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Electron- and photon-stimulated desorption of atomic hydrogen
from radiation-modified alkali halide surfaces
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The desorption yields of excited hydrogen atoms from the surfaces of KCl, KBr, NaCl, NaF, and LiF have
been measured as a function of incident photon and electron energy and flux, time of irradiation, dosing
pressure of H2 and sample temperature. As these surfaces are exposed to H2 gas during electron or photon
bombardment, the fluorescence from excited hydrogen atoms ejected from the surface is monitored. The
desorption yields are found to be contingent upon surface damage induced by the incident particle radiation,
leading to dissociative adsorption at surface sites containing an excess of alkali metal. A desorption mechanism
is presented in which incident electrons or photons induce a valence excitation to a neutral, antibonding state
of the surface alkali hydride molecule complex, leading to the desorption of hydrogen atoms possessing several
eV of kinetic energy.
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I. INTRODUCTION AND BACKGROUND

One of the prime objectives in surface physics is to u
derstand the nature of the surface-adsorbate bond, inclu
mechanisms of bond making and bond breaking. As the
drogen atom serves as a paradigm for atomic physics
adsorption and desorption of hydrogen is a natural and p
itable choice for investigation of the most basic adsorba
surface interactions. Recently, interest has been attache
studies of adsorption and desorption of hydrogen and s
surfaces such as Si, SiO2, diamond, and GaN.1 In contrast to
the small hydrogen signatures characteristic of most sur
science spectroscopies, the hydrogen–alkali-halide sur
system has been found to exhibit large electronically stim
lated desorption yields of excited hydrogen atoms upon
posure at room temperature to gaseous H2. The goal of the
present work is to determine the fundamental interaction
hydrogen with surfaces that can lead to the desorption of*
under electron and photon bombardment. Insights deri
from this work include the preconditions for room
temperature hydrogen adsorption on alkali halide surfa
the physical nature of the bond, and the mechanism of
sorption.

To understand better these fundamental interactions,
have measured the excitation functions as well as temp
ture, incident particle flux, dosing pressure of H2 and time
dependencies of the electron- and photon-stimulated des
tion ~ESD, PSD! yields of neutral hydrogen from sever
PRB 620163-1829/2000/62~15!/10535~9!/$15.00
-
ng
y-
so
f-
-
to

id

ce
ce
-

x-

of

d

s,
e-

e
a-

rp-

different alkali halide surfaces. The observed behavior of
hydrogen yields correlates well with the identity of the alk
constituent of the sample as well as the metal’s tim
dependent accumulation on the surface, due to radia
damage, and subsequent removal by active heating. M
surements were also performed with an alkali-metal-do
glass surface which exhibited a similar excitation function
the absence of a halogen component. We conclude that
surface metal is required for hydrogen adsorption and a
rect, wavelength-dependent desorption mechanism is
volved in the photon-stimulated emission of neutral, excite
state hydrogen from these systems:viz. a resonant, valence
excitation to neutral dissociative levels of the surface alk
hydride molecule or complex. An analogous electro
stimulated desorption mechanism is also proposed.

Knotek2 correlated incident electron energy thresholds
protons desorbing from metal-oxide surfaces withcore-level
ionization potentials. This correlation permitted the ident
cation of hydrogen bonded to reduced-valency metal ions
the surface, and demonstrated that electronically stimula
desorption can be a surface-, site-, and adsorbate-spe
probe. Recently, Romberget al.3 showed atom-selective
bond breaking of N2 chemisorbed on Ru~001! surfaces. In
that study, synchrotron radiation was tuned to give rise
desorption of either neutral N or N2, and this was attributed
to inducement of core excitations of the two N atoms
different chemical environments. The present study sho
that ESD and PSD of neutral hydrogen atoms followingva-
10 535 ©2000 The American Physical Society
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10 536 PRB 62HUDSON, TOLK, BAO, NORDLANDER, RUSSELL, AND XU
lence excitations of surface species can provide ener
selective bond breaking and bonding-site information.

