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Laser resonance-ionization spectroscopy of nitric oxide (NO) molecules desorbed by electron im-
pact from a polycrystalline nickel surface is discussed. This is the first time that ground-state rota-
tional and vibrational populations have been probed for neutrals in electron-stimulated desorption.
The results support previous studies that indicate that shallow valence-level excitations dominate

the neutral desorption mechanism.

PACS numbers: 79.20.Hx, 33.10.Jz, 34.80.Gs, 68.45.Da

Electron-stimulated desportion (ESD) of atoms and
molecules from surfaces is recognized as a bond-
breaking process that is initiated by electronic transi-
tions in the adsorbate-substrate complex.! Most of the
work in this area has been concerned with ion desorp-
tion, but it is of great importance to the current overall
understanding of the mechanisms that the processes of
neutral desorption be examined. Previous efforts to
detect the ESD of neutrals have relied on methods
such as electron-ionization mass spectrometry,?3
time-of-flight detection of metastables,* optical radia-
tion from electronically excited neutrals,>® and laser-
induced fluorescence.” In this paper, a tunable uv
laser is used in a two-step resonance-ionization process
to detect desorbed NO in specific rotational states of
the v=0 and v=1 levels of the ground state. The
results indicate that the molecules have high, nonther-
mal internal energies that do not obey Boltzmann
statistics. This is an important result in that the ener-
getics of the desorption process is reflected in the
internal states of the molecule after it has left the sur-
face. Furthermore, the population of specific rotation-
al and vibrational levels can be monitored as a func-
tion of excitation energy in order to reveal thresholds
and desorption channels. For the present system of
NO adsorbed on Ni, the NO desorption thresholds for
both the v=0 and v =1 rotational levels are below 9
eV, and there is no evidence for reneutralization above
the thresholds.

There are two basic mechanisms that have been
used to explain stimulated ion and neutral desorption.
In the Menzel-Gomer-Redhead model,! the bond-
breaking process is initiated by the promotion of
valence electrons to a manifold of excited states,
whereby neutral desorption can proceed from anti-
bonding and nonbonding states or from the reneutrali-
zation of ions that fail to leave the surface. Threshold
measurements? indicate that neutral desorption is
predominantly initiated by shallow valence-level tran-
sitions. In the Knotek-Feibelman mechanism,! which
was formulated specifically for maximal-valency ox-
ides, Auger decay processes initiated by core-level ex-
citations result in the departure of at least two elec-

trons in the adsorbate-substrate complex. A highly
charged state is thus created, which decreases the
probability of reneutralization® and can cause dissocia-
tion of the adsorbate.’>~1* The stimulated desorption of
NO*, CO*, and O* from NO- and CO-covered
transition-metal surfaces has received considerable at-
tention recently®=1* because of the appearance of mul-
tielectron excitations induced by core-level transitions.
These excitations can arise either from Auger decay or
by direct excitation via shakeup. Thus, one immediate
interest in the NO/Ni system is to see if there are signs
of the highly energetic core-level excitations in the ro-
tational and vibrational populations of NO desorbed by
electrons having energies greater than the N(1s) and
O(1s) thresholds.

The experimental arrangement of the present study
is similar to that used by Winograd, Baxter, and Ki-
mock!® for the detection of sputtered indium neutrals.
The sample is a polished 99.99% pure polycrystalline
Ni surface mounted in an UHV chamber which has a
base pressure of 2x 10719 Torr. The Ni surface was
initially cleaned by ion bombardment and thereafter by
repeated resistive heating to 1300 K. Only trace
amounts of ESD H* and F* ions and no O™ ions
were observed from the bare Ni surface. Immediately
after the resistive heating, the sample was cooled to 80
K before it was exposed to a saturation coverage [6 L,
where 1 L (langmuir) =10~° Torr sec] of NO from a
dosing tube.

The tunable uv laser beam is generated by mixing of
the second harmonic of a pulsed Rhodamine-590 dye
laser with the 1064-nm fundamental of a Nd:YAIG
(Nd-doped yttrium aluminum garnet) laser, which
results in a bandwidth of 2 cm~!. The 220-230-nm
laser beam enters and exits the UHV chamber with
minimal scattering through MgF, windows and prop-
agates parallel to the surface of the sample at a dis-
tance of 0.5 cm. The beam was focused by a cylindri-
cal lens which produces a sheetlike ionization region
approximately 1 cm? in area and nearly 0.01 cm thick.
The area of the electron beam on the sample surface is
0.20 cm?; thus, most of the desorbed neutrals pass
through the laser-ionization region. The intensity of
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the laser in the ionization region was generally 30
MW/cm?2. All ion signals were collected with a quad-
rupole mass spectrometer.

