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In this study, some of the fundamental aspects of neutralization of low-energy (10-300-eV) D
ions have been addressed in comparison with that of He™ ions. To examine the role of the valence-
band structure in determining neutralization rates for D*, a range of target materials has been stud-
ied (Mo, Ta, Ag, Pb, BaF,, CsCl, LiCl, AgCl, PbCl,, etc.). The surface peak of D" is extremely
small compared with that of He™ in scattering from metal surfaces, while the contrary is sometimes
true in scattering from ionic compounds such as alkali-metal halides and alkaline-earth halides. It
is found that the neutralization of D" depends on the local electronic states of the target atom and
occurs via the resonant neutralization by s- or d-band electrons of the metal atoms or via an
energy-level-crossing mechanism between D 1s and the closed p band of the anions. The reason why
the neutralization probability for D* is very much enhanced compared with that for He™ is that the
surface electronic state relevant to the resonant neutralization of D" is not a level but a broad
valence band (band effect). It is concluded that the smaller ionization energy of deuterium than
helium results in strong coupling of the D 1s level with the valence band.

I. INTRODUCTION

Scattering and neutralization of ions at surfaces is one
of the well-established fields of physics and of great
scientific and technological interest. From a purely ap-
plied point of view, the interest in this subject has been
related to the generation of ion beams and to plasma-wall
interaction problems in fusion devices. So far, many ex-
periments on bombardment of solid surfaces with ions
have been made to elucidate the structure and composi-
tion of surfaces.'”* However, the study of the charge
transfer has also attracted considerable attention over the
past years because it is closely related to reactive events
at surfaces. In fact, it has been illustrated that the low-
energy reactive ion bombardment of a metal surface pro-
vides a unique opportunity to explore the particle-surface
chemical interaction,’~!° bridging the gap between chem-
isorption experiments (thermal energy molecules) and
high-energy (a few keV) ion-bombardment experiments.
Particularly, numerous experimental and theoretical
studies have been devoted to the scattering of atomic hy-
drogen ions from solid surfaces because it is one of the
simplest reactive scattering systems.!!”'* However, it
cannot be said that the mechanism of the charge ex-
change between hydrogen ions and solid surfaces is well
understood. For He™ scattering, ions which are scat-
tered by surface atoms are more likely to remain ionized
than those emerging from the bulk, and accordingly form
so-called surface peaks in their energy distribution. But a
surface peak for H* scattered from metallic surfaces is
usually very small or completely absent.'"!> These re-
markable phenomena could be ascribed to a difference in
the charge exchange processes for H* and He™. It is be-
lieved that charge capture occurs via both one-electron
resonant and two-electron Auger processes in which
many states of the surface atoms may be involved simul-
taneously.!>!¢ However, the relative role of these neu-
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tralization processes is not well characterized. In addi-
tion, the remarkable differences between H™ and He™
scattering cannot be well explained on the basis of these
processes. Eckstein and co-workers'"!3 have proposed a
more localized neutralization model based on the adia-
batic maximum rule in which ions are neutralized most
effectively when the impact velocity is given by

v=alAE/#, (1)

where a is a distance of atomic dimensions and AE is the
difference of the ionization energy of the projectile and
the binding energy of the target atoms. According to this
model, the maximum of the neutralization probability for
H™ lies at several keV while it is far higher for He ", and
hence the disappearance of the H* surface peak in the
keV range seems to be attributed to this effect. In the
case of He' scattering, however, it has recently been
claimed that reionization of neutral He atoms can easily
occur provided that the He 1s orbital is promoted to a
molecular state during collision.!””23 Hence, the cri-
terion of the electronic transition given by Eq. (1) can be
satisfied even at fairly small kinetic energies due to the
effective reduction of AE. Thus, there is still a lack of un-
derstanding of the observed phenomena and more experi-
mental data might stimulate further theoretical investiga-
tions.

