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We observe a strong influence of molecular vibration and surface temperature on electron emission
promoted by the de-excitation of metastable CO(a*IT) on a clean Au(111) surface using a molecular
beam surface scattering apparatus. The de-excitation is independent of incidence translational energy.
These observations appear incompatible with existing theories of metastable particle de-excitation
on metal surfaces, which are based on the Auger effect. Instead, they strongly suggest a mechanism
involving formation of a transient anion whose lifetime is similar to the vibrational period of the CO
molecule. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4887777]

INTRODUCTION

Understanding the decay pathways of excitation in sur-
face adsorbates is a fundamental aspect of surface physics and
chemistry and the wide variety of solid properties makes this
an open field of study where much remains to be discovered.
Insulators offer phonon baths that may soak up excitation by
mechanical interactions.! Metals possess both phonons and
electrons that can accept adsorbate excitation — and due to
failure of the Born-Oppenheimer approximation, nuclear and
electronic motion can be strongly coupled.?? For interactions
of ground electronic state molecules with metal surfaces, en-
ergy exchange between molecular vibration and the metal’s
electron-hole pairs has been well documented.’'® When vi-
brational excitation exceeds the solid’s work function, elec-
tron emission is observed,'®!® sometimes even with high
yield."> It is also now well established that electron transfer
mediates the energy exchange between molecular vibration
and electrons in the metal.

Elucidating energy transfer of electronically excited
molecules at metals remains challenging, despite its obvi-
ous relevance to important topics like surface photochem-
istry and photophysics.?’?* One reason for this is that
lifetimes of electronically excited adsorbates tend to be ex-
tremely short®>2° — 10-100 fs — reflecting the strong coupling
of the molecule’s and the metal’s electronic motion. Such
short lifetimes present technical challenges to performing
experiments.

An alternative approach avoiding the problems of short
lifetimes employs scattering beams of electronically excited
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molecules from surfaces, an approach that is particularly use-
ful for metastable states.”’>° There are surprisingly few ex-
amples of this type of experiment to be found in the literature.
Some of this work was motivated by a desire for detectors
for metastable species’®' — metastable quenching can re-
sult in electron emission, which is easily detectible with elec-
tron multipliers. In these examples, ultra-high vacuum (UHV)
methods were not always used, meaning the properties of
the surface were not always well-defined. On the other hand,
atomically clean crystalline insulator surfaces have been used
for dynamics experiments with metastable CO(a’I1)*"2% —
from now on referred to as CO*. This work revealed ineffi-
cient quenching of the excited electronic state. Only recently
have the first experiments of this type been carried out for
metastable collisions on single crystal metals, prepared under
UHYV conditions.*?

While experiments with molecules are rare, metastable
atoms and atomic ions have been commonly used in UHV
surface-science studies. Here, collisional quenching at a metal
surface often results in electron emission. The resulting elec-
tron energy distributions are sensitive to surface electronic
structure and especially to adsorbates. These phenomena
serve as the basis of a now well-established surface analyti-
cal tool: metastable quenching spectroscopy (MQS).33-3%

As a result of this method’s utility, a great deal of ef-
fort has gone into understanding the mechanism of electron
emission®® and we now know that the Auger effect’’ plays an
important role. For example, when metastable He atoms with
1s2s orbital occupation collide at a metal surface, an electron
from the conduction band of the metal may relax to fill the 1s
orbital, simultaneously ejecting the 2s electron — this is called
Auger de-excitation (AD). Alternatively, the 2s electron may
be transferred to the metal entering unoccupied orbitals above
the Fermi level — called resonant ionization (RI) — and subse-
quently, two electrons of the conduction band may engage in

© 2014 AIP Publishing LLC
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an Auger neutralization (AN) process, one electron ending up
in the 1s orbital of the He and the other being excited and
often ejected to the vacuum.

