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Metastable Angular Distributions from Electron-Stimulated Desorption
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We have, for the first time, measured by electron-stimulated desorption the angular distribution
of electronically excited (metastable) species from CO adsorbed on Ni(110). The angular distribu-
tion of metastable desorption is strongly peaked in the normal direction, as is also found for ionic
desorption products. This indicates that the metastable is repelled along the direction of the bond
being broken. We also observe an asymmetry in the azimuthal angular distribution which is corre-
lated with the substrate crystal structure. The metastable exhibits a maximum in its yield versus

coverage.
PACS numbers: 79.20.Kz, 68.45.Da

The angular distributions of positive ions' and
ground-state neutrals? desorbing as a result of electron
impact have been measured in the past, but the angu-
lar distribution of electronically excited neutrals (me-
tastables) desorbing as a result of electron impact has
not been previously reported. In this work we show
that the metastable fragments from CO molecules ad-
sorbed on ridge Ni atoms on Ni(110)3 form a distribu-
tion that is sharply peaked in the direction normal to
the surface, has an ellipticity in its azimuthal profile,
and has a strong dependence of yield on coverage.

The apparatus used has been discussed previous-
ly,*3 but is modified for these experiments as shown
in Fig. 1(a). Electrons (300 eV) are directed to the
crystal surface in a beam about 1 mm in diameter.
These incident electrons are scattered from the clean
surface, produce secondary electrons, and induce exci-
tations that lead to a characteristic soft x-ray photon
background.* If there is an adsorbed layer on the sur-
face, these incident electrons may also cause stimulat-
ed desorption that leads to the release of ionic,
ground-state neutral, or excited neutral particles. In
this experiment the bias voltages between the sample
and the four grids are chosen to prohibit the passage of
charged particles. Neutral particles can then pass
through the grids to the microchannel plate (MCP).
Ground-state neutrals do not have sufficient energy to
excite the MCP (typically less than 2 eV of kinetic en-
ergye); however, metastable species frequently have
sufficient electronic energy to excite the MCP upon
collision with its surface. Each metastable particle pro-
duces a burst of electrons at the resistive anode (a
position-sensitive detector mounted behind the
MCPs). The position computer sends to the mul-
tichannel analyzer (MCA) a pair of pulses proportional
to the (X,Y) coordinates of the metastable point of
impact on the MCP. These events are stored by the
MCA until a full distribution is evident (typically 10°
counts). Angular calibration across the detector screen
was accomplished by rotating the crystal to different
positions and recording the distribution; this calibra-
tion agrees with the known apparatus geometry. This
apparatus is contained in an ultrahigh-vacuum cham-

ber of base pressure 2x 107 !! Torr. The chamber is
also equipped for low-energy electron diffraction,
Auger analysis, ion sputtering, mass spectrometry, and
calibrated beam dosing.’ The crystal can be heated to
above 1000 K (typical cleaning and annealing was done
at 970 K). CO adsorption, and all measurements,
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FIG. 1. (a) Schematic diagram of the angular distribution
apparatus with digital acquisition. The distance from sample
to first microchannel plate is 50.6 mm. Because of the ex-
ploded diagram the electron-gun drift tube does not appear
to intrude on the region of data acquisition as much as is ex-
perimentally observed. (b) Acquired data for 6=0.65
CO/Ni(110) at 83 K; grids biased to prevent charged-particle
passage. The soft x-ray photon background has been sub-
tracted. The region where the electron gun appears to inter-
fere with the data is shaded and indicated as the electron-
gun shadow. A small dead spot (reduced MCP gain) exists
near the end of the electron-gun shadow.

© 1986 The American Physical Society 367



VOLUME 56, NUMBER 4

PHYSICAL REVIEW LETTERS

27 JANUARY 1986

were carried out at 83 K.

A metastable angular distribution is shown in Fig.
1(b), for an electron current [, =1.00x10~% A. These
data were acquired in ~ 175 s which, with dead-time
corrections for both the position computer and the
MCA, corresponded to — 120 s live acquisition time.
The data are stored in a 128 x 128 array. To generate
the plot of Fig. 1(b), every fifth row of data is aver-
aged with its nearest and next-nearest neighbor rows
to produce the lines shown. The data of Fig. 1(b)
have also had the soft x-ray background subtracted.’

