THE STRUCTURE OF NH. ON Ni(111)
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ABSTRACT

In a recent study of the adsorption of NH3 on Ni(111) at T~ 190 K
using angle resolved UPS, it was concluded that NH3 is molecularly adsorbed,
and is bonded to the surface via the N atom with the H atoms oriented away
from the surface. To study the bonding configuration using a direct and
independent technique, we have examined NH3 on }H(111) using the electron
stimulated desorption ion angular distribution (ESDIAD) method, coupled
with temperature programmed desorption (TPD) and low energy electron
diffraction (LEED). For NH3 coverages achie able at T > 150K, @)5 0.75
monolayers) the ESDIAD patterns are dominated by a "halo" of ion emission rJ
with 1ittle ion yield normal to the surface; the "halo" pattern—ii_ggﬂfigjéét
with molecular NH3 bonded to Ni via om. Whereas angle-resolved
UPS data indicate a specific azimuthal registry of NH3 with Mi(111) a
well-defined azimuthal orientation is not evident from:-the ESDIAD results.
1Poss%b1e reasons for the differences between these results are examined,
including final state effeﬁts in ESDIAD, and differences in sensitivity
of the two methods to more than one possible configuration of the adsorbed

NH

3
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I. INTRODUCTION

Because of its interesting structure, ammonia is an important species
for studies of the geometry of adsorbed molecules on metal surfaces.

Ammonia is known, from a variety of studies, to be molecularly adsorbed

(1-3)

-on several transition metal surfaces Of particular interest, UPS

(1)

has been used to demonstrate that NH3 is bonded to the Ni(111) surface
via the N atom (3a] orbital) with the H atoms pointed away from the surface;

thermal desorption studies also show that NH3 desorbs molecutarly from

Ni(111). Furthermore, angular resolved UPS studies of NH3'on Ni(]]])(4)

‘and Ir(]]])(z) show that there is an intensity modulation of photoemission
from the le N-H bonding orbitals as the azimuthal angle is varied. The
identification of initial state effects using a muitiple scattering

(5)

analysis indicates azimuthal ofdering of the NH3, with N-H bonds
oriented in the fT 7 21, [2 1 T] and fT 2 T] directions on the Ni(111) substrate
(under the conditions of the UPS experiment, i.e., adsorption T ~ 190 K).

(6,7) that the electron

It has been shown in a number of studies
stimulated desorption ion angular distribution (ESDIAD) method is a useful
tool fﬁr determining the structures of adsorbed mo]ecu]eé, primarily
because of the relation between surface bond angle and ion desorption angle.
In the present work we have applied the ESDIAD method to examine the
adsorption of NH3 on Ni(]]]) in the temperature range 80 K to > 300 K,
in an attempt to see if the structure can be determined by an independentu
method; LEED and thermal desorption measureménts have also been made.

Ié a p}evious study, ESDIAD was used to determine the Bonding geometry

8).

of NH, on Ru(OO])(

3 The present data are consistent with the UPS



coﬁc]usions that NH3 is adsorbed molecularly via the N atéom, but ESDIAD
patterns indicating azimuthal ordering in the chemisorbed ammonia layer
formed at T 5 150 K were not observed. Several models to explain these
results are presented. 'New insights into low temperature (80 K) adsorption
~of NH3-are provided by these data.

I1. EXPERIMENTAL METHOD

The ultrahigh vacuum apparatus and methods used for these studies has

(9) 7

been described in detail previously A focused electron beam (Iegi 1 x 10°°A)
bombarded the NH3-cover¢d Ni(111) sample. The ESDIAD and LEED patterns were
viewed directly on a fluorescent screen after image intensification using a
double microchannel plate detector in a hemispherica] retarding grid analyzer.
Patterns on the phosphor were photographed and are reproduced below. A bias
potential on the sample was used to "compress" the ESDIAD patterns, so that

the ions were not desorbed into a field-free region. NH3 was deposited onto the
.front surface of the sample using a molecular beam doser having a microcapillary
array’as aﬁ effusion source. The sample was cryogenically cooled, and the |
crystal temperature was continuously controlled from 80 K to 1400 K. The
crystal was cleaned using Ar" jon bombardment and annealing in vacuo; samnle

cleanliness was verified using Auger electron spectroscopy.

