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Time-resolved patterns for electron-stimulated desorption of metastable atoms
from thin Ar(111) films
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Time-resolved desorption patterns of metastable argon atoms have been obtained from thin Ar(111)
films condensed on Pt(111) at 15 K. The desorption is stimulated by monochromatic- electrons with a
fixed energy of 14.5 eV. Combining the information on time-of-flight and angular distributions, five dis-

tinct metastable-atom components can be identified. The maxima of their kinetic energies are located at

19, 36, 53, 85, and 345 meV (+10%), with the two lowest-energy signals being more intense. The 53-

meV component has a narrow angular distribution of 8' at half maximum with respect to the surface

normal, while the others are broad. Different aspects of the basic desorption mechanisms are discussed.

The sharpness of the angular distribution of the 53-meV component is interpreted as due to nuclear

zero-point motion in an undistorted crystalline environment. The data for the 19-, 36-, and 53-meV

components are in qualitative agreement with recent molecular-dynamics studies.

I. INTRODUCTION II. EXPERIMENT

The fundamental role of electronic excitation in the
sputtering of rare-gas solids has been studied by several
different experimental techniques over the past decade.
On Ar, such studies have been performed with high-
energy beams of electrons' or ions to produce the excita-
tion of the media. Photon-stimulated desorption (PSD)
studies ' have allowed the selective production of excited
species at the surface or within the bulk. Luminescence
measurements permit one to track the decay of the excit-
ed species within a film or after emission of an excited
particle into vacuum, ' while neutral atoms are often
detected in time-of-flight (TOF) experiments. ' Thus a
detailed view of the desorption of neutral ground-state
atoms has been achieved for the rare-gas solids.

Only recently, a gap in the data has been closed with
reports on metastable-atom desorption after electron or
photon impact. In a previous publication on desorption
of metastable Ar atoms, we presented high-resolution
excitation functions for electron energies between 10 and
20 eV and a two-dimensional desorption pattern for
E=15 eV. Arakawa, Takahashi, and Takeuchi have
studied the TOF distributions for metastable rare-gas
atoms after impact of electrons with a constant energy of
200 eV. TOF distributions for metastable Ar atoms have
also been obtained using the selective excitation possibili-
ties of synchrotron radiation. '

In this paper, we extend the previously published
work and report a temporal sequence of desorption pat-
terns for metastable Ar atoms. The desorption is induced
by impact of 14.5-eV electrons on solid Ar(111). Combin-
ing the information on time-of-flight and angular distri-
butions, several components in the metastable-atom sig-
nal can be resolved. Some aspects on the desorption
mechanisms are given.

The essential features of the spectrometer have been
described in detail elsewhere. Here we give only the
basic elements and mention some recent improvements in
the design. The system, shown in Fig. 1, is intended for
low-energy electron diffraction (LEED) and angle-
resolved electron-stimulated desorption (ESD) studies of
condensed atoms and molecules including multilayer thin
films. It is housed in a Mumetal, ultrahigh-vacuum
chamber, which is ion- and cryo-pumped to a base pres-
sure of 2X10 Pa. The electron beam, which exits a
127' cylindrical monochromator, has an energy resolu-
tion of 60 meV and reaches the target with an angular
dispersion of 1' and a diameter of approximately 1 mm.
The target holder is tilted by 18' with respect to the nor-
mal of the detection plane, which is identical to the
electron-beam axis. The geometry of the arrangement al-
lows for the collection of particles which emerge from the
target within a cone subtended by an angle of 38'. The
desorbed particles pass through a series of four spherical-
ly concentric LEED grids and two plane grids before
reaching the detector. The grids allow discrimination of
positively and/or negatively charged particles.

