
high-symmetry sites. For comparison the experimental
diffraction spectrum has been included as a dashed curve
in each plot. By comparing the calculated and the exper-
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FIG. 3. Calculated photoelectron diffraction spectra for NH3
on Ni[111[ in normal emission for (a) the atop, (b) the bridge,
(c) the fcc threefold hallow, and (d) hcp threefold hollow sites
for various separations between the N atom and the outermost
nickel layer. For the sake of clarity the spectra are offset
against each other by unity on the vertical axis.

imental curves, the best agreement regarding the posi-
tions and relative heights of the maxima and minima is
found for the atop site with a Ni-N bond length of 1.975
A [Fig. 3(a)]. Reasonable agreement is also found for the
fcc threefold hollow site at z = l. 3 A [Fig. 3(c)]. Even as
far as the absolute amplitudes are concerned, the agree-
ment for the atop site is remarkably good. The twofold
bridge [Fig. 3(b)] and the hcp threefold hollow [Fig. 3(d)]
do not give agreement for any distance.

The experimental and calculated spectra have also
been compared by means of the reliability factor R, al-

though it is not entirely clear whether R factors
developed for LEED are appropriate for photoelectron
diffraction. Such an R-factor plot for the atop site shows
a clear minimum of 0.32 at 1.97 A, as shown in Fig. 4. It
is difficult to give a definite value for the precision of the
determination. We note that even by visible inspection
agreement between theory and experiment is not as good
for 2.00 and 1.95 A and considerably worse for 2.025 and
1.925 A. A value of +(0.02—0.03) A would therefore
seem plausible, in line with other photoelectrons
diffraction studies. However, as in LEED, there is also
the possibility of systematic errors arising from the
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theory. Test calculations on the present system have, for
instance, shown that the uncertainty as to the potential in
the surface region can give rise to an error as high as
+0.05 A. The fcc threefold hollow site gives a shallow
R-factor minimum of 0.56 at 1.30 A; the hcp threefold
hollow site and the bridge site give Rp&1.0 and no
minimum.

Although the comparison of experimental and calcu-
lated diffraction spectra in normal emission clearly favors
the atop site, it is desirable to check the structure with
measurements in off-normal emission directions. Howev-
er, it was found experimentally that in all directions the
intensity modulations were much smaller than in normal
emission. Thus, for the two polar angles 8 =25 ' and 35 '
in the [121]azimuth, as shown in Fig. 5, the modulations
were less than +15%, which is already quite close to the
discrepancy between experimental and calculated spectra
in normal emission of about 5%. Therefore, worse agree-
ment between theory and experimental as well as higher
R factors than in normal emission are expected. As the
modulations are so small, it was also necessary to correct
for the Ni Auger peak at a kinetic energy of —105 eV.

A comparison of the experimental and calculated spec-
tra in off-normal emission shows some, but not particu-
larly good agreement regarding the positions of maxima
and minima for the atop site (Fig. 5). The corresponding
R factors have very shallow minima with values 0.63
(0=25') and 0.78 (8=35') for the atop site and a Ni-N
distance of 1.975 A. Some agreement was also found for
the hcp threefold hollow, but this site was convincingly
ruled out on the basis of the normal emission spectrum.
Complete disagreement was observed for the bridge site
and, more important, for the fcc threefold hollow site.
Although the agreement is far from satisfactory and the

FIG. 5. Comparison of calculated and measured off-normal
photoelectron di6'raction spectra for the atop site without tak-
ing into account adsorbate vibrations. Polar angle 8 in the
[121]azimuth: (a) 25', (b) 35 '.

R factors are high, the off-normal spectra confirm the as-
signment based on the normal emission spectrum. Par-
ticularly striking, however, is the fact that the modula-
tion amplitude in the calculated spectra is a factor of 2-3
larger than in the experimental spectra, i.e., comparable
to that calculated and observed in normal emission. We
ascribe this effect to the inhuence of adsorbate vibrations
and discuss it in Sec. V.

V. ANISOTROPIC THERMAL VIBRATIONS
OF THE EMITTER

The large difference in absolute amplitude between ex-
periment and theory for off-normal emission can be ex-
plained by damping due to the soft vibrational modes of
the ammonia molecule parallel to the surface, the frus-
trated translations and rotations. This assumption is
supported by quantum-chemical calculations, in which it
was found that a tilt of ammonia up to 10' requires only
very little energy, indicating a shallow total-energy sur-
face for soft modes parallel to the surface. The latter are
expected to be considerably softer than the vibration of
the molecule against the surface (the Ni-N stretch) as can
be seen from the good agreement in the modulation am-

plitude of the calculated and measured spectra in normal
emission. The infiuence of this parallel vibrational
motion on the off-normal emission spectra should be
much larger than on the normal emission spectrum, since
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(RI Rp R2 RI ' I' R ) = exp[I'K Ip'( uI up)+ I'K2I '(u2 uI ) + ' ' ]