The primary electron beam is pulsed on for 1-5
wsec at a current density of 3% 1013 electrons/sec-cm?
and at a repetition rate determined by that of the
YAIG laser (10 Hz). The delay time between the elec-
tron pulse and the 5-nsec ionizing laser pulse is adjust-
ed to produce the maximum density of neutrals in the
laser beam. In the present experiment, this density
was close to 108 NO molecules/cm? for 300-eV elec-
trons if we assume that the laser-ionization region is
filled with desorbed neutrals. A 3-usec optimum delay
indicates an average kinetic energy of 0.1 +£0.05 eV.
This measurement is consistent with the recent values
obtained by Feulner ef al.,? using electron-impact neu-
tral detection. The density of neutrals in the laser
beam is estimated by the bleeding of NO into the
chamber at a pressure that reproduces the ESD signal
intensity. Given a velocity of 10° cm/sec, and a peak
density of 108 molecules/cm?, the instantaneous flux,
®,, of neutrals from the surface is 10!* mol-
ecules/cm?-sec. For a surface coverage, o, of 101’
molecules/cm?, and a primary electron flux, ®,, of
3x 1013 electrons/sec-cm?, the cross section, O, for the
desorption of neutral NO by 300-eV electrons is es-
timated by the relation Q=®,/oc®, to be 3x10~18
cm?. This value, which ignores possible contributions
from secondary electrons, is consistent with the neu-
tral desorption cross sections previously estimated for
covalent adsorbates.!6-17

Rotational spectra for the transition!® 4 25(v=0)
— X MI/(v=0) are shown in Fig. 1 for NO
molecules desorbed by 300- and 600-eV electrons.
Similar spectra for the 423 (v=1)— X I;;(v=1)
transition were also obtained. The rotational and vi-
brational constants used to calibrate the spectra were
obtained from Herzberg.!® Although the data are
currently limited by the laser bandwidth to a resolution
of 2 cm™!, the separations of the R,; and R+ Oy
transitions are adequate from J= 12—5 to J= 5~ to per-
mit the analysis of the rotational distributions in the
v=0 and v=1 levels of the electronic ground state.
The signals from the v=2 and higher vibrational lev-
els are too weak at the present time for adequate
analysis. Also, no effort at this time was made to look
for NO molecules that were desorbed in metastable
electronic states. Before each spectrum was obtained,
the surface was cleaned and redosed as discussed
above. Each datum point of the 500-point spectra was
averaged over at least fifty acceptable laser pulses be-
fore the dye laser was advanced to the next
wavelength; if the laser energy did not fall within a
window of +50% of the average, the signal from that
pulse was discarded. The reproducible intensities of
the rotational transitions were later normalized by a
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FIG. 1. Rotationally resolved spectra (v=0) of NO

molecules desorbed by 300-eV (top curve) and 600-eV (bot-
tom curve) electons from a polycrystalline Ni surface cooled
to 80 K. The spectra are generated by resonance absorption
of a 266-nm photon in this region, followed by the absorp-
tion of another 226-nm photon for photoionization.

300-K gas-phase NO calibration spectrum obtained at
the same laser intensity in order to eliminate satura-
tion effects. The results are plotted in Fig. 2.

It is clear from these initial results that the NO
molecules are desorbed from the 80-K surface with
high rotational energies that exceed 400 K and, thus,
do not obey Boltzmann statistics. This also can be
seen by the large and reproducible deviations from the
Boltzmann line in Fig. 2. Furthermore, the 700-K vi-
brational ‘‘temperature,”’ which is determined from
the ratio of the summed rotational line intensities for
the v=0 and v =1 transitions, is much larger than the
400-K rotational ‘‘temperatures.”” As discussed ear-
lier, the translational energy is even higher at 1200 K
(0.1 eV). Thus it appears that most of the nonthermal
neutral molecular energy is translational, followed by
vibration and rotation. A recently discussed dynamical
model® for netural desorption emphasizes the role of
the repulsive region of the ground-state interaction po-
tential between the adsorbed molecule and the surface
in producing the high kinetic energies. The present
results lend further support to this model, although
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FIG. 2. Rotational distributions for the v=0 and v=1
states of NO desorbed by electron excitation energies of 300
and 600 eV. A plot of In[N(J)/(2J+1)] vs BJI(J+1)
should be a straight line if Boltzmann statistics are applica-
ble. For comparison, the Boltzmann distribution for a ther-
malized NO gas sample at 300 K is shown (dashed line).

much more work needs to be done in terms of correla-
tion of the internal and translational energies with the
substrate potential-energy surface. In a similar vein,
Cavanagh and King!® have attributed anomalous rota-

tional distributions in thermally desorbed NO to
molecule-surface potential-energy interctions.

