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We report the first XPS data for ammonia adsorption, condensation and decomposition on a 
W(lIO) surface. Monolayer, "second layer" and multilayer NH) as well as NH 2 , NH and N' 
species can be characterized by a specific N(ls) electron binding energy. We discuss the observed 
binding energies within a thermodynamic framework, using the "equivalent core approximation". 
This model has been previously successfully applied to core level binding energies of gaseous 
molecules and solids. The agreement between calculated and experimental N(ls) binding energies 
for some species is excellent, and we conclude that for the considered adsorbates the variati~ of 
the N(ls) binding energies is primarily determined by the ground state properties rather than by 
different relaxation energies in the final state. We also briefly discuss the activity of the W(lIO) 
face towards NH) decomposition and also present some data for NH) dissociation on an oxygen 
predosed surface. 

1. Introduction 

Adsorption and decomposition of ammonia on various metal surfaces has 
been studied in order to obtain a better understanding of the reaction 
mechanism of ammonia synthesis [ll. Surface spectroscopies have been applied 
to identify the nature of the reaction intermediates, and direct evidence has 
been obtained that, under low pressure conditions on metal surfaces, ammonia 
decomposes via amine and imine surface complexes to chemisorbed atomic 
nitrogen and hydrogen. 

We present here the first XPS study of ammonia adsorption and decomposi-
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tion on a tungsten single crystal surface. With adsorption at 80 K, the 
formation of monolayer, "second layer" and multilayer of NH3 can be 
distinguished by XPS. The intermediates in the NH3 dissociation reaction 
(NHZ.ad> NHad and Nad ) can all be isolated and fingerprinted by XPS. There is 
also a slight distinction between Nad and a surface nitride species. 

The experimentally determined differences in N(ls) electron binding energy 
between the various adsorbates can be explained by a thermodynamic model 
making use of the "equivalent core approximation" for the core-excited state. 
We apply here a simple extension of the model used by Jolly [2] to obtain core 
level binding energies in gas phase molecules and by Johansson et al. to 
estimate electron binding energies for solids [3]. 

Our studies of NH3 interaction with an oxygen predosed surface confirms 
the observation made on other metals [4], i.e. that chemisorbed oxygen 
stabilizes the molecular integrity of the adsorbed NH3 molecule against 
dissociation and increases its heat of adsorption. 

2. Experimental 

The experiments on the W(llO) surface were carried out in a combined 
XPS/UPS/LEED/SIMS spectrometer (Vacuum Generators) [5]. The angle 
between the X-ray source (Mg Ka) and analyser is 1150 and spectra repro­
duced here were collected at an angle of 400 with respect to the surface normal. 
The oriented W(11O) crystal was mounted on a tantalum support and heated 
by electron bombardment from a tungsten filament placed behind the crystal. 
Cooling to 80 K was achieved by pumping liquid nitrogen through the probe. 
Temperature measurements were obtained by a W /W-Re thermocouple 
spotwelded to the tantalum support. Due to experimental difficulties, tempera­
ture readings above 80 K are not considered to be more accurate than ± 20 K. 

The tungsten crystal was cleaned by flashing in an oxygen ambient and in 
vacuum until the XPS bands of impurities were within the noise level of 
detection. 

The procedures for taking the presented spectra on the Fe(llO) surface have 
been described previously [6]. 

Coverages of NH3 and its decomposition products were determined by 
comparison of the XPS W(4f)/N(ls) intensity ratio to the W(4f)/O(ls) 
intensity ratio found for the optimum p(2 X 1) 0 LEED pattern formal by 
exposure of the W(llO) crystal to oxygen at 300 K (24]. The theoretical 
N(ls)/O(ls) cross section ratios of Scofield [7] were used. As has been shown 
by us [30], the accuracy of coverage determinations by comparison of XPS 
intensities critically depends on the electron take-off angle and the relative 
position of the adsorbate to the surface plane. The adsorbate N(ls) emission of 
N2 • NH3, NH and N relative to the O(ls) band of a known coverage (± 15%) 
has been followed as a function of electron take-off angle, and therefore the 
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error involved in estimating absolute coverages for these species is close to the 
error in oxygen coverage of ± 15%. 