Molecular and atomic hydrogen as point defects in
bulk of alkali halides have been well characterized,4 but very
little work to date has dealt with the desorption of hydrog
from alkali halide or alkali metal surfaces. Parks, Shirle
and Loubriel studied the emission of H1 from alkali fluo-
rides under photon bombardment.5 They postulated that hy
drogen, as an intrinsic impurity in their study, was phot
activated in the bulk, migrated to the surface, formed a b
with an alkali atom, and finally desorbed due to a photo
induced core excitation followed by Auger decay. In co
trast, the first observation of PSD of H* from alkali halide
surfaces6 required continuous dosing of the surface with g
eous H2. The present study of neutral hydrogen desorpt
reveals that hydrogen bonding to a simple-metal surface
serve as a prototypical physical system involving adirect
bond-breaking process in contrast to bulk-mediated des
tion mechanisms.

II. EXPERIMENT

The ESD and PSD experiments were conducted
ultrahigh-vacuum chambers evacuated by a 220-l per sec
ion pump system with a base pressure of 1.331028 Pa
(10210Torr). During hydrogen desorption measuremen
research-grade~99.9999% pure! H2 gas was dosed through
capillary, so as to maintain a partial pressure of about
31025 Pa (1027 Torr) within the vacuum chamber. The de
sorption experiments were performed on the~100! faces of
single-crystal KCl, KBr, NaCl, NaF, and LiF. These com
pounds are readily procured, easily cleaved, and were ch
so as to include combinations of three different alkali a
three different halogen components. H* desorption signals
were generally most intense from the potassium halides; c
sequently KCl data are shown here as representative in t
cases where the only difference between different subs
compounds was signal strength. The samples were gr
from the melt, and prepared by cleaving in air and heating
vacuum at 400 °C for several hours to remove adsorbed
mospheric water.7 Above 25 °C, the sample temperature w
controlled by a resistive button heater, and measured wi
chromel-alumel thermocouple attached to a copper sam
holder.

Fluorescence emitted as a result of electron or pho
impact with a sample surface was collected by one- or tw
lens systems which had an optic axis parallel to and jus
front of the surface. This fluorescence was then focu
through the slits of a 0.3 m (f /5.3) grating spectromete
~1200/mm grating! and photomultiplier tube combinatio
with subsequent signal processing with photon-count
electronics. The spectrometer and the 1200-line/mm gra
and photomultiplier tube efficiencies permitted observat
of emissions in the 200–800 nm region. The H* yields pre-
sented as a function of various experimental parameters
resent the counting rate above background, normalized to
incident particle flux.

The electron irradiation measurements were perform
using a low-energy electron gun~10–350 eV! based on the
design of Stoffel and Johnson.8 The electron gun was con
structed from gold-plated copper electrodes insulated fr
-
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each other by ceramic spacers. An osmium-coated dispe
cathode is heated internally and emits thermal electrons w
an energy spread of'0.1 eV. The beam energy could b
varied under computer control. The incident electron flux
20 eV was nominally 20mA, focused to a spot about 2–
mm in diameter. To eliminate problems of sample charg
which could cause irreproducible excitation threshold m
surements at low electron energies, the crystal faces w
overlaid with an electrically grounded 80% transmission m
lybdenum mesh for the ESD measurements. The elec
beam was incident at 45° from the sample normal, wh
also tends to reduce such charging.9

The PSD experiments utilized the 6-m TGM~toroidal
grating monochromator! beamline at the University of Wis
consin’s Synchrotron Radiation Center. This is a 6-m tor
dal grating monochromator that provides a first-order flux
about 1011photons/s mm2 on a 20-mm2 spot~particle current
density '0.04 mA/mm2!. During these measurements, th
entrance and exit slits were opened wide, giving an ene
resolution of 100–200 meV. The photon beam was incid
along the surface normal. The zero-order~undispersed! flux
is about two orders of magnitude larger than that of fi
order. During measurements that employed zero-order li
an 80-nm-thick aluminum filter~bandpass 17–70 eV! was
used to block visible radiation from the spectrometer. T
energy-dependent measurements reported here employ
low-energy grating permitting first-order radiation to b
tuned from 7 to 35 eV.