For molecular metastable collisions at surfaces, new
quenching mechanisms become possible. In particular, nearly
all molecules can bind an electron forming a negative ion,
something that the noble gas atoms of MQS cannot. Hence,
electron transfer from the solid to the incoming molecu-
lar metastable may be an important step in the quenching
event. Indeed, several authors have suggested that metastable
molecules can quench by means of resonant charge transfer
(RCT) from the surface, in which a temporary molecular an-
ion is formed.?*?* 3840 Electron transfer is also known to play
a central role in mediating energy exchange between molecu-
lar vibration and electrons in the metal.>!3-1°

In a recent publication, we reported observations on the
quenching of CO* at a clean Au(111) surface, which appeared
incompatible with an AD mechanism.>> The electron emis-
sion yield was high (y = 13%), surprisingly large for such a
low energy metastable if AD were the mechanism. In addi-
tion, we found unexpected enhancement wings in the signals
that arose from optically pumped vibrationally excited CO*.
We pointed out that the vibrational enhancement of electron
emission is incompatible with an extended AD mechanism.?!

In this paper, we extend our study of CO* quenching at
Au(111), systematically employing Franck-Condon pumping
(FCP) under conditions where ionization/depletion is unim-
portant. This allows us to quantify the effect of vibration on
electron emission. We also characterize the surface temper-
ature and translational energy dependence of electron emis-
sion. These observations provide strong evidence of the im-
portance of transient negative ion formation in the quenching
at metal surfaces of electronically excited molecules.

EXPERIMENTAL

All measurements were performed in a new appara-
tus, designed to study quantum-state specific interactions
of molecules with well-defined surfaces at controlled trans-
lational incidence energies. It combines a pulsed molecu-
lar beam, laser excitation, and a Stark decelerator*!-*? with
a differentially pumped UHV scattering chamber equipped
with surface preparation and characterization instruments
(Figure 1). A 360 m/s supersonic beam of carbon monox-
ide is created via expansion of 20% CO in Xe in a pulsed
valve (General Valve series 99) cooled to 260 K. After skim-
ming the beam, a narrow bandwidth laser system* is used
to pump CO to the first electronically excited state via the
@Ml (v=0,J=1)« X'EF(v=0, J = 1) transition at
206 nm. Molecules in this long-lived state — the lifetime is
2.63 ms** — may be readily manipulated by electric fields due
to the large dipole moment of 1.37 D. Prior to entering the de-
celerator, the CO* is deflected by 3.5° in a pulsed electrostatic
hexapole lens and passes through a differential pumping aper-
ture, thereby removing the carrier gas and electronic ground
state CO from the molecular beam. The translational energy
of CO* can be tuned within the range of 0.36 meV-38 meV
(50-512 m/s) using a 131 stage Stark decelerator.

J. Chem. Phys. 141, 044712 (2014)
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FIG. 1. Cutaway drawing of the apparatus. 20% CO in Xe expands through
a pulsed valve (red). The molecular beam is skimmed 3-cm down-stream
and optically excited to the a3l'I1 state with a narrow bandwidth OPO laser
system operating at 206 nm. Deflecting the CO* molecules by 3.5° with an
electrostatic hexapole focuser (green) then creates a molecular beam of pure
CO*. After passing the decelerator (orange), CO* molecules enter the UHV
chamber where they scatter from a Au(111) surface, mounted to a movable
sample holder (salmon). REMPI and FCP laser beams can be directed in
front of the surface. Two MCP assemblies (blue) are mounted above (electron
detection) and below (REMPI ion detection) the molecular beam axis.

The temperature-controlled gold surface is mounted
62 mm behind the exit of the decelerator in differentially
pumped scattering chamber, maintained at a pressure of ~2
x 1071 mbar. We clean the Au(111) surface by Ne* sputter-
ing and subsequent annealing to 900 K prior to experiments,
and confirm its purity by Auger electron spectroscopy (STAIB
ESA-100). CO* molecules can be detected prior to surface
collision by 141 resonance enhanced multiphoton ionization
(REMPI) using a pulsed laser (Spectra Physics PDL-2) reso-
nant with the > -+ < @*I1 transition 21 mm upstream from
the surface. An electric field of 140 V/cm extracts CO™ ions
produced by REMPI and electrons emitted upon collision of
CO* with the gold surface towards two separate MCP detec-
tors. The overlap of the molecular beam with the laser is opti-
mized by mounting a 200 um wide slit behind the decelerator
parallel to the direction of the laser beam.