XIp (&R, &
—&R &, &R, &

—&R, &, , r —&R„&). (7)

Assuming an uncorrelated motion of the atoms the
averaging procedure over the various displacements u, in
the intensity

2

a
(8a)

a, a'
(8b)

can be decoupled and the vibrations of each atom can be
treated separately. In our calculations the effect of the
motion of the scattering atoms was described by complex
scattering phase shifts. The same result can be obtained
by using Debye-Wailer factors for the scattering atoms
(see, e.g. , Refs. 28 and 29). However, at a temperature of
—110 K at which the experiment was performed, the
influence of lattice vibrations in the nickel crystal on the
photoelectron diffraction spectra is very small. Vibra-
tions of the adsorbate molecule are more important, since
they can have considerably larger amplitudes, particular-
ly parallel to the surface. These effects, which have been
neglected in the past, are not automatically described by
complex scattering phase shifts. Hence, we have to intro-
duce an additional Debye-Wailer factor in the expression
for the intensity, which contains the result of the averag-
ing over the emitter displacements Uo.

In the formula for the intensity (8b) up appears both in

the y and in tp*.. Using standard techniques for describ-
ing harmonic vibrations we obtain for the Debye-Wailer
term in the double sum (8b):

exp[i(K', 0
—K,o) uoj)

~
~

more pronounced at higher energies due to the k depen-
dence of the Debye-Wailer factor [Eq. (9)]. The main
change is in absolute magnitude. Some peaks are
influenced more strongly than others which then also
leads to changes in the positions of some extremal points,
for example, the maximum at 240 eV for 8=25'. In the
spectrum for 8=35' the minimum at 200 eV and the
maximum at 300 eV even vanish with increasing mean-
square displacements. The changes in the normal emis-
sion spectrum, however, are only minor and, more impor-
tant, the peak positions hardly change.

Best agreement between experiment and theory for
both off-normal emission directions was found for
& u

~~

& =0.04 A, which is refiected by a decrease of the R
factor from 0.63 to 0.50 (8=25') and from 0.78 to 0.43
(8=35'). A mean-square displacement of 0.04 A corre-
sponds to an average dynamic tilt of the molecular axis of
6, a value which is we11 within the error bars of the

= exP —
—,'(K',

p K]p)'&up'up&'(KIp K]p) (9)

where K,0 points in the direction of the first scattering
atom R& in the scattering pathway with index a and E ]p
is the same vector in the scattering pathway with index
a'. In Eq. (9) the influence of the vibrations is described
by the tensor & up up &. For isotropic vibrations it is diag-
onal with & u„&=

& u &
=

& u, &. As mentioned above, for
adsorbate atoms or molecules on a surface highly aniso-
tropic displacements can be expected, for which the com-
ponents parallel to the surface &u„&=&u &=&u~~ & differ
significantly from the component perpendicular to the
surface & u,' &

=
&
u', &.

Figure 6 shows the calculated diffraction spectra for all
three measured emission directions. Calculations were
performed for different values of & u

~~

&, assuming that the
molecule does not vibrate perpendicular to the surface
(&u~ &=0). The plots show that the off-normal spectra
can be influenced dramatically by parallel vibrations. As
a general trend it is observed that the damping effect is
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FIG. 7. Comparison of experimental photoelectron
di6'raction spectra with calculated spectra in the three emission

directions recorded. Calculations are performed for the atop
0

site with Ni-N bond length of 1.975 A and a mean-square dis-

placement of the nitrogen parallel to the surface & u
~~

& of 0.04
A.
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orientation determination using angle-resolved photo-
emission and ESDIAD. Figure 7 shows the comparison
of calculated and experimental photoelectron diffraction
spectra for all three emission directions after including
the inhuence of the anisotropic vibrations of the emitter.

VI. CONCLUSIONS

Scanned energy mode photoelectron diffraction has
been successfully applied to ammonia adsorbed on
Ni(111I. The adsorption site and the Ni-N bond length
could be determined by corn.paring experimental and cal-
culated photoelectron diffraction spectra. The structure
of the adsorption complex with NH3 in the atop site is
schematically shown in the inset of Fig. 7. With the lone
pair of the nitrogen atom directed towards one nickel
atom, the structure resembles the usual sp fourfold coor-
dination expected for nitrogen. The Ni-N bond length of
1.97 A compares well with that of nickel ammine com-

plexes such as Ni(NO2)2(NH3)& with 2.07 A (Ref. 31)
or ammine[1-(2-hydroxyphenyl)-3, 5-diphenylformazan-
ato]nickel(II) with 1.94 A. It has also been shown that
the anisotropic vibrational motion of the emitter atom
must be considered in order to describe correctly the am-
plitude of the modulations in the diffraction spectra at
off-normal emission. The mean-square displacement of
the molecule parallel to the surface (u

~~

) was estimated
tobe 0.04 A .
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