III. RESULTS

A. Spectra

Figure 1 shows fluorescence spectra from KCl while d
ing the surface with hydrogen~ESD! or deuterium~PSD! at
a partial pressure of'1.331028 Pa (1027 Torr). The top
spectrum was produced by white-light irradiation~25–70
eV!; the lower spectrum is due to a 50-mA electron beam~7
mA/mm2! with an incident energy of 350 eV. In the PS
spectrum, one observes the first resonance line from des
ing excited-state potassium atoms, a couple of the Bal
lines from desorbing atomic deuterium~e.g., Da , n53
→2,6563 Å!, broadband fluorescence characteristic of
bulk, and the 0-0 emissions of the hydroxyl radic
OD* (A 2S1→X 2P). The ESD spectrum is similar excep
that due to the radiation history of this sample, the K* emis-
sions are below the experimental detection limit. While n
explored with all of the samples of this study, we did obse
an inverse relationship between the desorption yields of*
and the excited alkali signals in the ESD of KCl and Li
This is discussed briefly in Sec. IV A.

B. Time dependence

If the active dosing of H2 is terminated, the ESD yield o
excited-state hydrogen decays with time. The total cross
tion sT for the electronic desorption of hydrogen in all po
sible final charge and excitation states can be derived f
this decay time.10 One such ESD measurement from KCl
350 eV givessT'10217cm2.11 Hence, this physical system
exhibits relatively large desorption yields since typical to
ESD cross sections for various adsorbate-adsorbent sys
are<10217cm2.12
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PRB 62 10 537ELECTRON- AND PHOTON-STIMULATED DESORPTION . . .
The hydrogen desorption signals also vary in time dur
the initial irradiation of a freshly cleaved and baked samp
At the initial stages of sample irradiation while dosing ga
eous H2, all of the alkali halide compounds examined ha
displayed little or no desorbing H* , followed by growth and
saturation of H* yields as electron or photon irradiation
continued. Heating the samples can reverse this phen
enon, as discussed in Sec. III D. Figure 2 shows the t
evolution of Ha signals from a KCl crystal which had bee

FIG. 1. Fluorescence spectra taken under photon~top! and elec-
tron ~bottom! irradiation of KCl. The PSD spectrum was produc
with white light ~25–70 eV! while dosing the surface with a partia
pressure of 1.331025 Pa~1027 Torr! of deuterium; the ESD spec
trum is due to a 350-eV, 50-mA electron beam~7 mA/mm2!, while
dosing with hydrogen at 1.331025 Pa~1027 Torr!.

FIG. 2. The time evolution of the H* desorption yield from KCl
at room temperature under 125-eV electron irradiation.t50 fol-
lows 10 h of sample heating at 400 °C without electron bomba
ment or hydrogen dosing. Att50 the background pressure of H2

was brought to 1.331025 Pa ~1027 Torr!, and electron irradiation
commenced with a beam current of 240mA ~34 mA/mm2!.
g
.
-

m-
e

heated for 10 h at 400 °C, and then allowed to cool to ro
temperature. Att50, 125-eV electron irradiation was initi
ated at 240mA ~34 mA/mm2! in the presence of a 1.3
31025 Pa (1027 Torr) partial pressure of hydrogen.

C. Energy dependence

A comparison of the ESD excitation functions of H* are
shown in Fig. 3 for each of the targets used in this study. T
energy axis hasnot been corrected for the contact potent
difference between gun and target.13 This is not a factor in
PSD, and, in light of those results, the absolute electron
ergy calibration for these ESD measurements is conside
accurate to within an eV. The data were acquired while d
ing continuously at room temperature with about 1
31025 Pa (1027 Torr) of H2. Because of the different cros
sections for the production of desorbing H* , in Fig. 3 the
KCl results are scaled by a factor of 0.6, and the yield of L
by 6.3 for presentation. Of note here is the grouping a
ordering of the thresholds~or, rather, extrapolations of th
linear part of the excitation functions! according to the iden-
tity of the alkali component of the compound being irrad
ated. Again, the observation that the ESD thresholds are
equal from surfaces containing the same alkali specie
attributed to contact potential differences, or residual sam
charging, and no such shift is observed in the correspond
PSD excitation functions, as shown below.