We employed FCP to create controlled vibrational state
distributions of CO* at a velocity of 360 m/s. See Figure 2.
CO (a1, v = 0) is pumped to the P’ (v =0or1) state
by a pulsed laser beam (Continuum Sunlite Ex OPO) that
crosses the molecular beam 19 mm upstream from the surface.
The lifetimes of the >+ (v = 0 and 1) states are less than
70 ns* — this ensures that all b*>X* molecules fluoresce to the
a’T1 state before they hit the surface, producing CO* vibra-
tional distributions governed by Franck-Condon factors. The
FCP laser intensity is kept weak enough to avoid depletion of
the CO* beam by ionization but strong enough to saturate the
b*Y* « @*11 transition.

Electron emission signals were recorded as the surface
temperature was varied between 50 and 900 K. For each sur-
face temperature, we obtain a reference time-of-flight trace of
the molecular beam pulse by scanning the delay time between
excitation and REMPI lasers. Comparison with the time-of-
flight profile obtained from electrons emitted from the surface
allows us to normalize the electron emission to the incom-
ing, available metastable molecules. In a similar fashion, we
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FIG. 2. Concept of preparing vibrationally excited CO* by Franck-Condon
pumping. After deceleration of the CO*(v = 0) molecules, this state is
pumped to b3S+ (v = Oor 1). Spontaneous emission populates CO*(v > 0)
according to known Frank-Condon factors.

determine y as a function of incident CO* velocity. In all
measurements, we considered the finite lifetime of the @’I1
state and corrected the signals accordingly.

RESULTS

Figure 3 shows the vibrational enhancement of electron
emission resulting from CO* quenching at a Au(111) sur-
face. Here, the lower panel shows the electron emission sig-
nal as the FCP laser wavelength is scanned. The enhancement
appears at wavelengths coincident with known transitions*®
in the b’T+(v) < @I (v = 0) absorption system (b3XT+
(v = 1) —dark red and b* T+ (v = 0) — light blue). These tran-
sitions coincide with those of the 141 REMPI spectra shown
in the upper panel.

For a quantitative analysis of the vibrational enhance-
ment, the excitation efficiency of the FCP process has to be
taken into account. The weaker of the two observed peaks in
the spectrum of Figure 3 is due to the single R, (1) transition,
while the stronger peak contains the two non-resolved P;,(1)
and R,,(1) transitions. Assuming saturation, only 2/3 of all
molecules will be excited to the b> X+ state at the center of the
stronger peak. Scaling the signal accordingly,*’ we obtain an
enhancement of electron emission by a factor of ¢ = 1.47 and
& = 1.51 when pumping is performed via the b*ZF (v = 0)
and the b=+ (v = 1) state, respectively.

The observed enhancement factors reflect an average
over the different vibrational state distributions in the a°I1
state shown in the inset of Figure 3. It is possible to sin-
gle out groups of levels which contribute more strongly or
weakly to the overall signal. Notably, pumping either via
b*Y¥*t(v = 0)or T+ (v = 1) lead to a comparable enhance-
ment of electron emission, despite the fact that the popula-
tion in @*IT(v = 1 — 3) is much smaller and the population in
a’TI(v = 0) is much larger in the latter case. Thus, the con-
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FIG. 3. Lower panel: Electron emission vs. FCP laser wavelength. Transi-
tions to b3 X+ (v = 1) (left, dark red) and 5> (v = 0) (right, light blue) en-
hance the emission. Upper panel: simultaneously recorded REMPI ion signal.
Inset: the CO* vibrational population distributions arising from FCP; they are
computed from the known Franck-Condon factors.*® The electron emission
signal is scaled to the previously determined maximum enhancement of 1.31
of the stronger peak when pumping via the b3S+ (v = 0) state.’? The spec-
trum is recorded under conditions such that the »* X+ <« @311 transition is
saturated. Note that because the two peaks in the spectrum consist of a differ-
ent number of ro-vibrational transitions, the laser excitation efficiency is 1/2
(2/3) for the smaller (bigger) of the two peaks. When scaling the two peaks
accordingly, the resulting actual enhancement is the same within the experi-
mental uncertainty. See text and Ref. 47 for details. Data on the right side are
reproduced from our previous paper.3>

tribution to electron emission from states with a>I1(v > 4),
must be much larger than for a’TI(v = 1 — 3). One can cal-
culate the enhancement relative to the a>I1(v = 0) state for
the two groups of vibrational levels by solving a system of
two coupled linear equations using basic linear algebra. In this
way, we obtain averaged electron emission yields, y,, for vi-
brational levels, v, of the a*IT state of Vi3 =01.49%0.14)y,
and y ., = (2.62 £ 0.39)y,. While our experiment does not
yield state-specific results, the analysis clearly demonstrates a
strong enhancement of electron emission with increasing vi-
brational quantum number.