3. Adsorption at 80 K 

In fig. 1, a sequence of N(ls) spectra from adsorbed molecular ammonia 
with increasing coverage is shown. Initial exposure leads to the appearance of a 
N(Is) band centered at 400.9 eV below EF with a half-width of 1.6 eV (fig. Ia). 
The coverage corresponding to spectrum Ia is () - 0.2 or - 2.8 X 1014 mole­
cules cm- 2• With increasing coverage, the band shifts slightly to lower binding 
energies and increases in half-width (EB = 400.7 eV, ~ = 2.05 eV). The cover­
age for spectrum Ib is () -0.45 (6.3 X 1014 molecules cm- 2

). The shift and 
increase in half-width with coverage resembles the results of Fisher for NH3 on 
Pt(III), who interpreted the change in terms of monolayer and "second layer" 
adsorption [8]. 

The equilibrium vapor pressure of NH3 at 81.5 K is 10 - \0 Torr [9] and 
consequently, condensation is possible under our conditions for PNH > 10- \0 

Torr. Spectrum Ic is representative for a condensed ammonia layer of - 24 A 
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Fig. I. Mg Ka excited N(ls) core level spectra of molecular ammonia adsorbed at 80 K: (a) (J -0.2 
(-2.8X 10 14 molecules cm- 2 ); (b) "second layer" adsorption «(J -0.45); (c) condensed NH3 (-6 
layers) (X 2/3). 

Fig. 2. He II photoelectron spectra for NH3 adsorption at 80 K: (a) (J -0.2; (b) beginning NH3 
multilayer formation. 
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thickness, as estimated from the attenuation of the W core level emission. The 
XPS band for condensed ammonia decreased in half-width (Il = 1.4 eV) and 
shifted to a higher binding energy of 401.3 eV. 

We have also recorded He II UPS data for NH3 adsorption at 80 K (fig. 2). 
In the multilayer adsorption regime, the 3a 1 and Ie orbitals of molecular NH3 
are at 5.9 and 11.3 eV, respectively, with a separation very close to the gas 
phase value. For initial adsorptions, a strong "bonding shift" of the 3a 1 orbital 
is observed, the 3a 1 and Ie values being 7.5 and 11.8 eV, respectively. The shift 
of the non-interacting Ie orbital in going from first layer chemisorbed to 
multilayer adsorption of 0.5 eV is comparable to the observed N(ls) shift of 
0.4 eV (see fig. 1). 

4. Decomposition of NH 3 

In order to identify the stable intermediates in the decomposition reaction, 
we heated the ammonia-covered surface stepwise to higher temperatures. The 
subsequent spectra were recorded during cooling to 80 K again, therefore 
readsorption of molecular ammonia from the background (p';;;;; 2 X 10- 10 

Torr) cannot be excluded, but should contribute only marginally to the 
intensity of the 400.8 eV band. 

Heating an ammonia-dosed surface (fig. 3a) to - 170 K results in the 
appearance of a low binding energy shoulder on the molecular NH3 band at 
398.8 eV below EF (fig. 3b). With increasing flash temperature (figs. 3c and 3d) 
this shoulder shifts to lower EB values, and two bands centered at 397.8 and 
400.8 eV below EF become resolvable. As will be discussed later, we identify 
the 398.8 eV band as emission from NH2 surface complexes. The shift of this 
shoulder to 397.8 eV then indicates further dissociation of the NH2 species to 
NH surface molecules. 

Spectrum 3f obtained after heating the predosed surface to room tempera­
ture is identical to a spectrum recorded after adsorption at 300 K and shows 
only one band at 397.8 eV, which we ascribe to NH surface fragments. After 
flashing the crystal to T> 600 K, this band shifts further to 397.3 eV, 
indicating the fission of the last N-H bond with atomic nitrogen remaining on 
the surface. 

As pointed out, the spectra in fig. 3 are partly obscured by readsorption of 
ammonia during the time necessary to collect the spectra. In a separate 
experiment, we determined the percentage of decomposition by dosing at 80 K 
and directly heating to 300 K. Of the initially adsorbed ammonia (B "'" 0.45) 
28% decomposes into NH species, while the rest desorbs up to 300 K as NH 3 • 

The subsequent transformation of NH to N is quantitative. 
Exposing the W(llO) surface to NH3 at temperatures above the transition 

temperature from NH to N leads to the formation of "surface nitrides" and 
eventually, of course, to the formation of bulk nitride phases. The formation of 
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Fig. 3. Decomposition of NH3 on a W(llO) surface by heating the predosed surface to the 
following temperatures: (a) molecular NH3 at 80 K; (b)-170 K; (c)-210 K; (d)-260 K; (e) 300 
K; (f)-6OO K; (g) "surface nitride" formed by exposing the substrate NH3 at -600 K. 