The incident photon energy dependence at room temp
ture of desorbing H* is displayed in Fig. 4. In Fig. 4~a!, the
yield of Ha , due to irradiation of KCl, exhibits a prominen
resonance centered around 20.4 eV. To determine the co
bution to this signal by incident photons of second or high
order, a tin-foil filter was inserted into the path of the inc
dent photon beam. This filter passes only first-order light
to about 24 eV. The data in Fig. 4~b! show the resonance

-

FIG. 3. Comparison of ESD thresholds of Ha from five alkali
halide surfaces. All of the data except LiF represent the sum of f
consecutive trials, which gives counting statistical error bars on
order of the size of the plotting symbols used. The beam cur
was 35 mA ~5 mA/mm2!; the partial pressure of H2, 1.3
31025 Pa~1027 Torr!. For presentation, the data from KCl wer
scaled by 0.6, and those from LiF by 6.3.
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10 538 PRB 62HUDSON, TOLK, BAO, NORDLANDER, RUSSELL, AND XU
from KCl ~black dots! to be the primary energy threshold fo
the emission of H* (n53). A similar resonance from KBr
~open squares! is identical in position and width to that from
KCl. A resonance threshold from LiF is observed, and wi
out the cutoff of the Sn filter~not shown!, is found to be
centered at about 24 eV. Due to relatively small desorpt
cross sections, the resonances from NaCl and NaF w
taken without the filter. These two resonances are centere
about 21.8 eV, and have similar widths. The error b
shown represent statistical counting uncertainties. Ag
there is a clear correlation between the resonant en
thresholds for H* desorption and the identity of the alka
constituent of the compound.

To test that the excitation functions from at least the p
tassium halides were independent of the halogen constitu
a glass slide was dosedin situ with potassium metal forming
an opaque layer. The potassium-dosed glass surface was
exposed to hydrogen and monochromatized UV photo
The photon-energy-dependent yield of excited hydrogen
oms was resonant~Fig. 5!, and occurred at the same ener
and with the same width as the results from the potass
halides. No H* desorption was observed from untreat
glass.

FIG. 4. Desorption yield of excited hydrogen atoms as a fu
tion of incident photon energy and normalized to incident pho
flux. ~a! Yield from photon irradiation of KCl without filtering
higher-order light.~b! Yields from KCl ~black dots!, KBr ~open
squares!, and LiF with a Sn filter in the path of the incident bea
and from NaCl and NaF without a filter. The Sn filter passes o
first-order light with the transmission function shown. The er
bars shown are typical for each excitation function and indic
uncertainty due to counting statistics.
-
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D. Temperature dependence

As mentioned previously, the H* signals could be re-
moved from the fluorescence spectra by heating the sam
substrate. This was found for all five of the samples stud
The exact shapes of the temperature dependencies we
function of sample history and the rate of heating. For e
ample, if the temperature were raised rapidly, the desorp
yield might show an initial increase before decreasing a
commonly observed in the thermally programmed desorp
technique. Also, the level of the high-temperature asymp
was higher from samples which had been exposed longe
particle irradiation and hydrogen dosing. It is possible th
there is a time-dependent source of hydrogen that accu
lates in the bulk of alkali halides during the active dosing
hydrogen. H2 is known to diffuse about 30 Å/s at 150 °C i
KCl.14 As the temperature is slowly lowered, as in Fig.
over a 2-h period, the desorbing H* signals increase for both
ESD and PSD of KCl. In addition, after the samples return
to room temperature, the desorption yields were observe
return to their room-temperature levels. The ESD data w
acquired using an ultraviolet spectrometer, and the stren

-
n

y
r
e

FIG. 5. Incident photon energy dependence of the desorp
yield of Da from a potassium dosed glass surface. Second-o
light contributes the nonzero background signal. The error b
shown represent uncertainty due to counting statistics.