The effect of surface temperature on electron emission
resulting from CO*(v = 0) quenching at Au(111) is shown
in Figure 4. While y remains nearly constant between 50 K
and 250 K, we observe an unexpectedly strong increase in
electron emission above this temperature — (27 £ 7)% more
electrons are released at Ty = 900K than at T = 250K. To
our knowledge, this is the first report of a strong influence of
surface temperature on metastable quenching at a clean metal
surface.%48

We also studied the incidence translational energy depen-
dence of y, shown in Figure 5. Within the measurement un-
certainty, electron emission is independent of incidence trans-
lational energy over the range studied.

DISCUSSION

In this work, we introduce CO* with orbital con-
figuration 1o2106%220%20** 1730 17*! to a metal sur-
face. The system relaxes to the molecular ground state
16216%%20%20 %2130 with emission of an electron. We
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FIG. 4. Temperature dependence of electron emission yield. Experimental
data points are scaled to 250 K. If we integrate a temperature dependent Fermi
Function from 80 meV below the Fermi level to infinite energy, the solid red
line results. This is strong evidence that only electrons initially very close to
the Fermi level lead to electron emission. The Zubek model’! (dashed black
line) fails to reproduce the data.

discuss this in terms of two possible mechanisms: AD and
RCT. As mentioned above, AD has been commonly invoked
to explain de-excitation of atomic metastables in collisions
at metals. For CO*, AD occurs when an electron from the
metal’s conduction-band relaxes filling the 3o orbital, simul-
taneously ejecting the 1w * electron. See Figure 6. The 1x*
electron is ejected by its repulsive interaction with the re-
laxing conduction-band electron;3” hence, the molecule must
typically be in close proximity to the solid so the elec-
trons are not shielded from one another.’>3¢ Furthermore,
no transient anion is formed. In RCT, an electron first tun-
nels from the surface, forming CO~ with orbital occupation
lo?10%220%20 %2 174302 1% — the m* electron is subse-
quently ionized on a time-scale similar to that of molecular
vibration. The finite lifetime of the anion is a consequence
of the electron’s binding energy to CO being dependent on
C-O0 inter-nuclear separation as well as its distance from the
surface.

v /v (360 m/s)

0 100 200 300 400 500
CO* velocity in m/s

FIG. 5. Variation of y with normal velocity of CO*, relative to y (360 m/s).
Within the uncertainty of the experiment, no effect is observed, as indicated
by the dashed line. We also show statistical errors calculated as standard de-
viation of multiple measurements.
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FIG. 6. Energy diagram of metastable CO* quenched at a Au(111) surface
by an Auger de-excitation mechanism. An electron from the metal’s conduc-
tion band fills the 3o orbital, simultaneously ejecting the 17 * electron. See
text. If the conduction band electron is not within 0.7 eV of the Fermi level,
electron escape to the vacuum fails.

AD has been invoked to explain relaxation of molecu-
lar metastables in collisions at metals; however, it appears
to be incompatible with the observations of this work. First
of all, the absolute electron yield of CO* on Au?? is com-
parable to the AN yield of He* on Tungsten.’® This is sur-
prising since AD scales strongly with the ionization energy
of the particle, which is four times larger for He™ com-
pared to CO*. Second, AD is sudden — hence, molecular
vibrational transitions must reflect Franck-Condon factors.
Zubek?! suggested the electron emission yield is proportional
to the excess energy beyond the work function, £, = E* — @,
summed over all possible Franck-Condon weighted molecu-
lar decay channels.?3? This model predicts Vi_3lyy = 1.02
and y.,/y, = 1.10, significantly underestimating the experi-
mental_ly observed vibrational enhancement. Furthermore, the
electron emission from AD can occur for electrons up to
0.7 eV below the Fermi level (Figure 6); hence, a strong sur-
face temperature dependence for electron emission cannot be
easily explained — the predictions on surface temperature de-
pendence of Zubek’s?! model are shown as a dashed line in
Figure 4. See the Appendix for details.