Fe (110) 
3974 

I 

if> e 
'" <:;; 

iii 3970 S I 

N.d 

395 400 
binding energy 

Fig. 4. N(ls) spectra of submonolayer adsorbed nitrogen and a "surface nitride" on a Fe(llO) 
surface. 
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such a three-dimensional surface compound is reflected in the XPS data by a 
shift of the Nls band to a slightly higher binding energy of 397.6 eV (fig. 3g). 
This N(ls) binding energy shift to higher binding energies with the incorpora­
tion of nitrogen into the selvedge is also observed on a Fe(llO) surface. In 
fig.4, we show the N(ls) spectra of atomic nitrogen adsorbed on a Fe(llO) 
surface and the spectrum corresponding to a "surface nitride" as defined by 
LEED experiments [10]. Again, a slight shift to higher EB values is apparent. 

5. Decomposition of NH3 on an oxygen predosed W(110) surface 

Recent results on ammonia adsorption on a Ni(lll) surface [4J suggested 
that coadsorbed oxygen leads to azimuthal ordering of the NH3 molecules and 
increases the adsorption energy of molecular NH3. On W(1IO), small amounts 
of coadsorbed oxygen also have a pronounced effect on the surface reactivity. 
In fig. 5, we compare the N(ls) spectra obtained after exposing a clean (fig. 5a) 
and an oxygen predosed W(llO) surface (00 -0.2) (fig. 5b) to 360L NH3 at 
room temperature. As compared to fig. Sa, we note in fig. 5b that a smaller 
amount of species with a binding energy of 397.8 eV populates the surface and 
that, in addition, molecular ammonia is present in about equal amounts. We 
assume that the 397.8 eV band corresponds to NH species; this, however, need 
not to be true because coadsorbed oxygen could affect the N(ls) binding 
energy of adsorbed atomic nitrogen. While in fig. lb clearly no emission 
corresponding to NH2 species around 398.8 eV is seen, the "NH" band in fig. 
la tails to higher binding energies, possibly due to some residual NH2 species. 
The O(1s) band in fig. 5c shows, after NH3 exposure, a higher binding energy 
shoulder which could indicate the presence of OH groups formed through 
dissociation of NH 3 • or could represent a H bond interaction between molecu­
lar ammonia and oxygen. 
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Fig. 5. Decomposition of NH3 at room temperature on a clean (a) and oxygen precovered «(I -0.2) 
W(llO) surface (b). The 0(18) spectrum (c) after NH3 exposure shows a shoulder at 532.2 eV due 
to the formation of OR species. 
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6. Discussion of experimental data 

We first want to compare our results for ammonia adsorption and decom­
position to experimental data obtained on other transition metal surfaces. In 
table I we listed the so far reported Nls electron binding energies for the 
gaseous species and adsorbates on some transition metal surfaces. Results for 
molecular adsorbed N2 have been included for the following discussions. For 
NH3 on W(llO) and Pt(lll) [8], a small distinction can be made between 
ammonia adsorbed in submonolayer quantities and "second layer" NH3, 
which exhibits a somewhat smaller Nls binding energy. In the corresponding 
UPS spectra on Pt(lII) [8] an obvious difference between these two states is 
evident from the increase in the 3a I-I e separation going from monolayer to 
"second layer" adsorption. As first discussed by Grunze et al. [15] for mono­
layer adsorption on Fe(III), the gas phase separation between the 3a l -Ie 
orbital in NH3 of 5.6 eV is reduced to 4.4 eV by the "bonding" shift of the 3a l 

orbital to the substrate. On W(llO), the 3a l -Ie separation is 4.3 eV for a 
fractional NH3 coverage of ~8=0.2 (2.8 X 1014 molecules cm- 2). Increasing 
the coverage up to starting multilayer formation, the 3a l and Ie orbital shift to 
5.9 and 11.3 eV below E F , respectively. Such a behavior was also found on 
Pt(lll) for 8> 3.5 X 1014 molecules cm- 2 by Fisher [8]. Although a hexagonal 
close-packed NH3 layer could accommodate 8.8 X 1014 molecules cm- 2 [16], 
the increase of the 3a l -le separation to 5.4 eV at 8~0.5 indicates that the 3a l 

orbital is not coupling directly to the substrate, i.e. NH3 adsorbs in a "second 
layer". That a distinct "second layer" NH3 species forms upon exposure at 
T~ 100 K (i.e. different from chemisorbed and condensed ammonia) was 
shown by us [26] using angular resolved XPS measurements. The observed 
small changes in the Nls core level binding energy with "second layer" 
formation will be discussed later on. 