ITI. EXPERIMENTAL RESULTS

A. Thermal Desorption
Thermal desorption spectra following successively higher doses of
NH3 onto Ni(111) at 80 K are shown in fig. 1.. The results for curves
la through lc agreé well with the data of Seabury et a1.(]) who studied
NH3 adsorption at 196 K; these authors also showed that molecular NH

3
was the only desorption product. In contrast, Grunze et a].(]o) and




Jacobi et al.(]]) have seen that NH3 decomposes on Ni(110) at T> 150 K;
this difference between Ni(111) and Ni(110) is a remarkable example

of structure sensitivity in a surface reaction., Clear evidence for
multilayer formation is shown in curve le, where a new low temperature
desorption state forms. A plot of the amount of desorbed NHy vs Fhe
(uncalibrated) number of molecules incident on the surface is linear over

the entire coverage range from fractional monolayer to multilayer, indicating
that the siicking probability for NH3 adsorption is constant. A similar
constancy ¢f S with coverage was seen for NH3 on Ni(110) at 120 K and

it was sﬁggested that adsorption occurs via a precursor state(]o). We

assume that the coverage represented by curve 1d represents saturation

of the first NH3 layer (coverage 8 = 1); the approximate coverage for

the UPS experiments of Seabury et‘a1(]) is given by curve 1c (8& 0.75).
Although we define the saturation coverage as 8 = 1, we have not measured

the absolute coverage of NH3 which corresponds to saturation; Grunze

14 mo]ecu]es/cm2

et al.(]o) report a surprisingly low va1u¢'of 3.8 x 10
for NH3 saturation on Ni(110) at 120 K.
B. Low Energy Electron Diffraction (LEED)

The (1x1) LEED pattern from the clean surface is shown in Fig. 2a.
For low NH3 coveragé (9 <« 0.5) at 80 K, no extra beams are seen. As the
coverage is increased beyond 8 0.5, the LEED patterns (60-90 eVY) are
characterized by (1x1) beams surrounded by an hexagonal array of streaky
spots; heating to 190 K does not appear to change the pattern. The-
pattern can be indexed as due to a poorly-ordered ( Vﬁ?\(vﬁf) R 19° array;
sucﬁ structures have been reported previously for NH3 multilayers adsorbed
(12)

on other surfaces As the coverage is increased to the multilayer

range, the extra beams fade away, but dim broken rings persist around

the (1X1) spots. At Tow coverages and higher temperatures (> 190 K),

the beam damage results reported by Seabury et a].(]) were observed.
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C. ESDIAD

A sequence of typical ESDIAD patterns corresponding to adsorption of
NH, at 80 K is éhown in Figf 2b, 2c, 2d. After each of these patterns
was observed, thermal desorption spectra were recorded, and there is a
direct correlation between Fig. 2 and Fig. 1 as follows: (B< 1) curve
la and pattern 2b; (8 ~ 1) curve 1d and pattern 2c; (8 >1) curve le
and pattern 2d. For NH3 coverages less than a monolayer, the dim patterns
(2b) are characterized by ion desorption over a wide range of polar angles,
with no apparent azimuthal variation. The most striking feature of the
ESDIAD pafterns is the absence of ion emission normal to the surface,
as seen by the dark region in the center of 2b. As the coverage is
increased to 8~ 1, the pattern changes by the appearance of ion emission
in the direction of the surface normal (bright'region in the center of 2c).
For multilayers of NH3, the relatively intense pattern has a hexagonal
outline in reéistry with the LEED pattern (see pattern 2d and the artist's
vefsfon next to it). The only ion observed to desorb from the multilayer
at 80 K is H'.

The fcllowing sequence was designed to simulate the . conditions

(1,4).

of the UPS experiments .When a fractional monolayer of NH3 on Ni(111)

is heated to > 140 K, the ESDIAD pattern changes irreversibly to one of the

"halo" patterns of Fig. 2e or 2f with no loss of NH3 coverage. When a
multilayer of NH3 formed at 80 K is heatad to > 140 K, desorption of NH3
occurs and the resultant ESDIAD pattern is also given by one of the "hilo"
patterns. AThe halo with the dark center (2f) is Qbserved most often; the

halo with the brighter center (2e) seems to be associated with higher coverages
and/or electron beam damage. The "halo" pattern persistsito about 300 K

as NH3 is desorbed from the surface and the most probable ion kinetic

energy, uncorrected for work functions, is 4 eV, Adsorption of NH3
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onto the surface at T > 160 K also leads to the "halo" battern.
Thus under the conditions of NH3 coverage and surface témperature'
where azimuthal ordering was seen in angle resolved UPS(]’4), the
observed ESDIAD patterns do not reveal azimuthal ordering.

