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Collision of oriented NO with Ni(100) and with oriented CO
on Ni(100)
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The interaction between gas-phase oriented NO molecules with Ni(100) has been mvestigated by means of pulsed supersonic
molecular beam, hexapole and time-of-flight techniques With TOF we examined the NO molecules leaving the clean Ni(100)
surfacc. A veloaty distuibution commensutate with the surface temperature was obse.ved The time-mtegrated signal of the
scattered NO beam shows an crientation asymmetry of A = 038 1+ 005 with respect to the NO and ON imuial onentation An
itial sticking probability of 0 27 and 0 30 for preferential O-end and N-end collisions, respectively, at a (2 x 2) saturated layer of
CO was also obtained. Taking the degree of orientation of the NO molecules into account, this leads to an asymmetry of
Ag, =05 + 01 independent of coverage The CO molecules displaced by NO were simultaneously recorded The CO signal shows
an asymmetry with respect to the NO orientation, as well. Two different displacement mechanisms are discussed to explain this

behawvior.

1. Introduction

Coadsorption studies with NO and CO
molecules on surfaces have significance in surface
physics and in technical applications concerning
corrosion or catalysis. If both CQ and NO co=xist
on a surfacc two processes can occui. Either
molecules like N, and CO, can be produced via a
chemical reaction [1,2] or the NO bond prevails
and CO is displaced by NO [3]. This second case
was found for the Ni(100) surface by Hamza et al.
[4]. They examined the displacement by means of
a supersonic molecular beam technique at various
uansidtionai energies (YU-1100 meV) and by
laser-induced fluorescence. At T = 140 K the NO
initial sticking and the CO initial displacement
probabilities for the clean Ni(100) svrface were
found to be about 0.6 for beam energies below
400 meV.

In our experiment NO molccules are oriented
electrostatically by means of a hexapole tech-
nigue [5] and focused onto the target. In front of
the Ni(100) surface the direction of the NO ori-
entation 15 defined by an electrostatic field and

can easily be reversed so that two different con-
figurations can be achieved: preferential N-end
or O-end collisions with the surface. Further-
more. the translational encrgy distribution of the
scattered NO molecules is also measured vy
means of the TOF techmque. Oricntation-
dependent ctiects on other surtaces were previ-
ously observed for direct scattering [6,7] and trap-
ping—desorption [8].

Recently, Fecher et al. [9] measured a higher
sticking probability of NO molecules at Ni(100)
for N-end collisions than for O-end collisions. We
now present results for scattered oriented NO
molecules at a clean Ni(100) surface with a sub-
stratc temperature of 160 K At 300 K, work-
winction measurements proved that NO adsorp-
tion at u CO precovered nickel crystal mainly
proceeds molecularly {10] in contrast to mvestiga-
Lions at clean Ni(100) [11] Therefore we switched
over to the substrate temperature of 300 K for
the measurements at the CO precovered targct
Both the NO sticking probabiiity and the CO
displacement were observed at the same time as a
function of coverage and orientation.
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2. Experimental

The main components of the experimental
setup have already been described [9,12,13]. At
first, we had to saturate all surfaces of the UHV
vessel with NO. After cleaning the nickel crystal
(see below) we precovered it with a CO c(2 X 2)
superstructure. Finally, the NO and CO signals
were recorded by means of two quadrupole mass
analyzers to obtain the sticking probability of NO
[14] and the CO displacement. Both detectors
were shielded from the direct beam. The coad-
sorption measurements were performed with a
continuous beam of NO.

For scattering experiments we replaced the
continuous NO beam nozzle with a pulsed nozzle
[15]. Consequently, we achieved a decrease of the
rotational temperature and an increase of the
speed ratio. NO was seeded in 35% He and 45%
Ne, which resulted in a translational energy of
125 meV. We used a nozzle on-time of 300 us.
This vielded a high intensity while on the other
hand it did not widen our signal too much, be-
cause this time was shorter than the thermal
sprcad of 2o, = 420 us. The direct beam signel is
shown 1n fig. 1 As determined by deconvolution,
the time of 20 =490 us is composed of: 300 us
pulse length of the nozzle, 420 us time spread of
the beam and 120 s detector response time The
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Fig 1 The direct and the scattered NO beam (F,..=125

meV) das a tunction of time for both NO orentations The
direct signal 1s scaled down by 4 factor of 60000