On the Fe(lll), Fe(llO) and Ni(llO) surfaces the XPS identification of 
NH2 and NH species was supported by complementary techniques such as 
UPS, isotopic exchange, thermal desorption and SIMS [1,10,14]. The corre­
sponding binding energy differences on iron and nickel between NH3 and NH 
and between NH and N are ~ 3 and ~ 0.4 eV, respectively. Very similar 
binding energy differences are found on W(llO) with the proposed assignment 
of the N(ls) bands for NH and N surface species. The NH2 surface molecule 
on Fe(lll) was found to have a N(ls) binding energy around 398.5 eV, which 
is similar to the NH2 binding energy observed on W(llO). The analogy of our 
data to results obtained on other metal surfaces, therefore, suggests an assign­
ment of the observed N(ls) bands to specific surface complexes (table 1). It 
would, however, be desirable to support the identification of NH2 and NH 
species on W(llO) with other techniques. 



Table I 
N(ls) electron binding energies \eV) for N-R (R = N, H) gaseous molecules and adsorbates on transition metal surfaces 

Substrate 

Gas phase 
W(lIO) 

Fe(IIO) 
Fe(III) 
Ni(llO) 
Ni(IOO) 

Pt(lll) 

N< 

409.9 a) 

399.1 
400.5 c) 

401.5 c) 

400.8 c) 

NH3 

405.6 a) 

400.9 
400.7 d) 

401.3 0) 

400.0 
400.9 
400.2 
399.8 d) 

400.8 e) 

399.9 
399.3 d) 

a) Referenced to the vacuum level E V 

b) Calculated via a Born-Haber cycle (see text). 

NH2 

398.8 

-398.5 

c) Refers to the "screened" final state at lower binding energies. 
d) "Second layer" NH 3 • 

e) Condensed NH 3• 

NH 

397.8 

397.3 
-397.0 

398.4 
-397.7 

N "Surface 
nitride" 

411.0 b) 

397.3 397.6 

397.0 397.4 
396.6 
398.0 
397.4 

~ 

Reference 

[lU2] ~ 

This work ~ 
I:! 

" " '" ~ 
This work and ref. [6] t> ,... 
[6J '-.. 

[13,14] ~ 
:: 

[26] :: 
§ 
t;' 
~ 

[8] " 
~ ...... ...... 
~ 
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7. Calculation and thermodynamic interpretation of N(ls) binding energies 

In the following, we present a thermodynamic model to account for the 
observed N(ls) electron binding energies of various species on W(llO). The 
physical description is a simple extension of models based on the "equivalent 
core approximation", which have been successfully used to obtain core level 
binding energies in gaseous molecules [2] and solids [3]. 

The measured binding energy of a core electron in an atom or molecule is 
equal to the energy difference between the initial neutral state and the final 
ionized state. In general, more than one discrete final state is possible, and 
therefore more than one binding energy is possible depending on the different 
possibilities for valence electrons to relax towards the core hole in an attempt 
to screen it. The relative probabilities of reaching these different final states 
depend on the overlap matrix between the inital state and final state. If the 
overlap to any given final state is greater than zero, then intensity will appear 
in the core level photoelectron spectrum at the binding energy corresponding 
to the transitions to this final state. For a molecule adsorbed on a metal, the 
lowest energy final state for a core transition process (and therefore the lowest 
observable binding energy peak, assuming it carries intensity) may correspond 
to a situation where an electron is effectively transferred from the metal Fermi 
level to an available valence level orbital of the adsorbed molecule lying below 
E F • This is referred to as the "fully screened final state" and in it the adsorbate 
molecule is essentially neutral. 

Within the equivalent core model, the final state of a core-ionized atom, 

core - IOnized 
N atom 

valence - Ionized 
o atom 

~ G:3 

I 
jlO 

E~ (N) [2J.~ 

IOO-R 

W·~ ITJJ.[ill 
r °N_R 1 Ech.m(O-R/W) 

[B] . [ill --------.~ 

1 
Ech.m(N-R/W) ~ finolstote 

II E~ (N-R/W) 