The detector consists of three large-area microchannel
plates (MCP's) mounted in cascade in front of a resistive
anode. The third MCP (standard 3-in. OD from Galileo)
is a recent addition, which improves the sensitivity and
uniformity of response across the detector beyond the
performance demonstrated earlier. This MCP is facing
the target and thus determines the detection efficiency.
From the detection of N2( A ), the threshold internal ener-

gy for the detection of metastable particles is estimated to
be around 7 eV. TOF measurements are performed by
switching the electron beam on for a short period ( (10
ps) and subsequently recording only those particles which
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FIG. 1. Schematic view of the apparatus including the electron source, the LEED grids, the target, the detection system, the asso-
ciated electronics, and the pulse sequence applied to the various components.

arrive at the detector during a second, delayed pulse. For
the present series of experiments, the potentials at the
grids G 1-G6 (see Fig. 1) were set to repel all charged par-
ticles. The strong nonlinearities in the detector's spatial
response are corrected by means of a hardware buffer
which modifies the addresses of detected events as given
by the position computer. '

Ar gas was supplied by Matheson of Canada Ltd. with
a stated purity of 99.9995%. The films are grown onto a
Pt(111) surface cleaned by argon-ion bombardment and
annealed under oxygen flow. The target is mounted onto
a closed-cycle helium cryostat, whose temperature can be
varied between 300 and 14 K. The thickness of a film is
determined from a calibration of the quantity of Ar re-
quired to form the monolayer, which is known from
temperature-programmed desorption and low-energy
electron transmission (LEET) measurements. " Films are
deposited on the Pt surface at 24 K and then cooled to 18
K. This procedure permits the growth of a fcc Ar film
with the (111) plane along the film-vacuum interface. '

By measuring LEED patterns, " the Ar film has been
found to consist in domains with a lattice parameter of
5.3+0.2 A. Some of the domains are aligned with the Pt
unit cell [Ar(111)R0'j, while for the majority the unit cell
is rotated by 30' [Ar(111)R30']. By means of LEET, no
charging of the film is observed over the course of an ex-
periment. However, a decrease in the metastable-particle
signal is discernible after approximately 60 min of elec-
tron bombardment, and therefore experimental runs are
limited to periods of 30 min.

III. RESULTS

A. Time-resolved desorytion patterns

In Fig. 2, a temporal sequence of desorption patterns
from 100-layer Ar(111) films is given. The electron ener-

gy is 14.5 eV and thus 2.5 eV above the threshold for ex-
citation of bulk excitons. The electron beam is striking
the target for 5 ps every 300 ps, and the data collection is
restricted to a time window 25 ps wide. The delay be-
tween the electron pulse and the acquisition window is in-
creased in steps of 25 ps. The depicted patterns are ob-
tained as the sum of the signals from several Ar films re-
sulting in a total acquisition time of 30 min per pattern.
Along with each frame, the delay between the rising edge
of the electron pulse and the rising edge of the detection
time window is indicated.

The first pattern (labeled 0 ps) is attributed to photons
emitted during the decay of excited states within the bulk
of the film, at the surface, or after ejection into the vacu-
um. The manifold of possible origins of the luminescence
will be discussed in the next paragraph. %e find the pho-
ton signal fairly isotropic within the detector plane and
attribute the fluctuations to the detector's spatial
response. The first pattern of Fig. 2 is therefore used for
normalizing the signal in the subsequent time windows
(labeled 25 —175 ps). The signal in these time windows is
due to metastable particles, since all the known fluores-
cent states have lifetimes much shorter than the present
width of the detection time window. '

The intensity and the angular distribution of the
desorbed metastable particles change with flight time.
The intensity has decreased considerably at 25 ps in com-
parison with the photon signal, but it is still very broad.
At 75 JMs, a distinct feature appears indicating a narrow
desorption cone. At 100 ps, the signal has increased its
intensity across the entire detector and is now very bright
in the region of the narrow cone. This cone is centered
on the surface normal and has a width at half maximum
of 8. The signal indicates a fine beam of rnetastable
atoms ejected normally from the surface with a kinetic
energy of roughly 50 meV. The narrowness of this distri-
bution is quite surprising considering the small kinetic
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energy of the ejected atoms, which makes them sensitive
to surface imperfections and phonon scattering. At 125
ps, a bright diffuse signal dominates over the narrow dis-
tribution. As the time delay increases, the signal becomes
more diffuse and the intensity decreases.