IV, DISCUSSION ‘ | :

The success of the ESDIAD method in providing information regarding the
Structure of adsorbed molecules is dpe to the fact that a straightforward
initial-state picture of ion desorption appears to be generally operative(s'g).:
That is, the direction of ESD ion emission is determined by the orientation of
the initia]-Qtate bond "broken" by the excitation. Final state effects such

(7.,13) perturb the ion trajectories in the directions of

as the image force
the polar angles, but the symmetries of the ion desorption patterné reflect
the surface molecular geometry. ' O(/ '

In the present comparison of ESDIAD data with UPS results for NH3 on
Ni(111), we find evidence for limitations of the 1pitia1 state picture.

v

The "halo" patterns of Fig. 2e, 2f are quite cp {sistent with the UPS-derived

&

away from the surface. On the other hand, there is no azimuthal variation

model of pyramidal NH3 bonded through t om with H atoms pointing

of emission intensity in the halo pattern to suggest the azimuthal ordering

derived from the UPS data(4’5) (

NH3 bonded atop Ni atoms with the N-H azimuth in
the direction of second nearest neighbor). ESD is known to be specifically

sensitive to "minority" surface species in some cases, although this is

(14) (15)

more of a protlem with atomic adsorbates than with adsorbed molecules®
: That is, there may be a fraction of adsorbed species for which the ion
desorption cross section is larger than for the majority of the species

in the adsorbed layer due to small differences in the ion neutralization




rate arising from slight bonding differences. We cannot completely eliminate
the possibility, then, that ESDIAD and angle resolved UPS are'examining
different aspects of the adsorbed NH3 layer: ESDIAD may emphasize the
azimuthally disordered fraction, while angle resolved UPS senses the

“ordered fraction as well.

In the following paragraphs, we shall explore models for NH3 ad§orption
consistent with an initial-state picture, and suggest how final state effects
can influence the interpretations.

A)  Models of NH3 Adsorption Based on Initial Sfate Interpretation

of ESDIAD Results
 The clear difference between patterns 2(b) and 2.é, f, for adsorption
of NH3 at 80 and >140 K at 8 <1 is fndication of an irreversible
structural chaﬁge in the adsorption geometry. As indicated earlier, the

"halo" pattern is consistent with NH3 adsorbed upright as follows:

H
HvH
\\711,
In an initial state picture, the halo may be a result of random azimuthal
ordering or free rotation(8’16). Other reasons for a continuous halo

rather than discrete beams based on a final state picture are discussed.
- below. For adsorption at 80 K, the emission of ions over a wide range
of angles, but not in the direction perpendicular to the surface, suggests

‘that the molecules may be tilted randonly:

H
3
Y=,
_ 7I777TIITY
Such corfigurations could be a result of large amplitude, low frequency
V w Aibrational modes or a manifestation of weak bonding of hydrogen ligands

to the metal substrate. 'rbde—softening due te such bonding of hydroqen




(7).

to metal atoms has been reported previbus]y Upor heating, NH can
move to a more stable binding site and bond in the upright fashion shown
above. For the saturation coverage of NH3 chemisorbed on N{(]lo)-at

100 K, Jacobi et al.(]])bhave~found that annealing to T > 150 K leads

té partial desorption of ammonia, similar to the present results ‘for
Mi(111) and to Ref. 4. In addition, annealing from 100 K to 150 K

gives rise to changes of the UPS spectra which are interpreted as

being dﬁe to ordering in the monolayer. Finally, heating to T >150 K
leads‘to dissociation of a fraction of the NH3 adsorbed on Ni(]]o)(]o’]]),
so the possibility of bonding changes on Mi{111) in thjs temperature range
should not be surprising. Sexton and Nitchell(]g) find evidence for a
coverage-dependent changé in the bonding of NH3 to Pt(111), but do

not see irreversible changes in bonding with temperature.