~---------------
initial state 

Fig. 6. Born-Haber cycle for the calculation of the N(ls) core level binding energy in a NR 
complex adsorbed on a tungsten surface. The N(ls) binding energy EK (N-R/W) refers to thi! 
fully screened N(ls) hole. The construction of the cycle is discussed in the text. 
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atomic number Z, has the same energy as that of a Z + I atom with its core 
level electrons all present, but its highest lying valence electron removed. Thus, 
N* (Is hole) == 0+ (2p hole). In the core of a fully screened N atom on a metal 
the final state would be N* - (I s hole, plus screening electrons) == 0 (neutral). 
Therefore, within the equivalent core model and assuming complete screening 
the measured binding energy N(ls) for a N-R species adsorbed in W(llO) 
corresponds to the energy required to go from N-R/W(llO) to O-R/W(llO) 
as indicated in fig. 6. We can also construct an alternative route to this final 
state using a Born-Haber cycle, as shown in fig. 6. An analogous cycle could 
easily be set up for any other adsorption system. 

Starting from the initial state, which is a N-R species adsorbed on a 
tungsten surface, we first have to overcome the chemisorption energy Echem(N­
R/W) to desorb N-R. Next, N-R is dissociated into its constituent atoms, 
which requires the dissociation energy D N _ R • The total energy is further raised 
by the core ionization energy E~(N) of the nitrogen atom and we end up with 
a core ionized nitrogen atom N and an electron at the vacuum level. In the 
equivalent core approximation this nitrogen atom with a core hole is then 
equivalent to a valence ionized oxygen atom 0+ [2]. 

To get to the final situation, O-R/W, 0+ is required to release its 
ionization energy, 1°, to combine with the R fragment atomic constituents and 
finally chemisorb to the W surface as indicated in the right-hand side of fig. 6. 

From this cycle, the binding energy of a nitrogen core electron in a 
chemisorbed N-R species can be calculated as 

E:(N-R, W) = Echem(N-R/W) + DN _R + E~(N) - 1° - DO-R 

- Echem(O-R/W). (1) 

Note that the Born-Haber cycle gives the binding energy with reference to EF 
and, therefore, is directly applicable to experiment. 

In the case of a not completely screened N(ls) hole final state, some 
modifications must be made only on the right-hand side of the Born-Haber 
cycle in fig. 6, since the equivalent core model replacement is no longer a 
neutral 0 in O-R/W but rather a partly positively charged O. Therefore, the 
whole ionization energy 1°, will not be released, but only a fraction char­
acterized by a screening parameter IX (0";;; IX ,,;;; I). The energies for association 
of the partially charged 0 atom with the R fragments and for the adsorption of 
the complex on the surface will change, and are generally expected to be higher 
than in the fully screened case. 

Next, a few remarks concerning the screening probability of the adsorbate 
core hole in the final state. The screening parameter IX, describing the sub­
strate-to-adsorbate (and/or adsorbate-to-adsorbate) charge transfer, has to be 
estimated from case to case. Note, however, that within the simple model 
presented here, we do not distinguish between intra-molecular and inter-molec­
ular screening and that the intra-atomic relaxation energy is included in the 
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E ~ (N) term. We expect a large value of lX, if one of the final state molecular 
orbitals, unfilled in the initial state and mainly located in the adsorbate, 
overlaps with occupied substrate orbitals and lies near the Fermi energy of the 
substrate. Then it can be pulled below EF and filled in the final state, due to 
the change in electrostatic potential upon photoemission. As the chemisorption 
energy generally increases with increasing overlap between the molecular and 
the substrate orbitals, we intuitively expect an improved screening going from 
a physisorbed to a chemisorbed state, provided a suitable screening orbital is 
available. 

It is instructive to compare the core level binding energy of a chemisorbed 
species with that of a gaseous molecule. Apart from the work function of the 
substrate, two main contributions will determine the difference between their 
core level binding energies [171. The first, the chemical shift, accounts for the 
change in the electrostatic potential at the nucleus upon adsorption. In eq. (1) 
this shift, which depends on the adsorption geometry and includes a possible 
charge transfer between adsorbate and substrate, is implicitly included in the 
chemisorption energy Echem . 

The second contribution is the relaxation shift, which accounts for the 
change in the intra-molecular and extra-molecular screening upon chemisorp­
tion. Energies connected with such relaxation processes are included mainly in 
term 1° in eq. (1), although the other energy terms on the right-hand side of the 
cycle are affected as well through their dependence on the final state screening. 