Further to justify that the observed distribution is
due to metastable particles, we performed a time-of-
flight experiment. The electron gun was pulsed with a
pulse width of 1.5 us and a repeat time of 140 us. The
MCA could be gated on for 1.2 us with arbitrary delay
after the electron pulse. The counts thus accumulated
generated a pattern similar to that of Fig. 1(b)
although its signal-to-noise ratio is smaller. Photon
flight times are less than 1 ns, so that they cannot con-
tribute to this pattern, which was acquired for delays
greater than 8 us after the electron pulse. Kinetic en-
ergy distributions of the metastable fragment from a
CO layer on Ru(001)® and W(100)® surfaces have
been reported and are almost identical to each other in
average energy and breadth. If we use those values to
estimate the average metastable flight time in our con-
figuration, we predict that the peak of the flight distri-
bution is 13 us and the half-maximum intensities oc-
cur at 9 and 24 us. In our measurements, the greatest
number of counts was observed 14 us from the lead-
ing edge of the electron pulse. Our configuration is
not optimum for precise time-of-flight measurements
because of an 11% variation in flight-path length to
different parts of the MCP. There is sufficient resolu-
tion to determine that our neutral is traveling with a
very similar energy/mass ratio to that of those previ-
ously reported.”-?

The angular distribution of the metastables is
displayed in two other formats (Fig. 2) in order to
demonstrate salient features. Figure 2(a) is a contour
plot of the distribution showing lines of constant in-
tensity (count). The asymmetry of the azimuthal dis-
tribution is most evident here. The beam contour has
a broader spread in the [110] Ni surface direction than
it does in the [001] direction. Note that contour c is at
half of the peak intensity and contour d is at 1/e of the
peak intensity. Our best measurement of the distribu-
tion width is the full width at 1/e of the maximum in-
tensity (FWe ~!M) since that contour in the principal
directions is not complicated by the gun shadow. The
FWe ™M in the [001] direction is 19° + 1° and in the
[110] direction it is 24° + 1°. This gives an ellipticity
ratio (e = minor axis/major axis) of e=0.8.

If the data are cut with a plane parallel to the Z axis
(perpendicular to the plane of the MCP) and parallel
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FIG. 2. (a) The data of Fig. 1(b) presented in a contour
plot to show the elongation of the metastable beam in the
azimuth parallel to the [110] ridges of the Ni substrate. (b)
A polar plot of the same data in a cut parallel to the [001]
surface direction through the maximum in the data. A cosf
and ionic distribution are also shown for comparison.

to the [001] direction intersecting the maximum of the
distribution outside of the gun shadow, two-dimen-
sional profiles are generated that allow comparison of
some important features of our distribution. Figure
2(b) shows such a cut replotted as a polar plot. The
strongly peaked character of the metastable angular
distribution is seen most definitively here. For com-
parison we show the cosg distribution, which is charac-
teristic of neutral CO thermal desorption from
Ni(110),° and the positive-ion distribution from our
surface (normalized to the metastable intensity). With
this comparison it is evident that our metastable angu-
lar distribution is very similar to the sharply peaked
ion angular distribution. Feulner, Riedl, and Menzel?
have reported the angular distribution of ground-state
neutrals produced by electron impact on CO on
Ru(001). They find those particles to have a signifi-
cantly narrower angular distribution than for the ther-
mal desorption process, but their distribution is much
broader than ionic distributions. While our ionic prod-
ucts consist of CO* and O* ions (we estimate 40%
and 60%, respectively, using mass spectrometry), we
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note that CO* and O™ angular distributions are very
similar. For example on Ni(110) at #=0.75 CO/Ni,
Riedl and Menzel'® have shown that the FWHM for
O% (with 280-eV electrons) is 17.3° in the [110] direc-
tion and 20.8° in the [001] direction at 90 K. The cor-
responding values for CO* are 16° in the [110] and
15° in the [001] direction. Our ionic pattern is ob-
tained by a difference of the pure metastable pattern
and one biased to permit passage of the positive ions
also (but with no crystal bias). Our FWHM for ions in
the [001] azimuth is 15° + 3°.

The coverage dependence of the metastable angular
profile was also studied. Figure 3(a) shows a series of
cuts, as described previously for the polar plot, for
various coverages of CO. There is no significant ob-
served change in the shape of these profiles, and there
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FIG. 3. (a) A series of cuts through the metastable angu-
lar distribution parallel to the [001] surface direction at the
peak maximum. Each line represents a different CO cover-
age which is indicated to its right. (b) A plot of the total
count integrated over the entire detector for different CO
coverages.

TOTAL COUNT (10® counts)

is also no noticeable change in the shape of the full
three-dimensional beam profile with coverage. We do,
however, observe a striking variation in the amplitude
of these distributions with CO coverage. The ampli-
tude rises monotonically up to § =0.65 CO/Ni, at
which point it drops rapidly toward zero as coverage
increases. The effect is also seen in the variation of
the total count integrated under the full distribution.
These data are presented in Fig. 3(b) where the drop
toward zero resembles the drop in ion intensity with
increasing CO coverage reported previously by this
group and others.!""12 Here, dramatic increases were
seen in the yield of ions at high electron energy.!!> 12
In the present work there was little difference in the
metastable yields at 1000 V as compared to those we
report here for 300-eV electrons.