As the coverage increases on Ni(111) the bonding is influenced by
molecule-molecule interactions and the onset of second layer and multi-
layer formation results in normal emission of ESD ions. The hexagonal
Wt ESDIAD pattern (Fig. 2d) from multilayer NH3 on Ni(111) is consistent
with ESD of the non-hydrogen-bonded free H ligands at the surface of
(19)

(111) oriented crystalline, cubic ammonia Two domains of the (111)
oriented NH3 crystal could contribute to a 6 fold ESDIAD pattern.
B. Final State Effects in ESDIAD

There are a variety of final state effects which can influence the
angular distribution of desorbingjions. We shall mention a few, but
the present discussion will not be exhaustive. Two possibilities which
may have a major influence on the present results-are_thé image force,

and final-state structure effects. In particular, we will suggest how

a halo pattern can arise from an ordered NH3 array.




As an ion moves away from the surface fo]]owinggexcitation by eiectron
bombardment, its trajectory will be influenced by the image force(7’]3).
For an ion of given kinetic energy, there is a range of angles for which
an ion cannot escape from the surface, and recapture will occur. For
example, an H+ ion having 4 eV of kinetic energy leaving the surface
with a polar angle of 68° (the unperturbed, upright HH3) has a high
probabi]ity‘that its trajectory will be a shallow arc leading back to
the surface, depending on the magnitude of the image force. Thus, such
an ion may never reach the detector, even in the presence of the applied
external field typically used to "compress" the patterns. So, the ESDIAD
pattern may reflect only those ions which desorb in the "allowed" range
of angles due to the random librational motion of the molecule on the
surface. ‘The halo pattern may be a result of such random bending modes.
Another possibility for the halo is the suggestion that the electronically
gxcited state of adsorbed ammonia following electron impact may be a
pyramidal configuration in which there is a vanishingly small barrier
to rotation about the surface normal. This could result in random
azimuthal ion desorption even with the initial configuration is azimuthally
ordered. Although we know nothing about the excited states of adsorbed
NH3, it is interesting to note that all of the gxcited states of gaseous
NH3 and NH3+ which have been characterized<20) are planar, not pyramidal.

In closing, we note another paradox: although no ESDIAD evidence
for azimuthal ordering is éeen for MH; on Ni(111), we did see evidence
)(8,16).

for such ordering in NH; and H,0 on Ru (001

possibility that the interaction between molecules was different due to

"We cannot eliminate the




AN

' different substrate atom spacings, or fhat there was a fortituous ijon-
molecule scattering proce$§ in the latter case (H+ ion from NH3 scattering
from another molecule).

It is clear from the present work that angle resolved UPS and ESDIAD
pfovide Aifferent information about the bonding of NH3 to Ni(111).
The physfca] mechanisms of the two techniques are different, and all
of the factors which influence data interprefation are not understood.
Some interesting questions have been raised, and the details of both
angle resolved UPS and ESDIAD require more attention from theorists
before a complete understanding is achieved.
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Figure 1

Figure 2

FIGURE CAPTIONS

Thermal Desorption Spectra for NH3 adsorbed on Ni(T]])

at 80 K; the curves are plots of the mass 17 jon current

- in the QMS as the temperature is raised. Each of the

curves starts at 100 K. Curver (a) through (e) correspond

to successively higher doses of NH3 from a molecular

"beam doser.

LEED and ESDIAD patterns for NH3 on Ni(111). (a) LEED
pattern for clean Ni(111), Vo = 180 eV, (b)-(g) ESDIAD
patterns for different coverages and temperatures.

(b) 8 0.5 Tads =80 K; {(c) 8 1, Tads = 80 K

(d) 8 1 Tads = 80 K; (e) and (F) 8 1 after heating

to 150 K. For ESDIAD patterns {b)-(d), the total electron
energy Ve was 250 eV, and the “compression" bias voltage

VB on the sample was 100 V; for (e) and (), V; = 350 eV
and Vg = 200 V. Note that there is a defect in the imaging
system manifest in the photos {b), (c), (e), (f) in the

range 3 to 4 o'clock.




THERMAL DESORPTION OF NH, FROM Mi(111)
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