The use of eq. (1) to calculate the core level binding energy of an adsorbed 
species for the case of complete final state screening is straightforward, as the 
molecular dissociation energies D and the free-atom core excitation energy E~ 
can be taken directly from data tabulated for gaseous molecules. In addition, 
however, the knowledge of chemisorption energies is required. Clearly, as no 
atomic rearrangement takes place during the XPS process (Franck-Condon 
principle), the final state chemisorption energy has to be evaluated for the 
initial state geometry. In the systems considered, however, this quantity is 
believed not to depend sensitively on small changes in the geometry and hence 
is approximated by the corresponding ground state value. 

In the case of an incomplete final state screening, the dissociation energies 
of partially charged molecules can be obtained from a gas-phase Born-Haber 
cycle by using tabulated bond and ionization energies. The chemisorption 
energy of a partially charged species can be estimated from the chemisorption 
energy of neutral adsorbates and from the interaction of a point charge with a 
jellium surface [18]. 

From the above discussion we conclude, that the presented Born-Haber 
cycle contains the complete information, though not a detailed insight, of the 
physics involved in the photoemission process. The decomposition of the core 
level binding energy into a sum of thermodynamic quantities helps moreover 
to provide quantitative predictions. In the following, we apply the Born-Haber 
cycle to predict Nls binding energies for nitrogen-containing species on a 
W(110) surface. 
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Table 2 
Compilation of thermodynamic data used in the Born-Haber cycle and a comparison between 
predicted and observed Nls binding energies for different adsorbates: the upper part of the table 
corresponds to a completely screened final state (a = 1); in the lower part reduced screening 

a Adsorbate Echem(N-RjW) D N _R ~(1)+(2) -1° 
(1) (2) (3) 

N2 0.5 9.8 e) 10.3 -13.6 e) 

NH3 (cond.) 0.3 g) 12.1 ej 12.4 -13.6 e) 

NH3 (0-0.45) 0.4 12.1 e) 12.5 -13.6 e) 

NH3 (0-0.2) 0.5 h) 12.1 e) 12.6 -13.6 e) 

NH2 2.6 h) 7.3 e) 9.9 -13.6 e) 

NH 3.8 h) 3.3 3) 7.1 -13.6 e) 

N 6.4 cJ 6.4 -13.6 e) 

Surface nitride -5.4 f) -5.4 -13.6 e) 

0.5 NH2 2.6 h) 7.3 ej 9.9 -6.8 

a) N(ls) level corresponding to the screened final states (see text). 
b) Energies calculated from a Born-Haber cycle based on the Fe-NH x bond energies from refs. 

[20,15J and corrected for the W-H bond strength taken from ref. [23J. 
c) Ref. [22]. 
d) Ref. [24]. 
e, Ref. [2IJ. 
f) Bond energies for high coverages as given in refs. [22.24J. 
g) Ref. [25]. 

In table 2 thermodynamic data used in the Born-Haber cycle are compiled 
together with the predicted and measured core level binding energies. The 
N(ls) binding energy of gaseous atomic nitrogen E~(N) was calculated to be 
411.0 eV via another Born-Haber cycle with a Ni-NO+ core exchange. using 
chemical reaction energies and the experimental value E~(N2) = 409.9 eV [11J. 
Such an approach has proven useful for calculating chemical shifts in simple 
gaseous N-containing molecules [2}. Note, that a possible error in the E~(N) 
value would influence the following quantitative discussion of the experimental 
data. 

In the calculated N(ls) binding energies, presented in table 2, complete 
screening has initially been assumed for all the adsorbates, except for the entry 
in the last line. 

From comparison of the last two columns in table 2, we note a good 
agreement between the experimental and theoretical N(ls) binding energies for 
adsorbed N z, NH3 (low coverage fJ) and Nod' Whereas IX = I is expected for 
Nod since it is located in the surface of the metal [30], a justification for the 
assumption IX 1 is not directly evident for N2 and NH 3 • For chemisorbed N2 
a triplet structure has been observed. While the two main peaks at - 400 and 
- 406 eV have been ascribed to screened and unscreened final states, respec-
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(a =0.5) is assumed for NH 2.ad ; Echem is the chemisorption bond energy between the adsorbate 
and the W(IIO) surface, and D is the dissociation energy of a molecule into atoms; all energies are 
in (eV) 

-D
O

_
R - Echem(O-R/W) ~(3)+(4)+(5) E~(theor.) E~(exp.) 