The main feature in the desorption patterns is the ab-
sence of azimuthal structure which makes it possible to
increase the signal-to-noise ratio by summing the signal
over concentric rings of 2' angular width around the
point corresponding to normal ejection. The resulting
angular distributions are displayed as a function of the
polar angle 8 next to each pattern in Fig. 2 (dots). The
sin8 term describing the different integration areas is al-
ready removed by normalizing on the photon signal. The
detectable values of 8 lie between 0 and 50' and we refer
to each ring of 2' angular width by its low-angle value.
Also included in these plots are the contributions from
the different desorption components (solid lines M 1-M5)
as discussed in Sec. III B.

From the collected desorption patterns and angular
distributions, low-resolution TOF spectra with a step size
of 25 ps can be obtained. In Fig. 3, the TOF spectra for
desorption angles between 0' and 50' are displayed.
Changes in the TOF spectra with the angle of desorption
suggest that several components with different angular
distributions are superimposed in the total desorption
yield.

B. High-resolution TOF spectrum

0
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More information on the difFerent velocity components
is obtained from the high-resolution TOF spectrum (Fig.
4). The width of the detection time window is now 5 JMs;

the signal is integrated within a 20X20 pixel area ( =1
cm ) on the detector plane centered at 8=0'. This region
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FIG. 2. Time-resolved Ar desorption patterns from an
Ar(111) film stimulated by 14.5-eV electrons. The electron pulse
is on for 5 ps and the detection windows are 25 ps wide. The in-
dicated time corresponds to the difference between the leading
edges of the two pulses; the average time of flight for each pat-
tern is 10 ps higher. On the right-hand side of each pattern, the
normalized azimuthally integrated intensity distribution (dots)
is given as a function of the polar angle 0 together with the con-
tributions of the different desorption components. See text for
details.

FIG. 3. Metastable Ar signal as function of time and desorp-
tion angle. For each angle, the signal is normalized to the pho-
ton signal (first time-window, 0—25 ps).
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FIG. 4. High-resolution time-of-flight spectrum for the
electron-stimulated desorption of metastable Ar atoms. The
electron pulse and the detection window are both 5 ps wide.
Possible structures in the metastable-particle signal are labeled.

contains signal from all components with some enhance-
ment of the component with narrow angular distribution
relative to the others. Clearly, the large signal at t=0 ps
corresponds again to photon emission. With this time
resolution, a realistic estimate for the fluorescent tail is
possible.

Next, we assign structures in the high-resolution TOF
spectrum in order to separate components with different
physical origin in the metastable-particle signal. The
spectrum shows a small structure at t=40 ps which is la-
beled M1. Next in time appears a stronger signal with a
maximum at t=100 )tts (M3) and shoulders at t=75 ps
(M2) and t=125 )tts (M4). From Figs. 2 and 3 it is ap-
parent that these three structures display different angu-
lar behavior with M3 corresponding to the narrow-angle
component. Additionally, we identify with less certainty
a further component M5 at t= 160 ps.

With this basic information on different components
and their TOF distributions, we can fit the angular distri-
butions of Fig. 2 as the sum of several components. In
the present analysis, the angular distributions are
parametrized in terms of Gaussian functions of variable
amplitude and width.

The boundary conditions are automatically fulfilled by
the normalization to the photon signal. It is straightfor-
ward to identify the M3 and M4 components in the an-
gular distributions at t=75 and 100 ps. From the distri-
butions at t=50—125 ps, fits for these two components
are easily achieved, and similarly from the distributions
at t=150 and 175 ps for M5. M1 is also determined
unambiguously because it is the dominant component in
the time window at 25 ps. From this starting point, we
proceed to fit the weaker components for intermediate
time windows. In some cases, several broad angular dis-
tributions overlap and the width for some components
has to be taken from neighboring time windows, while
the amplitude is still included in the fitting procedure.
For the very broad M5 component only a lower limit for
the angular width can be given. The resulting amplitudes
and widths for the five angular distributions are given in
Table I. We remark that the angular width of the M3
and of the M4 component is increasing with decreasing
kinetic energy of the particles. These results will be dis-
cussed in the following section.