FIG. 6. Comparison of H* yields from KCl under electron~300
eV and 80mA into 7 mm2! and photon~zero-order light! irradiation
while slowly lowering the substrate temperature. Lya denotes the
n52 – 1 transition of atomic hydrogen at 1216 Å, and Ha the tran-
sition fromn53 to 2 at 6563 Å. The two data sets were normaliz
at 50 °C.
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PRB 62 10 539ELECTRON- AND PHOTON-STIMULATED DESORPTION . . .
of the hydrogen Lyman alpha line was recorded~n52 – 1,
1216 Å!. These two data sets were normalized at 50 °C
another measurement, the temperature of a KCl sample
lowered from room temperature to2145 °C, resulting in a
factor of 4 increase in H* emissions as compared to th
yields at room temperature under the same irradiation co
tions.

An important substrate dependence was observed in
the ESD and PSD temperature-dependent measurem
when the substrate temperature was slowly stepped hig
maintaining thermal equilibrium, desorbing H* signals from
the potassium halides were found to have generally dis
peared from fluorescence spectra by about 100 °C, from
sodium halides by about 200 °C, and from LiF by abo
300 °C. This will be discussed in Sec. IV B in relation to t
vapor pressures of alkali metals.

E. Pressure and current dependencies

Typical pressure and current dependent measurement
shown in Fig. 7 for ESD from KCl. The yields of Ha rise and
then tend toward saturation with increasing H2 dosing pres-
sures and incident electron current. This behavior is qua
tively consistent with sources and sinks of an adsorbate
any adsorbate-substrate system. In the present study,
the desorption yield does not remain linear at high curre

FIG. 7. Pressure and current-dependent measurements oa

during ESD of KCl. Top: electron-beam currentI 5160mA ~23
mA/mm2!, electron-beam energyE5125 eV. Bottom: the partial
pressure of H2P is 1.331025 Pa~1027 Torr!, and the electron beam
energyE5125 eV.
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and constant pressure because it is rate limited by the ar
of new surface hydrogen. At high dosing pressures and c
stant current, the desorption yield is limited by the availab
ity of adsorption sites. Similar behavior was found in t
PSD of H* as a function of H2 pressure. The PSD yield o
Ha from KCl was found to be linear with the current me
sured on a gold diode, as the beamline entrance slits w
adjusted from 400 to 3000mm. This zero-order flux, how-
ever, has a neutral particle current of about two orders
magnitude less than that of the ESD electron currents
produced saturation.

IV. DISCUSSION AND CONCLUSIONS

A. Time dependence

The time evolution of H* mirrors the results of studies o
the metallization of alkali halide surfaces. When alkali hali
samples are exposed to photons above the band-gap en
halogen atoms are preferentially sputtered,15 leading to a par-
tially metallized surface at room temperature. This photo
induced accumulation of excess alkali metal then evapor
thermally from the surface16 at a rate determined by its cre
ation ~related to incident flux and migration rates of bu
defects!, vapor pressure, and substrate temperature.

If incident electrons or photons are energetic enough
produce electron-hole pairs in alkali halide samples, defe
are efficiently produced, leading to sample erosion and s
face modification. Cota Araiza and Powell17 documented the
evolution of surface metallization during electron irradiati
of alkali halides. They used electron-energy-loss spectro
etry ~EELS! to monitor the surface and bulk~volume! plas-
mon peaks associated with both the alkali halide and the
alkali metal at the surface. During bombardment of a K
surface which had previously been cleaved in air and ba
in vacuum, the EELS peak associated with the potass
metal bulk plasmon increased dramatically, and saturated
ter about 60 min. During the same elapsed time the surf
and bulk plasmon signals associated with bulk KCl d
creased. This was interpreted as the growth of free meta
the surface severe enough to mask much of the bulk from
electronic probe. The study of Cota Araiza and Powell a
reported the same time evolution of the lithium surface pl
mon during irradiation of LiF. The Li bulk plasmon, how
ever, did not appear until the sample was heated above r
temperature. This suggested that on LiF at room tempera
the excess metal remained atomically thin. Upon heatin
then became mobile enough to aggregate and give rise to
bulk plasma oscillations. The time evolution of free lithiu
metal was also documented on the surface of LiF due
photon bombardment.18 Finally, Auger electron spectroscop
~AES! was also used to document the temporal evolution
the KCl surface during ESD. Tokutakaet al.19 measured the
time evolution of the potassium and chlorine AES peaks d
ing irradiation with 1.5-keV electrons of intensity
mA/mm2. They reported that the chlorine signal decreas
while the potassium signal increased slightly until a met
rich equilibrium was achieved after 45 min.