(4) (5) 

-6.5 e) ~-0.4 h) ;5400.7 
399.1 

~20.5 400.5 a) 

-8.5 ell) -0.48 g) -22.7 400.8 401.3 
-8.5 ell) --0.6 J) -22.8 -400.9 400.7 
- 8.5 ell) --0.7 J) -22.9 -400.9 400.9 a) 

-9.6 e) -0.7 i) -23.9 397.0 398.8 
-4.44 e) _-4 k ) --22 396.0 397.8 

-6.7 d) -20.3 397.1 397.3 
_ -4.0 d) --17.6 -398.8 397.6 

-10.1 -3 to -6 -20 to -23 398 to 401 398.8 

h) NO dissociates even at 100 K on W(lIO) [27]. We therefore assume EChem> Ed"s' 
.) Energies adapted from ref. [28]. 
J) Estimates for the unstable OH 3 species, derived from H 20 data [28]. 
k) Estimated from comparison with NH chemisorption energy. 
\) Ref. [32]. 

tively [19,29], further splitting of the "screened" peak into bands at 400.5 and 
399.1 eV has not yet been understood. We find a good agreement between the 
calculated (0: = 1) and experimental binding energies for the peak at 400.5 eV, 
whereas the band at 399.1 eV cannot be explained by the thermodynamic data 
used in the Born-Haber cycle. For NH3 it has been suggested [29] that a 
similar structure should exist, but the separation between screened and un­
screened final states is barely resolvable experimentally. 

Not shown in table 2 are data for the unscreened N(ls) emission from N 2 , 

which is found experimentally at - 6 eV higher binding energy than the more 
intense screened state. Assuming 0: = 0, corresponding to an absence of extra­
atomic screening, the ionization energy 1° would not appear in eq. (1), thereby 
raising the core level binding energy by l3.6 eV with respect to the un screened 
case. On the other hand, this increase would be partially compensated by the 
higher dissociation and chemisorption energies of a charged species. With this 
argument, the position of the unscreened peak can qualitatively be understood. 
However, since the last-mentioned quantities are not accessible to experiment 
and hard to estimate, we did not include the unscreened peaks of N2 in table 2. 

From table 2, the assumption of complete final state screening for other 
species than Nad , N2 and NH3 does not lead to such a good agreement between 
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theory and experiment. It should be noted, however, that even with it = I the 
predicted binding energies generally follow the correct trend, i.e. they decrease 
with decreasing number of hydrogen atoms bound to the nitrogen atom and 
with decreasing nitrogen-to-substrate distance, which is reflected in an increas­
ing chemisorption energy. 

In addition, the values calculated for it = I should always be smaller or 
equal to the experimental values, since experimentally it ,,;; I. In table 2 one can 
see that this is true (within an error of 0.2 eV) for all cases except the N2 
"screened doublet" discussed above and the surface nitride. Looking at the line 
of entries for the latter case we can see that there are three terms which are 
only approximately known. We assume, that this leads to a calculated value 
which is significantly too large (;;;' 1.2 e V). 

As compared to the it = I case, for it < I changes occur only in the 
Born-Haber terms of columns (3) to (5) of table 2. It has been mentioned 
earlier that, for the quantitative discussion, we need values of dissociation and 
chemisorption energies of partially charged species, which are often unstable or 
have not been studied experimentally. We, therefore, restrict our discussion to 
one example, the possible incomplete screening (ex = 0.5) of the final state of 
NH 2 , which is a partially ionized water molecule. In table 2, its dissociation 
energy has been calculated with the help of tabulated molecular bond and 
ionization energies [21]. The chemisorption energy of this charged adsorbate 
can be estimated from data for the uncharged N-R and O-R species and from 
the interaction energy of the adsorbate charge with a jellium substrate [18]. 
(Note that the electronic structure of an O-R + species resembles that of an 
uncharged N-R rather than that of an O-R fragment.) The electrostatic 
energy has been calculated depending on the adsorbate-substrate distances 
which should be close to the molecular bond length [21], to range between I 
and 3 eV. This uncertainty gives rise to the large error bar for the chemisorp­
tion energy of the final state of NH2 in the case of incomplete screening. Given 
the large error bar, the calculated value for it = 0.5 now agrees with experi­
ment. 

In order to improve the agreement between theoretical and observed E: 
values, reduced screening has to be postulated also for NH - this of course 
assumes, that the thermodynamic data used in the cycle are correct. 

The question might arise as to why the calculated binding energies do not 
seem to depend more sensitively on the final state screening. The reason in our 
description is that for different screening situations, changes in quantities on 
the right-hand side of the Born-Haber cycle in fig. 6 partially compensate each 
other. However, the uncertainty in the thermodynamic data used in the cycle, 
in the case of reduced screening, does not allow a quantitative statement about 
the sensitivity of the predicted values on final-state screening. The above-men­
tioned compensation is nicely illustrated in the columns (3) to (5) of table 2, if 
NH2 data for ex = 0.5 and it = I are compared. 