Spectra taken at 300 and 600 eV reveal that the rota-
tional and vibrational distributions are unchanged
within experimental error when the primary electron
energy is raised from below to above the N(1s) and
O(1s) core-level thresholds of 402 and 532 eV,
respectively. One would expect the highly energetic
core-level process to leave the molecule in a very ex-
cited internal energy state. A possible reason why no
core-level effects are seen here is that the final state
prior to desorption is independent of the initial excita-
tion mechanism.2 However, when the state-specific
neutral NO yield as a function of electron energy is
analyzed, as in Fig. 3, there is no observation of any
yield enhancements at the core-level thresholds, which
would be due to reneutralization processes. Thus,
both the spectra and the yield curves confirm previous
studies? that there is a negligible core-level excitation
cross section which leads to neutral NO desorption.

The current-normalized yield curves shown in Fig. 3
are obtained by a computer-controlled scan of the elec-
tron energy from 9 to 1000 eV. The focus of the gun
is also controlled by the computer in order to ensure a
constant spot size on the surface. Each of the 500 data
points in the scans is processed in the same manner as
discussed above for the rotational spectra, and the sur-
face is cleaned and redosed before each energy scan.
In order to record an appreciable NO* or O* signal,
the data acquisition gate had to be increased by a factor
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FIG. 3. Yield of neutral NO (measured at the v=0
P, + Q11 bandhead), NO*, and O™ as a function of primary
electron energy. The relative yields shown here are scaled
from the raw data for visual purposes. The actual ratio of
neutral-to-ion yield is nearly 10°. The dashed line at 565 eV
indicates the electron energy at which the onset of molecular
dissociation is believed to occur (see text).

of 10, the delay following the electron pulse was elim-
inated, and twice as many electron pulses were aver-
aged for each datum point. When these differences
are taken into account, along with the fact that the
laser pulse is only 5 nsec long, the ratio of the
desorbed neutral flux to the desorbed ion flux is about
1.5x 10* for electron energies of 400-800 eV. In addi-
tion, the neutral signal at the P, bandhead
(J=%,3,%) is only a portion of the total neutral
yield. When the other rotational states and vibration-
ally excited molecules are counted, the neutral yield is
almost 10° times that of the ion yield.

A significant neutral NO signal was observed at the
lowest attainable electron energy of 9 eV, and energy
which is still high enough for Menzel-Gomer-Redhead
valence ionization. Ultraviolet photoelectron peaks
have been observed for NO on Ni(111) at 8.8- and 2-
eV binding energies (relative to the 6-eV Fermi lev-
el).2l The latter peak is attributed to the interaction of
the NO 27 level and the Ni 4 band, which is expected
to affect desorption thresholds. Thus, it is not possible
at this time to tell if there is a direct neutral desorption
channel or if reneutralization following shallow
valence-level ionization is dominant. The most pecu-
liar feature in the neutral yield curves is the recurring
dip at 565 eV. The O yield shows a small but repro-
ducible enhancement at the same energy. The dip ap-
pears for neutrals in both the P;;+ Q;; bandhead
(J=%,3,7) at 44196 cm™!, the P;; bandhead
(J=%,2 12 2) at 44175 cm~!, and the v=1
P,;+ Q;; bandhead at 44662 cm™!. Thus there is no
evidence that a redistribution of internal energy may
be the cause. At this time it is believed that the dip is
the result of molecular dissociation initiated by the
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ionization of the O(1s) and, possibly, N(1s) core lev-
els. The shift in this feature to energies above the
531-eV O(ls) threshold has also been reported by
Jaeger et al.,'%13 who attribute the 35-eV delay in the
O yield enhancement to a valence ionization coupled
to the O(1s) core-level ionization (shakeup).

It seems reasonable that molecular dissociation will
proceed at the expense of neutral molecular desorp-
tion, but the recovery of the molecular yield at higher
energies is more difficult to understand. The answer
to this question may lie in the very low threshold ( < 9
eV) for neutral desorption. It is possible that the sig-
nal recovery is due to an ever-increasing yield of low-
energy secondary electrons.??2 Clearly, more experi-
ments need to be performed to unravel this mystery.
One important set of experiments that is underway in-
volves the laser-ionization detection of neutral N and
O desorbed at these electron energies. These experi-
ments will help to determine the extent of molecular
dissociation and also provide an insight into atomic
reneutralization following the creation of localized
multihole states.

In conclusion, this work represents the first time
that specific rotational and vibrational states of ESD
neurals in the ground state have been examined.
These data, along with the 0.1-eV kinetic energy mea-
sured by time-of-flight, indicate a repulsive final state
reached by electronic excitation. Both the internal en-
ergies and the state-specific yields as a function of
electron energy indicate that the mechanism for NO
desorption in this system involves valence-level excita-
tions with very little, if any, contribution from core-
level excitations.
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sions with M. L. Knotek and T. A. Green, and the able
technical assistance of R. W. Willey. This work per-
formed at Sandia National Laboratories was supported
by the U.S. Department of Energy under Contract No.
DE-AC04-76DP0078.
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