A precise identification of the metastable species is
not possible with our apparatus. The most likely can-
didates are CO*(a 3w) or 0*(3°S, or 2'Sy). In the
case of CO on W(100), Sandstrom!® has resolved the
issue by measuring the change in the time-of-flight
distribution for two different flight-path lengths.
From the change in distribution one can infer the life-
time of the metastable species. A lifetime of 0.8 ms
was determined, which clearly identifies the species as
a3m-CO.

The strong similarity of the energy distributions for
the metastables from W(100) and Ru(001) suggests
that perhaps a *7-CO is a common product of electron
impact on chemisorbed CO.

These results suggest that the role of the bond direc-
tion is of primary importance in determination of the
trajectory of the metastable. Two models are possible:
(1) An ionic state is initially produced, and the initial
acceleration is along the bond direction.! The ion is
subsequently neutralized to an excited metastable
species in the vicinity of the surface.!* (2) A meta-
stable species is initially produced by electronic excita-
tion of the CO molecule and escapes along the bond
direction.

Correlation of these results for the metastable angu-
lar distribution with other work is possible. It is well
known for ionic desorption in electron-stimulated
desorption that there is a close correspondence be-
tween the ion-ejection direction and the direction of
the bond being broken.!” Riedl and Menzel'® have
shown that little asymmetry exists in the CO™* azimu-
thal profile from CO/Ni(110); the O* azimuthal pro-
file is broadened in the [001] directions. Model (1)
above is consistent with the metastable’s being derived
from CO* by means of a neutralization process which
is more efficient over the Ni atom rows to produce
enhanced metastable yields in the [110] direction.
Model (2) is consistent with the idea that at intermedi-
ate CO coverages, the Ni—CO bond direction for the
CO molecules on ridge Ni atoms is distributed such

369



VOLUME 56, NUMBER 4

PHYSICAL REVIEW LETTERS

27 JANUARY 1986

that slight inclination in some of the Ni—CO bonds
occurs in the [110] directions as a result of inter-
molecular repulsion. This could occur at the ends of
short linear chains of CO on the Ni ridges. The signi-
ficant drop in metastable yield at a coverage of § =0.7
CO/Ni is consistent with intermolecular quenching
processes between CO molecules, as originally pro-
posed by Netzer and Madey!® for CO on Ni(111).

We have shown that the metastable emission from a
CO layer on Ni(110) under electron bombardment is
strongly peaked in the direction normal to the surface
(probably the Ni—CO bond direction). The angular
distribution is somewhat elliptical in the azimuthal
projection with the long axis parallel to the rows of
nickel surface atoms. The metastable angular distribu-
tion is almost as sharp as ionic distributions,!® and is
much more strongly peaked than for ground-state neu-
trals derived from electron impact,? and from CO ther-
mally desorbing from Ni(110).° The CO coverage
dependence of metastable yield is similar to that for
ion production from CO layers with low-energy excita-
tion. The yield of metastable species is not enhanced
at high excitation energies as is the case for Ot emis-
sion. These observations lead to the view that the ad-
sorbed CO is excited by an electronic transition to a
repulsive ionic state or a repulsive metastable state,
which desorbs in a sharply peaked angular distribution
centered about the direction of the bond being broken.
Data of other workers suggest that this metastable is
a3x-CO.
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FIG. 1. (a) Schematic diagram of the angular distribution
apparatus with digital acquisition. The distance from sample
to first microchannel plate is 50.6 mm. Because of the ex-
ploded diagram the electron-gun drift tube does not appear
to intrude on the region of data acquisition as much as is ex-
perimentally observed. (b) Acquired data for 6=0.65
CO/Ni(110) at 83 K; grids biased to prevent charged-particle
passage. The soft x-ray photon background has been sub-
tracted. The region where the electron gun appears to inter-
fere with the data is shaded and indicated as the electron-
gun shadow. A small dead spot (reduced MCP gain) exists
near the end of the electron-gun shadow.
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FIG. 2. (a) The data of Fig. 1(b) presented in a contour
plot to show the elongation of the metastable beam in the
azimuth parallel to the [110] ridges of the Ni substrate. (b)
A polar plot of the same data in a cut parallel to the [001]
surface direction through the maximum in the data. A cosg
and ionic distribution are also shown for comparison.