IV. DISCUSSION

A. General scheme

In a previous work, the excitation functions of the
photon signal and of particular velocity components of
the metastable-particle signal have been correlated with
high-resolution electron-energy-loss studies to show that
the formation of free excitons (FE's) in the bulk of the
film is the initial step in the deposition of electron energy.
PSD studies corroborate this hypothesis and additionally
show a clear contribution from surface FE's to the
metastable-particle signal. '

To sketch the orders of magnitude of the involved pro-
cesses, the dependence of the desorption yields on the
thickness of the film has been analyzed" within a simple
two-stream approximation. ' The thickness dependence
appears to be typical of an energy deposition within the
bulk (as free exciton) followed by migration of the FE's

TABLE I. Amplitude A and width he (deg) of the angular distributions [Eq. (1)] of the five desorp-
tion components in each relevant time window. Both values are given with respect to the photon sig-

nal. The angular distributions are displayed on the right-hand side of Fig. 2 (lines).

M3 M5

t (ps)
25
50
75

100
125
150
175
200

A

0.181
50

46.6
A

0.106 39.9 0.029
0.461
0.571
0.191
0.047

4.7
5.7
6.9
7.4
9.0

0.157
0.419
0.417
0.129

28.4
29.8
33.5
34.6

0.150
0.151
0.121
0.061

)85)85
)85
)85
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within the film. This migration is accompanied by relax-
ation processes which ultimately lead to self-trapping
within the film or at the film-vacuum interface, the form-
er being the main source of luminescence and the latter
leading to atomic self-trapping and desorption. The com-
petition between free and self-trapped exciton states
determines the mean free path of the FE which is of the
order of 100 layer spacings. The interfaces (metal-film
and film-vacuum) appear to be nearly perfect sinks for
the free excitons.

Desorption therefore proceeds through either atomic
or molecular self-trapping at the surface. In both cases, a
cavity' is formed at the surface, which repels the excited
particle and in favorable geometric environment may
lead to desorption. ' The coupling of the bulk FE to the
self-trapped surface state can be either direct or via a sur-
face FE. This general scheme is illustrated in Fig. 5,
where the different states associated with the lowest excit-
ed atomic state are displayed for the three domains bulk,
film surface, and vacuum.

A schematic survey of processes leading to photon
emission is included in Fig. 5. Comparison with lumines-
cence studies of condensed Ar indicates that the observed
photon signal contains contributions from the radiative
decay of several types of excited species: free-exciton
states, trapped-exciton states, and excited atoms and di-
mers ejected into vacuum. A contribution from inverse
photoemission may also exist. ' The high probability of
self-trapping is revealed by the fact that the luminescence
spectrum is dominated by the decay of atomic (a-STE)
and molecular (m-STE) self-trapped excitons, which are
thought to resemble an excited Ar atom and an Ar exci-
mer, respectively, embedded in the lattice.

The decay of the a-STE at the surface is identified with
a luminescence peak at 11.55-11.58 eV. ' Two broad
bands of photons centered at 9.72 eV (M band) and at

11.38 eV ( W band), respectively, are correlated with the
m-STE. The energy and width of the M band is very
similar to the M band of Ar2 in the gas phase (9.8 eV)
which is attributed to decay from the Ar X„+(0„+)and
'X„+(1„+,0„}excited states to the 'X& (0+ } ground state.
Comparison with dense-gas luminescence has shown that
the M band is due to the decay of vibrationally relaxed
excimer states, the strong interaction with phonon modes
in the solid being responsible for the relaxation. Similar-

ly, the 8' band is associated with the decay from unre-
laxed (vibrationally hot) X„+(0„+}and 'X„+(1„+,0„}dimer
states. It has recently been related to the decay of free
excited dimers ejected into vacuum, where the relaxation
time is much longer.