In contrast to AD, RCT can explain the key experimen-
tal observations — the strong surface temperature dependence,
the vibrational enhancement, the large electron yield, and the
independence from translational energy.

In Figure 4, the solid red line shows the energy integral of
the temperature dependent Fermi Function, where the lower
limit to integration is 80 meV below the Fermi level and the
upper limit is unbounded. The excellent agreement with the
experimental surface temperature dependence strongly sug-
gests that electrons close to the Fermi level — within 80 meV
— dominate the de-excitation process. This is hard to rational-
ize by an AD mechanism but entirely reasonable for RCT —
to see this we must consider the energetics of CO™ formation
when CO* collides with a Au surface.

The ground state of CO™ has been extensively studied
both theoretically**->? and with electron scattering.>">? It pos-
sesses 2IT symmetry and lies 1.7 eV above the ground state of
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FIG. 7. (Upper panel) Potential energy curves for the CO-Au(111) system
as a function of C-O internuclear distance at asymptotic surface distances.
The dashed blue curve represents vibration of the CO* with an electron at
the Fermi level. Vibrational energy levels of CO* are depicted by horizontal
lines. The solid red curve represents vibration of the CO™ after electron trans-
fer from the solid has occurred. Thus, an electron transfer from Au to CO is
represented by a transition from the dashed blue to the solid red curve. At this
surface distance electron transfer is energetically forbidden. (Middle panel)
Same as in upper panel but for an image charge stabilization of the anion state
of 0.75 eV, corresponding to a surface distance of 5.4 A. An electron transfer
can now happen for electrons at the Fermi level if the C-O distance is greater
than 1.2 A. (Lower panel) Same as middle panel. Instead of the CO* poten-
tial energy curve, the dashed black curve now shows the CO ground state
with an electron at the vacuum level, i.e., the potential energy curve is shifted
5.3 eV upward in energy. Horizontal lines depict the vibrational energy levels
of ground state CO.

CO. When the CO molecule is separated far from the gold
surface, transferring an electron from gold to CO requires
7.0 eV — recall that the work function of Au is 5.3 eV. The
CO* excitation energy is only 6.0 eV — hence, there is in-
sufficient energy to form the anion. See Figure 7 (upper
panel), which shows potential energy curves obtained from
the literature mentioned above. As the anion approaches the
metal surface it is increasingly stabilized due to image charge
interaction.”* At ~5.4 A, a distance where electron trans-
fer is expected to be efficient,!'8 CO~ is isoenergetic with
CO*, if the CO bond is stretched. See Figure 7 (middle panel).

J. Chem. Phys. 141, 044712 (2014)

Hence, electron transfer first becomes possible for a stretched
CO molecule, where tunneling may occur for electrons in
the energetically topmost part of the conduction band, whose
population is most sensitive to surface temperature. The fact
that only the top 80 meV of the band participate suggests that
the electron transfer happens for distances between ~5.4 A
and 5.0 A.

The vibrational enhancement can also be understood
within this RCT model. Figure 7 (lower panel) shows the sta-
bility of the anion with respect to the neutral CO ground-state
as a function of CO bond length, also at a molecule metal dis-
tance of 5.4 A. Note that the dashed black curve is shifted by
5.3 eV because the electron originally at the Fermi level is
now at the vacuum level. Here, we see that only at extended
CO bond lengths is the anion more stable than the CO ground
state. Hence, if an electron is transferred to the CO* near the
outer turning point of vibration as suggested by Figure 7 (mid-
dle panel), the electron will be ejected near the inner turning
point, and the lifetime of the anion is likely to be on the or-
der of half a vibrational period, ~10" 5. As the vibrational
quantum number increases, the lifetime of the resonance does
too, since the molecule spends a longer time at extended CO
bond lengths. The resulting narrower resonance width also in-
teracts more selectively with electrons near the Fermi level.
Hence, the probability of the initial charge transfer step is
higher for vibrationally excited molecules.

We also point out that the large yield observed in this
work is consistent with those seen in vibrationally promoted
electron emission,'’ a similar mechanism involving electron
transfer.