As mentioned in Sec. III A, desorption yields of excite
state alkali atoms were observed to be anticorrelated with
desorption yields of H* . It is not thought that the introduc
tion of hydrogen quenches the desorption or excitation of

H
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10 540 PRB 62HUDSON, TOLK, BAO, NORDLANDER, RUSSELL, AND XU
alkali species. Incoming electronic energy imparted to ar
of the surface which are metallized is not localized su
ciently to result in desorption of metal. Hence, the K*
present in the PSD spectrum of Fig. 1 along with a relativ
D* signal weak~with respect to the desorbing H* in the
ESD spectrum! is thought to be indicative of a weakly mod
fied ~metallized! KCL surface under an incident photon flu
which is low relative to our electron-irradiation studies.

B. Temperature dependence

The results of the temperature-dependent measurem
may also be understood in terms of changes in the sur
stoichiometry as a result of incident particle irradiation. T
temperature ranges through which electron-induced, ex
potassium, sodium, and lithium are thermally depleted fr
the surfaces of their corresponding alkali halides was stud
in Ref. 20 using EELS. Peaks in EELS spectra associa
with surface and bulk plasmons of free alkali metal we
seen to decrease and disappear from the surface of KB
100 °C, from KCl by 110 °C, from NaCl by 200 °C, from
NaF by 235 °C, and from LiF by 315 °C. This is in goo
agreement with the ranges in which we found H* to be de-
pleted from the potassium halides~'100 °C!, sodium halides
~'200 °C!, and LiF ~'300 °C!. These observations strong
suggest that diminution of the H* desorption yields with
increasing substrate temperature is not due to direct the
desorption of physisorbed or chemisorbed hydrogen, ra
the H* yields are correlated with the creation and subsequ
thermal removal of excess surface alkali metal.

C. Desorption precursor

We turn now to a discussion of the site~s! of hydrogen
adsorption and H* desorption. Partial pressures
H2.1.331025 Pa~1027 Torr! can evolve H2O from vacuum-
system surfaces, thereby creating the possibility that des
ing hydrogen was initially deposited by water rather th
directly by H2.

21 The desorption yields of H* , and, from the
potassium halides of this study, the yields of OH* , are cor-
related with the introduction of H2, and each shows the sam
dependence upon H2 partial pressure. One must consider O
as a primary desorption precursor of H* ; however, this
would seem unlikely since the ratio of H* and OH* was
observed to vary widely on both sides of unity as a funct
of sample, sample history, and compound. The desorbing*
and OH* are detectable in our pressure dependencies a2
partial pressures in the mid-1027-Pa~1029-Torr! range, and
increase by a factor of six, tending toward saturation
1.331025 Pa~1027 Torr!. Over this same H2 pressure range
residual gas analysis within our vacuum system revealed
than a 10% increase of all other background gases inclu
O, OH, H2O, CO, and CO2. Above about 1.331025 Pa
~1027 Torr!, we find that background water begins to i
crease markedly, consistent with the findings of Ref. 21 t
proton desorption due to adsorption of evolved water w
only observed at H2 dosing pressures greater than 1
31025 Pa~1027 Torr!. Since the desorption yields of H*
~and OH* ! are found to be uncorrelated with the evolution
water and other residual gases as H2 dosing pressure is var
ied, we conclude that molecular hydrogen is reacting dire
s
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with the surface. Desorbing OH* was detected only from the
potassium halides of this study. Here surface hydroxides
formed from H2 reaction with oxygen impurities, probabl
forming surface K-O-H.