The relatively long lifetime of the m-STE state (1.2 iMs

for the M band, Ref. 13) suggests that this state is respon-
sible for the fluorescent tail of the photon signal in Fig. 4.
In fact, the time dependence of the photon signal can be
described approximately by assuming decay from the m-
STE state exclusively, indicating that the contribution of
transitions from the free-atom and a-STE states is small.

The delay times attributed to metastable particles
(t )25 p,s) are much larger than any fluorescence lifetime
previously seen in luminescence from Ar films. ' It is
therefore most likely that one or both of the lowest meta-
stable Ar states ([3p 4s] P2 and Po) are observed.
Their lifetimes are 55.9 and 44.9 s, respectively. ' %e
cannot completely discard the possibility of detecting ex-
cited dimers or clusters, but since the X„+state, our
prime candidate for a metastable dimer, has a lifetime of
only 3.2 ps, the detection of this excimer is quite un-
likely. The luminescence after the decay of the excimer
on the way to the detector will also be detected only in
the first time window.

B. Kinetic-energy distributions

12-

10-

W

'Ei pO ~""~, -„
) ) kfETASTABLE SIGNAL

11.38 eV

~&ll I

Ar
2

9.8 IV

~@+NIO RLN (Agg0ce) ,
'VACUUM

The kinetic energy (KE) of the desorbed atoms is cal-
culated from the flight time assuming a unique mass
M=40 amu and target-MCP distance of d=52.5 mm
(along the normal of the film). The variation of this dis-
tance with the desorption angle is neglected since the
effect on the KE determination is small compared to the
effect of the width of the time windows. In principle, the
signal must also be weighted by exp(tie), where t is the
flight time and ~ the lifetime of the metastable atom.
However, this correction is not necessary in the present
case since the lifetimes of the detected species are much
longer than their transit times in vacuum. The relation
between the signal as a function of time of flight P (t) and
as a function of kinetic energy P (E}then reads

dt tE(&)= —,P(E(&))=P(&) =P(&)
2 t dE

FIG. 5. Schematic survey of the various excited states of Ar
in the bulk of a 61m, at the surface, and in the gas phase. The
abbreviations and references are mentioned in the text. The ob-
served dependence of the signal on the kinetic energy of the
metastable particle (Fig. 6) is sketched in the inset.

with the well-known t intensity modification. The
kinetic-energy spectrum corresponding to the high-
resolution TOF spectrum (Fig. 4) is depicted in Fig. 6.
The influence of the t term is obvious in the modified in-
tensity ratio of fast and slow particles and in the structur-
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FIG. 6. Kinetic-energy spectrum of the desorbed metastable
Ar atoms derived from Fig. 4 with Eq. (2). The low-energy part
is given on an enlarged energy scale in the inset.

In a first step, we have attempted to fit the TOF signal
P, (t, ) of the components M3, M4, and M5. It is, howev-
er, not possible to describe M4 correctly with (3) and (4).
A possible reason could be the extension of the M2 com-
ponent to flight times higher than assumed before result-

al changes within the main peak at around 105 ps (45
meV).

Due to the low time resolution in the two-dimensional
(2D) TOF experiment, only the integrated distribution
per time window P, (t, ) is known:

~,. +Et
P, (t, )=f . P(t)dt . (3)

I

In order to extract some information on P(t) or P(E)
beyond the integrated values, we have to assume a certain
functional dependence for the time of flight or kinetic-
energy distribution of the observed components. The
straightforward trial function is a Gaussian KE distribu-
tion with variable amplitude and width. This selection is
supported by the general shape of the M3, M4, and M5
components in the low-resolution TOF spectrum (Fig. 3,
Table I). It can be rationalized by a simple Franck-
Condon-like picture based on the instantaneous response
of the electron cloud to a given nuclear configuration.
The final KE distribution is then given as the reflection of
the ground-state intensity at the excited-state potential.
We assume a harmonic potential for the electronic
ground state and a repulsive potential-energy surface for
the excited atom-surface complex, which is to a first ap-
proximation linear along the direction of desorption.
With the surface being initially in the vibrational ground
state, the final KE distribution has a Gaussian shape. Its
width is modified by the steepness of the excited-state po-
tential and its energy at the maximum is given as the
difference between the potential at the equilibrium point
and the large-distance potential. The resulting function
used to fit the time-of-flight distributions is

Md /2t —EoP(t) =B exp (4)
2 AE

TABLE II. Amplitude 8, central value Eo, and width hE of
the Gaussian kinetic-energy distributions of the five desorption
components. Also given is the total yield for each component
(integrated over kinetic energy and desorption angle). The two
values for the integral yield of the M5 component correspond to
either 50=85 or isotropic angular distribution.