To summarize, the CO* must reach a distance of about
5.0-5.4 A from the surface at which point electron trans-
fer is possible but only for electrons within 80 meV of the
Fermi level. The electron transfer is more efficient if the CO
bond is stretched beyond its equilibrium distance, such that
the electron is captured near the outer turning point of vibra-
tion. Within about 10 fs, the CO bond has compressed and the
electron is released. The short lifetime of the anion prevents
the translational energy from having an influence, since on
this short time-scale, motion toward the surface is negligible.

While the RCT model provides a qualitative explana-
tion of our observations of CO* de-excitation on Au(111),
it cannot yet be considered fully proven — further study is
needed. Experiments where CO* impinges on a surface with
rare gases layers of varying thickness directly probe the sur-
face distance dependence of electron emission — RCT oc-
curs at larger surface distances than AD.%3¢ Electron trans-
fer has recently been shown to exhibit a strong orientation
dependence'* — experiments with oriented CO* are also at-
tractive. Measurements of CO final vibrational state distribu-
tions as well as emitted electron energy distributions would
also shed more light on this problem.

SUMMARY AND CONCLUSION

We have studied the influence of molecular vibration, sur-
face temperature, and incidence translational energy on the
electron emission efficiency in the de-excitation of CO in
its @*T1 state on Au(111). The electron emission yield, 120
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for individual groups of vibrational levels is y,_; = (1.48
£ 0.14)y, and y., = (2.59 £ 0.38)y . In addition, we have
observed a strong influence of surface temperature, which
leads to a rise in y of (27 £ 7) % between 250 K and 900
K. Varying the incidence velocity of the CO* beam shows
no observable influence on y. These experimental findings
can be explained by a resonant charge transfer de-excitation
mechanism that proceeds via the anionic 2IT shape reso-
nance, whereas they appear incompatible with an Auger de-
excitation mechanism.
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APPENDIX: METASTABLE DE-EXCITATION
IN THE AD MODEL

In this appendix, we briefly discuss the extension of the
Auger de-excitation model to take into account the vibration
of a molecule quenching at a metal surface following the
model of Zubek.’!

The emitted electron in the AD model stems from an
Auger process, which happens instantly on the timescale
of molecular vibration. Therefore, the molecules will relax
to a vibrational distribution in the electronic ground state
governed by Franck-Condon overlap. The electron emission
yield, y,,, for an initial vibrational level v’ can be approxi-
mated by

Yo Y q", ) X /
v// €

_ "oy
F B ")

[e¢]

f(e, T)D(e)de. (AD)

Here, f(e, T) is the Fermi function, ¢ (v”, v’) is the Franck-
Condon factor between the ground state vibrational level,
v”, and the metastable state vibrational level, v’, and €, is
the Fermi energy. E,, (v”, v') = E* (v”, v') — ® is the excess
energy for electron emission, where ® = 5.31eV is the work
function of Au(111) and E* (v”, v’) is the energy difference
between the levels v” and v’. The electronic density of states
in the conduction band, D (¢), can be taken as a constant in
the relevant energy range.’>> The approximation introduced
by Borst’® and Zubek?' is obtained for constant D (¢) and
by setting fle, T) = f(e, 0K). In this model, averaged elec-
tron emission yields of y;_; = 1.02y, and y., = 1.10y,
are predicted. The simple model for the AD mechanism thus
predicts an electron emission enhancement of 2% and 10%,
which underestimates our observed enhancement by one or-
der of magnitude.

To explain how a T dependence might arise in the AD
mechanism, consider Auger de-excitation is exoenergetic by
0.7 eV at asymptotic separation assuming that the vibra-
tional quantum number is conserved in the interaction. More
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precisely, direct Auger de-excitation only results in elec-
tron emission if the energy of the conduction band electron
relative to the Fermi energy, €, — €, meets the condition
E. (W, V') — (e —€) > 0. At any non-zero T, relaxation is
possible forming vibrationally excited states for which the ex-
cess energy is not sufficient to eject an electron at 7 = 0 K.
Using Eq. (A1), the influence of T on electron emission can
be calculated (dotted curve of Fig. 4). This clearly does not
explain the observed effect. The data can only be understood
with this model if we assume that at least 84% of CO(a>IT)
relaxes to vibrational levels of CO(X! ©T) with v” > 3. This,
however, violates the Franck-Condon principle on which this
model is based.
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