Since the energy thresholds for desorption of H* are
grouped by the identity of the alkali atom of the adsorbe
and both the H* and OH* yields appear correlated with th
creation and removal of excess metal on the surface,
most likely desorption precursor of H* is a metal hydride
(M -H) or, at least from the potassium halides of this stu
metal hydroxide (M -O-H). Above some incident particle
energy, one would expect at least a component of desor
H* to originate fromM -O-H where present, and so the que
tion becomes whether theM -H species is formed at all, an
dominates or whether the catalytic process of this study n
essarily requires the presence of surface oxygen impuri
The large variation of the relative yields of H* and OH*
suggests the existence of an independentM -H formation
channel. OH* was not observed from NaCl, NaF, and L
under similar experimental conditions. The exclusi
M -O-H desorption precursor is also unlikely, since the e
ergy thresholds of H* from compounds containing a differ
ent alkali constituent differ in energy by several eV. A com
parison of the spacing of resonant thresholds, as in Fig. 4
an indication of the difference between bonding and a
bonding energy levels of desorption precursor systems.
difficult to account for a 3–4-eV separation of thresholds d
to rupturing the O-H bond, as theM -O-H metal is changed
from potassium to lithium. Such a spacing of H* thresholds
is not unreasonable if due to a valence excitation of surf
MH species as discussed below.

Hence we propose that H2 dissociation occurs at, and i
contingent upon, metal-rich surface sites. While dissociat
of H2 is thermodynamically favorable on a lithium surface,
is not expected to occur on smooth, defect-free potass
and sodium surfaces.22 However, as mentioned above, thre
dimensional islands17,21form on these surfaces, reflecting th
tendency of atomically thin metal layers to aggregate. Due
the incommensurability with the underlying lattice, such
metallic overlayer on an alkali halide surface will contain
high concentration of defects, greatly enhancing the pr
ability of dissociation.23 That the energy thresholds are ide
tical ~in the PSD results where surface charging does
affect incident particle energy! for compounds bearing the
same alkali component further suggests that the surface
kali hydride molecule or alkali hydride complex is also th
ultimate desorption precursor of hydrogen. Similar conc
sions have also been drawn in electron-stimulated desorp
experiments of protons24 and H* ,25 both from alkali-
promoted Ni and Pt surfaces, respectively.

D. Desorption mechanism

When assigning a mechanism to neutral particle deso
tion, one must in general consider the possibility of reson
tunneling or Auger neutralization of desorbing ions as th
recede from the surface. In this study, however, we see
mechanism for photodesorption ofexcited neutral atoms.
Since the uppermost filled levels of the alkali metals a
alkali halide surface states are energetically below then53
level of atomic hydrogen, we immediately discount deso
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tion by the Knotek-Feibelman26 or other Auger-stimulated
desorption mechanisms,27 which in some physical system
have been shown to result in ion emission. This observa
also excludes models of primary valence excitations of
surface-adsorbate complex to repulsive28 or attractive29 ionic
states, which lead to subsequent neutralization and des
tion arising from crossings with occupied energy-level s
faces.

Only a few PSD mechanisms for excited neutral atoms
molecules have been proposed. The desorption yields o
cited alkali atoms from alkali halide surfaces exhibit ener
thresholds and structure which are correlated to metal c
level ionization30 and exciton creation. In the case of KC
potassium excitons~reflected in the structure of the desor
tion excitation function of K* ! occur in the vicinity of the
H* PSD excitation resonance, as shown in Fig. 8.31 How-
ever, the threshold energies for H* in the present study show
no systematic correlation to either the core-excitation
exciton-creation energies of hydrogen, the alkali metals
the alkali halides; nor to features in the excitation functio
of bulk fluorescence, total electron yield, or excited-
ground-state alkali atoms. A recent study3 of the PSD of N
and N2 from Ru~001! surfaces attributed the core excitatio
of nitrogen energy levels as the first step of the desorp
process.