Ml M2 M3 M4 M5

8 (eV ')
AE (eV)
Eo (ev)

0.52 2.0
0.191 0.053
0.345 0.085

28
0.019
0.053

38 25
0.011 0.011
0.036 0.019

integral 0.08 0.08 0.08 0.25 0.41
0.72

total
0.89
1.20

ing in a M2 contribution to the signal at t= 75 ps, which
was originally ascribed to M4. Consequently, only the
points at 100, 125, and 150 ps are considered to represent
the undisturbed TOF distribution of the M4 component.
Alternatively, it could be possible that this component
consists of two groups which cannot be resolved in the
present approach. The KE distributions for the M1 and
M2 components cannot be extracted from the low-
resolution TOF spectrum because a large part, if not all,
of the signal is detected within a single time window.
The high-resolution TOF spectrum (Fig. 4), however,
provides enough information to allow the determination
of the width of the KE distributions. Their amplitudes
can then be obtained from the 2D TOF data.

The metastable-atoms distributions are found to peak
at kinetic energies of about 19 (M5), 36 (M4), 53 (M3),
85 (M2), and 345 meV (M 1 ) with bE values of 11 (M5),
11 (M4), 19 (M3), 53 (M2), and 191 meV (M 1), respec-
tively. We estimate the uncertainty of the numerical
values to be of the order of 10%. These results are com-
piled in Table II, where the amplitude 8 of the distribu-
tions is given as the number of metastable atoms (normal-
ized to the number of emitted photons) per eV of KE.
The TOF distributions of the individual components as
obtained by this procedure are depicted in Fig. 7.

The relative populations of the components can now be
obtained by integrating the angular and kinetic-energy
distributions. Setting the photon yield to 1, the total
desorption intensities are 0.41—0.72 (M5, 85' width or
isotropic), 0.25 (M4), 0.08 (Ml), 0.08 (M2), and 0.08
(M3). The total metastable-particle signal is 0.9—1.2
times the total photon signal assuming that the sensitivity
of the MCP's is the same for both types of particles.
These results are also included in Table II. They again
underline the high probability of exciton self-trapping at
the surface since the metastable-particle signal is ex-
clusively based on surface excitation, whereas the photon
signal has major contributions from the bulk of the film.

The present results for the kinetic-energy distributions
may be compared with similar results of Arakawa,
Takahashi, and Takeuchi. Using an electron beam with
E=200 eV, these authors obtained a TOF spectrum for
excited Ar atoms from a 1000-ML Ar film. Two peaks
appear in the spectrum and the corresponding energy
values are given as 0.04 eV [full width at half maximum
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(FWHM) 0.04 eV] and 0.6 eV (FWHM 0.4 eV). The simi-
larity with the present results is obvious. The low-energy
signal is identified with the unresolved sum of the M2-
M5 components (compare Fig. 6), while the high-energy
signal should correspond to M1. The difference in energy
may be accounted for partly by the fact that the value of
Arakawa, Takahashi, and Takeuchi refers to the max-
imum of P(t) and according to (2) a considerable shift
has to be expected for the maximum of P(E). Moreover,
the effect of timing uncertainties on the energy deter-
mination is more pronounced for the higher energies.