translational time width corresponds to a speed
ratio of $§=20 and T7,,,,=3.6 K. A hexapole
voltage of 9.5 kV was selected to focus the
11, 514,82, m;) = |3, 3, 3) ground state. With
these beam parameters and an orientation field
strength in front of the target of 6.4 kV/cm, a
degree of orientation of .17 *! results. The scat-
tered beam is detected with a quadrupole mass
analyzer mounted inside a differentially pumped
chamber (ion getter and liquid N, trap). Due to
the small signal intensity of the scattered
molecules we had to sum over 10000 cycles to
increase the signal-to-noise ratio, using a tran-
sient recorder PC card [16]. This led to a tntal
run time of about 15 min. In order to avoid
saturation of the surface we scanned over the
whole area (diameter = 12 mm) in the form of a
spiral by means of three steppers. The angles of
incidence and scattering were set at @,=06, =
22.5°. The distances nozzle-target and target—de-
tector were 3.38 and 0.49 m, respectively. An
aperiure with a diameter of 3 mm and at a
distance of 90 mm from the surface was used in
front of the detector. An NO scattering experi-
ment (as in fig. 1) but on a CO precovered
N1(100) as a function of the CO coverage was not
feasible, because the duration of the CO dis-
placement was much shorter than the typical run
time to record a TOF spectrum as 1 fig. 1. In
order to chaiactenize the direct NG beam the
nickel target was removed.

During the experiment the pressure i the
main vessel was below 3 X 107! mbar. The crys-
tal was cleaned by cycles of Ar*/Ne™ bombard-
ment (10~° mbar, 30 min, 5 wA), annealing in O,
(107* mbar, flash, 400°C) and reduction i H,
(2X 107" mbar, 2 min). Geometrical structure
and cleanness were controled by LEED and
Augcer

“ Ihe sucking experiment described 1 this contribution has

bezn performed oy medas of 4 continuous as well as of a
pulsed NO beam Th: ornientation asymmetry of the stich-
ng coefficient measured has been found to be higher by a
factor of 1 7 for the pulsed NO beam than tor the continu-
ous beam because of an increase of the degree of orienta-
tion from 0 12{9] to 0 17
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3. Results

Fig. 1 shows the results of the scattering exper-
iment at a substrate temperature of 160 K. The
two peaks of the direct beam are separated by
24.2 ms which corresponds to the nozzle fre-
auency of 41.3 Hz. The vertical lines indicate
when the NO beam leaves the nozzle and when it
arrives at the target. The direct beam has a mean
velocity of 890 m/s and a time width of 490 us
which implies a spread of +45 m/s. Further-
more, fig. 1 also shows the orientation-dependent
signal of the scattered beam at a clean Ni(100)
surface. An agreement with a Maxwell distribu-
tion (160 K) is found for both orientations. Pref-
erential O-end collisions show a higher peak sig-
nal (solid line) than those with the N-end di-
rected towards the surface. The integral orienta-
tion asymmetry of the scattered beam *2 has
been found to be 0.064 + 0.004. Taking the de-
gree of orientation into consideration this leads
to a final asymmetry of A¢ = 0.38 + 0.05.

Fig. 2 shows both the NO and the CO ¢ gnal as
a function of time during the displacement meas-
urements with a continuous NO beam at a sub-
strate temperaturc of 300 K. In the upper part of
fig. 2 the precovered nickel target was exposed to
the NO beam at ¢+ = 0 min. The surface acted like
a getter by partial adsorption of the molecules
(hatched area). The other part represents thc
scattered molecules. The entire event took about
10 min which resulted in an NO c(2 X 2) super-
structure. After 15 min the valves were closed
again in order to measure the background pres-
sure accurately [13]. In t'.2 lower part of fig. 2 the
time scale is elongated. Within two minutes al-
most all the CO molecules were removed, the
maximum was reached with a delay of 20 s No
rcaction products like N, or CO, were detected

The sticking probability and the omentation
asyimmetiy as a function of NO coverage is given
in fig. 3. We fitted the experimental data to a
Kisliuk model [18) (full curves). Imtial sticking
probabilities of S =030+ 0.01 and S§ =0.27

#2 Note that the definition of the crientation asymmetry of
ref [17]1s different from our defimtion (see fig 1).