In contrast to these indirect processes leading to des
tion, a mechanism of direct excitation to the repulsive st
of the adsorbate-substrate complex has been applied to
results of photon-32 and electron33 -stimulated desorption o
neutral molecules from metal surfaces. Here we assign a
rect valence excitation mechanism to the present meas
ments of electron- and photon-stimulated desorption of n
tral atoms from a surface. The antibonding H* (n53) state

FIG. 8. Comparison of the photon-stimulated energy-depend
yields of OH* , secondary electron yield, K* , and Ha from KCl.
n
e
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can be very long lived in the vicinity of a metal surface34

thereby enabling the desorption and detection of H* (n
53). This desorption mechanism would result in reson
PSD thresholds with typical Franck-Condon-mediat
widths, as measured here and shown schematically in Fig
At present, no experimental or theoretical values are av
able for the high-lying, dissociative excitation states of g
phase alkali hydride molecules, but energy thresholds u
25 eV are reasonable for such valence excitations. In con
to the selective bond-breaking capability of photons, the
elastic nature of electron interactions would be expected
result in linear excitation threshold functions, such as m
sured in Fig. 3.

The valence excitation mechanism proposed above
dicts the desorption of hydrogen atoms with several eV
kinetic energy. The energy distribution of these desorba
was not measured directly, but the fluorescence techniq
employed here permitted measurement of the Doppler pro
of the fluorescence lines emitted by the excited hydrog
atoms as they receded from the surface. The spectral pr
of the Ha and Hb lines in these experiments are Gaussia
with a full width at half maximum of a little more than 0.
nm after correction for experimental resolution. This is mu
broader than that of hydrogen atoms in thermal equilibri
~'9 pm at 400 K, Ha!,35 or that due to the natural lifetime o
the excited state ('160 ns,Dl'1026 nm, Ha).36 Assuming
that pressure broadening is not significant, this width is th
principally due to Doppler broadening.

nt
FIG. 9. Schematic of the one-dimensional Franck-Cond

model excitation proposed for the electron- and photon-stimula
desorption of H* from alkali halide surfaces. A valence excitatio
to a neutral, antibonding state of a surface alkali hydride molec
complex leads to the desorption of excited hydrogen atoms w
several electron volts of kinetic energy. Also shown is an exp
mental excitation function of H* desorbed by photons from KCl.
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The Doppler profile of Hb ~desorbing H* with n54 – 2,
4861 Å! due to 150-eV electron irradiation of KCI was take
in second order, for improved resolution, with a 1200 l/m
grating blazed at 7500 Å. The instrumental resolution in t
region was estimated by using the 4046-Å line of Hg fro
room lights, also in second order. The corrected width du
Doppler broadening was found to be 1.1 Å. From the geo
etry employed, a lower bound on the average transverse
locity corresponds to a kinetic energy of 6 eV. This is qu
similar to the average energies of excited hydrogen ato
(n54) fragmented during electron dissociative excitation
gas-phase H2,

37 HCl,38 NH3,
39 and CH4 ~Ref. 40! at compa-

rable incident electron energies and is consistent with
lence excitation to high-lying, antibonding molecular stat
At these relatively large velocities we expect the survi
probability of the most long-lived H* states to be finite.

In summary, the time-, temperature-, and ener
dependent desorption yields of neutral hydrogen atoms f
,

o

a

el

en

H
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rf

ys

A.
s

to
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e-

s
f

-
.
l

-
m

alkali halide surfaces suggest that these surfaces are init
inert to gaseous H2, but as radiation damage produces s
face metallization, it is rendered vulnerable to adsorption a
alkali hydride formation. The electronic desorption mech
nism postulated here, namely, a direct valence excitation
neutral, dissociative excitation state of the surface alkali
dride, then leads to the electronic ejection of energe
atomic hydrogen.
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