Arakawa and Sakurai performed a further experiment
with photon excitation and found essentially the same
two peak positions. The high-energy signal is weak for a
photon energy of 13.8 eV and absent for 12.2 eV, indicat-
ing the excitation of a higher-excited exciton as precursor
to this signal. For a photon energy of 11.8 eV corre-
sponding to the excitation of the lowest surface exciton,
Kloiber and Zimmerer found in a time-of-flight experi-
ment an energy distribution with a peak at 0.042 eV and
a width of 0.045 eV (FWHM). A further structure at
0.42 eV is only weakly indicated. The similarity of the
results obtained using high-energy electrons, low-energy
electrons, or photons implies that the desorption kinetics
is governed by the intermediate electronic excitation in
the film. Only the branching ratio between the slow and
the fast components depends on the first step in the
desorption process, where the energy is transferred from
the impinging particle to the electronic excitation in the
film (excitons, free-electron —hole pairs).

The different desorption components are attributed to
the dynamics of atomic and molecular self-trapped exci-
tons. The fast metastable atom is possibly related to the
decay of a higher-excited e-STE

Ar2**~Ar*+ Ar+Ek;„ (5)

similar to the process leading to the fast ground-state
component. Since the excitation level of process (5) is
higher, the intensity of fast metastable atoms is much
lower than the intensity of fast ground-state atoms. To

FIG. 7. Time-of-flight distributions P(t) of the five identified
desorption components [see Eq. (3)]. The relative intensities de-
pend on the polar angle and the M3 component is especially'
pronounced at 8=0'.

our knowledge, no calculations on the energy distribution
for fast Ar have been published.

The basic feature of the a-STE is the cavity around the
excited atom due to electron repulsion. If the a-STE is
located at the surface, the forces on the excited atom do
not compensate and the net force is directed into the vac-
uum. ' Molecular-dynamics studies of Cui, Johnson, and
Cummings' show that the kinetic energy crucially de-
pends on the number of neighboring atoms. Although
the numerical results differ for the different model in-
teraction potentials used, the kinetic energies always lie
in the range between 0 and 100 meV and vary with the
number of neighbors by roughly 15-20 meV per atom.
The highest kinetic energy is obtained for a complete en-
vironment with six nearest neighbors in the surface plane.
The high symmetry of this geometry is broken if one or
more atoms are missing and therefore the angular distri-
bution, now a sum of several non-normal components, is
broadened. In this context, the M3 component with a ki-
netic energy centered at 53 meV and a narrow angular
distribution is identified with the desorption from a local-
ly perfect environment at the film surface. The M4 and
M5 components correspond then to sites with five and
four nearest neighbors, respectively. Their kinetic ener-
gies are smaller by 17 meV per missing neighbor and
their angular distributions are gradually broadening with
respect to the M3 values. An extrapolation to the next
component in this series gives a kinetic energy close to
zero leaving the respective particles outside of the detec-
tion range of the present TOF experiments.

The M2 component does not fit into the mentioned
scheme of constantly increasing kinetic energy and de-
creasing angular width. Its kinetic-energy distribution is
also relatively broad. At present, we cannot decide if the
precursor is an atomic or a molecular STE. Possible
mechanisms are the desorption from a decaying higher-
excited a-STE or energy (and excitation) transfer process-
es of a fast Ar' which is not directly leaving the film after
the decay of the m-STE.

C. Angular distributions

After using the angular dependence of the metastable-
particle signal simply as a means to identify several
desorption components, we focus in this section on some
aspects of the physical origin of the observed distribu-
tions. Generally, angle-resolved ESD gives a picture of
the short-range interaction between a desorbing atom and
the substrate (see Ref. 21 for a recent review). The angu-
lar distribution often reflects a well-defined crystalline
structure of the substrate, especially in the case of a pro-
nounced dependence on the azimuthal angle. If, howev-
er, a particular angular distribution is azimuthally invari-
ant, it is not obvious whether to ascribe this behavior to
an azimuthally invariant short-range interaction or to the
averaging effect of either long-range interaction or sur-
face disorder. As mentioned before, two domains with
different orientation have been found for the present Ar
films, and at their boundaries no well-defined crystalline
structure exists. Within a domain, variable structure is
also expected due to a partly filled top layer and disloca-
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tions. These defects should have the tendency to wash off
angular structures observable in a perfect crystal. Addi-
tionally, relaxation processes during desorption can de-
stroy the angular information.