Additional information can be obtained from the photoemission data of 
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NH) as a function of coverage. Going from monolayer coverage to the 
condensed phase, changes occur in the chemical environment and consequently 
in the screening mechanism. For the multilayer situation, screening is reflected 
in the "solvent shift", which can be observed in the binding energy of the N(ls) 
core level and the Ie valence level not directly involved in the bond formation. 
In the condensed phase, low extra-molecular screening is expected, which 
proceeds via the hydrogen bridge bonding. While the N(1s) binding energy for 
the plausible assumption of very low extra-molecular screening (a « I) might 
be expected to lie near the observed value, the predicted value for a = I does 
not differ much from the experimental result. Hence, also in this case, 
comparison of predicted and experimental values is inconclusive with respect 
to establishing a value for a. 

Summarizing the results presented in table 2, we observe a decrease in the 
N(ls) binding energy by going from NH),ad via NH 2.ad to Nad . The parallel 
and more pronounced trend is observed in the total initial state energy. 
denoted ~(I) + (2) in the table. This trend is reduced, though not reversed, by 
the changes in the total final state energy, denoted ~(3) + (4) + (5). We thus 
conclude that, in the considered systems, the variation of the N(1s) binding 
energy is more determined by the ground state properties ("chemical shift") 
rather than by relaxations in the final state [33]. 

8. Summary and conclusions 

We have measured the N(ls) core electron binding energies on a W(llO) 
surface for N2 and NH3 and its decomposition products. An identification of 
the chemical composition of the intermediates in the NH) dissociation reaction 
is possible by comparison to the data obtained on iron and nickel surfaces. 
Fragmentation of NH3 occurs according to 

NH3,g -> NH3,ad --> NH 2,ad + Had --> NHad + 2 Had 

-> Nad + 3 Had --> Ng + 1.5 H 2.g • 

On clean iron and nickel surfaces, molecular ammonia was found to be 
stable in equilibrium with its fragments at room temperature. On clean 
W(llO), however, no spectroscopic evidence was found for molecularly ad­
sorbed NH3 after heating a NH3 predosed surface to 300 K or exposing the 
clean surface at room temperature to NH3. This indicates a higher activity of 
the W(llO) surface towards NH3 dissociation as compared to the iron or nickel 
surfaces investigated. However, coadsorbed oxygen increases the molecular 
stability of adsorbed NH3 through an energetic or kinetic effect as shown by 
our experiments on an oxygen predosed surface. This has also been demon­
strated by Netzer and Madey on a Ni(lll) surface using ESDIAD and thermal 
desorption techniques [4]. Accordingly, the valence-band photoemission results 
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for NH3 adsorption would be expected to be critically dependent on the 
condition of the surface, a possible explanation for some contradictory results 
published for NH3 adsorption on a Ni(llO) surface [14,31 J. 

In addition, we presented a thermodynamic description of the photoexcita­
tion process in adsorbates and calculated the N(ls) binding energies in 
nitrogen-containing species on a W(llO) surface using a Born-Haber cycle. 
Agreement (±O.2 eV) between theory and experiment has been obtained for 
the fully screened final state of adsorbed N2 (despite a discrepancy caused by a 
not understood triplet structure in the spectrum), NH3 and atomic nitrogen. 
For other species, with the exceptions of the surface nitride, predicted values 
are less quantitatively correct, although they agree qualitatively, if full screen­
ing is assumed. In such species as NH2.ad , NHad or condensed NH3 quantita­
tive agreement with experiment can be improved, if the final state screening is 
reduced. In this case, however, uncertainties in some quantities used in the 
Born-Haber cycle reduce the weight of the prediction. 

I t follows, from our discussion, that changes in the core level binding 
energies of adsorbed NH3 and its decomposition products are mainly caused 
by a decrease in the total ground state energy, which is an initial state effect. 
We finally want to point out, that the presented description of the photoemis­
sion process might prove valuable to explain and predict core level binding 
energies also in other adsorption systems. It should be noted, however, that the 
dominant term in the Born-Haber cycle are the core level ionization values. 
Therefore, unless core level binding energies are measured very accurately, the 
reverse process of using measured binding energies to obtain chemisorption 
energies will not give values of high accuracy, even assuming that a = 1 and all 
the other terms in the Born-Haber cycle are accurately known. 
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