3 T
a /.
87 |
& ND
7 T=300 K
& 1 1
[a'4 |
Q. |
") '
< :
|
gy
Z I_ L 4
0N T5-.__ 10 15
"~ TIME (min)
» E :
AT H i
§ M
= i o
& ! | T=300K
o N ! 1
] ! :
0 1 2 3
TIME (min)

Fig 2 NO and CO partial pressures as a function of time
during the displacement measurements with a continuous NO
beam The honzontal dashed lines represent the increasing
background pressure The steps at the beginning and end are
due to the opening and closing of valves The time scdle of the
CO signal 1s stretched. The dashed areas represent the contri-
bution of sticking NO and desorbing CO molecules
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Fig 3 Upper part NO sticking probabilities for both orientd-

tions as a4 function of NO coverage. fitted to the Kishuk

model Lower part orientation asymmetry of the NO sticking
at CO/Ni(100) as a functien of NO and CO coverage
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Fig 4. Number of CO molecules displaced by each sticking

NO molecule (full curve) and by each incoming NO molecule

(dashed curve, multiphed with the sticking probability) as a

function of NO coverage The horizontal line represents the

average displacement for this range of coverage (until the CO
signal vanishes)

+ 0.01 for N-end (upper curve) and O-end (lower
curve) collisions, respectively, were measured.
The Kisliuk constants were found to be &N = 0.66
+0.01 and k©=0.67 +0.01, respectively. The
asymmetry given in the lower part of fig. 3 shows
an almost constant behavior as a function of
coverage. Normalized to the degree of orienta-
tion (0 12) the value of the mmtial asymmetry is
A, =05+0.1.

The CO coverage diffcrentiated with respect
to the NO coverage is given in fig. 4. An increase
at low and a decrease at high NO coverages was
measured. The maximum is determined to be 3,
i.e., 1or each sticking molecule 3 CO molecules
leave the crystal. An average displacement of
almost 2 is given by the horizontal line.
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Fig 5 Onentation asymmetry of the CO displacement as a func-
tion of NO coverage and CO coverage The asymmetry scale re-
fers to cach incoming NO molecule

Fig. 5 gives the corresponding asymmetry of
the CO displacement. The orientation asymmetry
of the displacement shows a change of sign at a
relative NO coverage of (.2; above 0.5 the CO
signal is no longer detectabie. This behavior refers to
the incoming NO molecules. The asymmetry is
slightly negative for low NO coverages and shows
positive values for higher NO coverages. The highest
asymmetry in favour of N-end collisions occurs at a
relative NO coverage of 0.35. In order to refer to each
sticking NO molecule the vertical scale in fig. 5 would
have to be shifted upwards by the constant sticking
asymmetry of 0.06 (see fig. 3).

4. Discussion

First, we would like to discuss the scattering
results shown in fig. 1. On the one hand ref. [19]
established the existence of precursor states and
a complete energy accomondation of the beam
(Ttrdm = Trot = dgy T Telectr = T;urface [ZO]) This
behavior is valid for low substrate temperatures
and low scattering angles (in our case: I'= 160 X,
O, = 22.5°). If the surface temperature s high. the
energy transfer to the precursor state might not
be completed [21]. The molecules are very close
to the surface and even rotational energy is trans-
ferred. This leads to a putential which consists of
two parts concerning the cases N-end and O-end
pointing towards the surface. On the other hand
in ref. [9] the process of the direct chemisorption
of NO on Ni(100) and its orientation dependence
was studied. A strong orientation asymmetry of
70% for the sticking probability was found. Ap-
proaching with the N-end towards the surface the
NO molecule sticks with a higher probability. The
static orientation at the surface and the choice of
adsorptron sites as a function of coverage are
described n refs. [11,22;. From NEXAFS meas-
urements, adsorption perpendicular to the sur-
face has been found at NO saturation coverage
[23,24].

The adsorption system NO on clean Ni(100)
shows strong asymmetries both in the scattering
and n the sticking investigations. Consequently,
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there are two different channels for the NO sur-
face interaction: N-end collisions result in stick-
ing and O-end collisions lead to a precursor state.
Due to tae direct chemisorption channels the
scattering asymmetry for NO on Ni(100) has been
found to be higher than for the system NO on
Ag(111) [17]. The sticking probability of NO on
CO precovered Ni(100) at 300 K is lower than on
clean Ni{100} at 160 K which can be understood
by the higher potential barrier for NO sticking at
a precoverage of CO. The asymmetry measured is
independent of coverage as found for the clean
crystal [9]. This indicates that a direct chemisorp-
tion channel occurs for the coadsorption case, as
well. We explain the orientation dependence of
the CO displacement at 300 K by the following
arguments. A ¢(2 X 2) superstructure of CO has
sites left on which molecules can chemisorb di-
rectly. Approaching the target with the N-end,
NO molecules adsorb onto these sites. For a very
short term the coverage of the surface is thus
higher than 0.5, the value of the c(2 X 2) super-
structure coverage. This can be seen in the delay
of the maximum CO displacement signal com-
pared to the NO signal (fig. 2). These NO
molecules between the CO molecules cause a
charge shift in the Ni surface towards the N-atoms
[24-26). The more NO molecules are next to a
CO molecule the lower is the d-electron density
underneath the CO moiecule. The bond becomes
weaker and the probability of displacement in-
creases. Hamza et al. [4] found a displacement
from the extrinsic precursor above the CO
molecules. The probability of this occurrence is
proportional to the CO coverage. Ref. [4] used a
surface temperature of 140 K and did not find a
delay of the CO displacement, because at 140 K
the energy barrier is too high to remove CO
compared with the 300 K case in our experiment.