The M3 component appears to be a suitable candidate
for studying the intrinsic features of an undistorted angu-
lar distribution. It is thought to reflect desorption from a
fully symmetric part of the surface where the net force on
the desorbed particle is centered around the surface nor-
mal. The angular width of this component increases
slightly with the kinetic energy of the desorbed atom as
described before (Table I). This dependence is depicted
in Fig. 8 where the momentum parallel to the surface

p~~

(calculated from the width at half maximum of the angu-
lar distribution at a particular energy) is given as a func-
tion of the total momentum p.

Assuming again a Franck-Condon-like excitation, the
momentum distribution hp in the ground state will be
preserved during the transition and contribute to p ~~.

The
zero-point momentum for a particle with mass M in a
harmonic potential

10

M3

0
20

I I

40

pl@ (A')
80

FIG. 8. Dependence of the average momentum parallel to
the surface plane p~~ on the total momentum p for the M3 com-
ponent. The given p~~ corresponds to the angle at half maximum
of the angular distribution for a particular time window, p is
calculated from the central time of flight in this time window.

V(r) = ,'Cr—
is on the order of

(6) the observed value of the momentum parallel to the sur-
face and its increase with the total momentum.

V. CONCLUSIONS

The force constant acting on a ground-state atom at equi-
librium position in the surface plane is calculated from
the dimer potential of Aziz and Chen to
C(8=m, g)=1.9 eVA, leading to a value for bp of 6A'

A '. This is just the order of magnitude observed in our
experiment for the M3 component. Gortel and
Wierzbicki pointed out that the zero-point energy
gained in the intermediate excited state might be crucial
for the desorption of neutral ground-state Ar or N20
from Ru (001) and they achieve good agreement with ex-
perimental results on the kinetic-energy distribution. In
the present case, where the excited state is directly expel-
ling the atom, its influence on the zero-point momentum
is given by the time-dependent evolution of the system.
In a simple picture, it might be assumed that the curva-
ture of the excited-state potential is decreasing with in-

creasing atom-surface distance z. Regarding the fact that
the potential energy of the excited state has a similar gen-
eral trend, the observed relation between the parallel
momentum

p~~
and the total momentum p may be ration-

alized. A transition at a point z )zo corresponds then to
a lower kinetic energy and a lower angular spread of the
desorbed atoms than a transition at z & zp.

Another contribution to pI~ is based on the interaction
of the excitation with phonon modes. The maximum
momentum of a phonon in an Ar lattice with a nearest-
neighbor distance a=3.75 A (Ref. 13) is

p,„=km/a =0.84% A '. It is perhaps reasonable to ex-

pect the energy loss to phonons being proportional to the
total excitation energy. Multiphonon excitation must
therefore be regarded in a quantitative discussion of both,

The use of time- and angle-resolved detection in ESD
provides a wealth of information by allowing one to
discriminate between distinct components of metastable
atoms desorbed from a crystalline Ar film. From the
present experimenta1 results it is possible for us to resolve
five metastable-atom components with different kinetic-
energy and angular distributions. They can be identified
within the general framework of the exciton-relaxation
scheme. One component with a kinetic energy centered
at 53 meV and a narrow angular distribution in the order
of magnitude introduced by the nuclear zero-point
motion is ascribed to the desorption from an a-STE in a
defectless local environment. The two lower-energy com-
ponents with a kinetic energy centered at 36 and 19 meV
correspond, according to molecular-dynamics studies, to
Ar' emission from Ar(111) surface sites missing one or
two nearest neighbors, respectively. Within this descrip-
tion, the higher-KE components can be ascribed to
desorption from higher-energy decaying a-STE or I-STE
states. For a more quantitative understanding of the ob-
served features, it would be highly desirable to perform
molecular-dynamics studies with reliable potentials of the
interaction between the excited atom and the crystal. We
hope that the present results will have some impact on
the further development of this avenue.
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