The two processes outlined above occur simul-
taneously. At low NO coverage the displacement
mechanism by the molecules in the extrinsic pre-
cursor dominatcs because the CO coverage is
high. At high NO coverage the reduction of d-
electron density underneath the CO molecules
induced by adsorbed NO molecules aliows to
displace CO easily. Fig. 5 demonstrates the su-
perposition of the two processes. The maximum

21

is reached when the CO coverage is still high and

the NO coverage is sufficient to weaken the CO
bond.

In conclusion we have compared different
mcasurcments of the NO onentation dependence
in collisions with Ni(100) and with oriented CO
on Ni(100). Various asymmetries for scattering,
sticking and displacement have been discussed.

Acknowledgement

Financial support by DFG(SFB 216) is grate-
fully acknowledged.

References

[I1 TW Root, GB Fisher and LD Schmidt. J Chem
Phys 85 (1986) 4687.
[21 SB Schwartz and LD Schmudt, Sarf Sci 206 (1988)
169
[31 JG Chen W Erley and H Ibach. Surf Sci 227 (1990)
79
[4] AV Hamza, PM Ferm, F Budde and G Ertl. Surt Sc
199 (1988) 13
[S] DH Parker and R B Bernstein, Ann Rev Phys Chem
10 (1Y89) 561
(6] EW Kuwpers, MG Tenner AW Kleyn and § Stolte
Nature 334 (1988) 420
{7} T3 Curtiss and R B beiastan, Chem Phys Leut 161
(1989) 212
[8] EW Kupers, MG Tenner, AW Klern and S Stolte,
Phys Rev. Lett 62 (1989) 2152
{9) GH Fecher, N Bowering, M Volkmer, B Pawhizhy
and U. Heinzmann, Surf Sa1 Lett 230 (1990) L169
[10] B Dierks. Diploma Thesis, Unwersitat Bielefeld. 1991,
unpublished.
{11] G Odorfer, R Jager, G Hing. H Kuhlenbeck and HJ
Ficund, Surfl Sa 223 (1990) 44
[12] G H Fecher, Thesis, Unwveratat Bielefeld, 1990 unpub-
hshed
(131 GH Fecher, M Volkme.. B Pawhtzky, N Bowering
and U Heinzmann, Yacuum 41 {1956) 205
[14] DA King and MG Wells Surt Sci 29 (1972} 454
[15] P/N 9 181-900 General Valve, USA
(16} TSR12480 IMTEC, Germany
(171 MG Tenner, EW Kuipers and AW Kleyn J Cher
Phys 89 (1988) 6552
(18] P Kishuk, Chem Sohds 3 (1957) 95, 5 (1958) 75
[19] A Cassuto and D A King, Surf Sci 102 (1981) 388



N
ko

[70] CW Muhlhausen, L.R Willilams and J C Tully, ] Chem
Phys 83 (1985) 2594.

{211 M Asscher, W L Guthrie, T-H Lin and G A Somoryai,

J Chem Pbys 78 (1983) 7992
{22] A Sandell, A. Nilsson and N. Martensson, Surf Sc
251/252 (1991) 971, Surf. S Lett 241 (1991) L1

H Muller et al / Collision of ortented NO with Ni(100)

[23] T. Muli et al, Phys Scr. 41 (1990) 134

124] J Stohr and R Jacger, Phys. Rev, B 26 (1982) 4111

[25] E. Wimmer. CL Fu and AJ Freeman, Phys Rev Lett
55 (1985) 2618

[26] G. Blyholder, J. Vac. Sci. Technol. 11 (1974) 865.