The other possibility of the lack of the surface peak
would be the small cross section of H. Indeed, since sur-
face collisions are more important for heavier incoming
projectiles at a smaller collision energy, it is expected that
the surface scattering is relatively enhanced at smaller ki-
netic energies although the neutralization might occur
more efficiently. These arguments suggest that the sur-
face peak is possibly too small or too narrow to be detect-
ed in the experimental conditions used so far. Despite
these interesting aspects, very little work has been done
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on the interactions of H" with solid surfaces for the pri-
mary energy E, ranging below a few hundred eV. In this
paper, we discuss the mechanism of the charge transfer
between low-energy (10 eV < E;<300eV) D" ions and
solid surfaces and demonstrate the band effects on the
electronic transition probability. Specifically, the D%
scattering experiments have been performed at metallic
surfaces as well as ionic compound surfaces in order to
investigate effects of the band structure on the neutraliza-
tion probability of D™. It is found that DT scattered
from metallic elements such as Ag, Pb, Ba, Ta, and Mo is
neutralized with an extremely high probability due to the
resonant electronic transition from a broad valence band
to the empty D 1s level, while neutralization by the CI 3p
band electrons, occurring mainly due to the energy-level
crossing mechanism above a threshold energy of 20 eV, is
fairly small in probability compared with the resonant
process.

II. EXPERIMENTAL

The experimental method has been described earlier'®
and only the features important to this experiment are
briefly summarized. The sample chamber was evacuated
down to an ultrahigh vacuum (UHV) condition (3 X 10~°
Pa) and equipped with facilities for low-energy (10-10*
eV) ion-scattering spectroscopy (ISS), low-energy electron
diffraction (LEED), ultraviolet photoelectron spectrosco-
py (UPS), and a differentially pumped sample evaporator.
The D' and He™ ions were generated in a discharge-type
ion source and were mass analyzed by a Wien filter. Ion
intensities of 1X10~% A/cm? are currently used in ISS
experiments so as to minimize surface decomposition due
to the ion bombardment. The energy spread of the beam
was measured to be about 1 eV. The ion source was at-
tached to the sample chamber through two differentially
pumped vacuum chambers containing lens systems so
that the pressure in the sample chamber was kept below
1X107% Pa during the measurements. The ion beams
were incident upon a surface with a glancing angle of
a=280" and ions reflected with a scattering angle of
0; =160° were analyzed by a hemispherical electrostatic
energy analyzer operating with a constant energy resolu-
tion of 1 eV by retardation or acceleration of the ions.
The potential difference between the exit slit of the
analyzer and the entrance of the channel electron multi-
plier is kept at a constant value of 1 keV in order to avoid
effects arising from the energy dependence of the detector
efficiency.

As described in the following sections, specimens with
different electronic band structures were carefully select-
ed to investigate the band effects on the neutralization
probability. The experiments were made both with pure
elements such as Mo, Ta, Ag, Pb, and C, together with
compounds like AgCl, PbCl,, BaF,, CsCl, and LiCl. The
single crystals with (111) faces of Mo, Ta, and BaF, and a
(110) face of diamond were prepared following sample
cleaning procedures described in the literature.”* "2’ The
other samples were polycrystalline thin films in situ de-
posited on graphite in thermal evaporation. It is known
from the electron microscopy,28 optical studies,?® %
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UPS,*' ~** and ISS,'® that an evaporated thin film of these
compounds is a good system for studying bulk chloride
properties. The cleanliness of these samples was ensured
by the preliminary ISS measurements. The single-
crystalline samples showed very sharp 1X1 structures in
LEED patterns.

III. RESULTS

Figure 1 shows the energy distributions of D" ions
(Ey=100 eV) backscattered from (a) a clean Mo(111) sur-
face and (b) an oxygen-adsorbed Mo(111) surface. These
data are normalized in intensity through beam currents.
The ideal binary-collision energies corresponding to Mo
and O are indicated by arrows on the abscissa. In con-
trast to the previous work in which no special feature for
scattering from a surface atom is observed,!"** a clear
surface peak of D ions scattered from surface Mo atoms
is observed at the clean surface. We assigned this peak to
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FIG. 1. Energy spectra of D™ ions scattered from (a) the
clean Mo(111) surface and (b) the Mo(111) surface exposed to a
10-L O, gas. The intensity is normalized through beam
currents. The measurements were made using a E,=100-eV
D™ beam at a fixed scattering geometry, a=80°, 8, =160°. The
energies corresponding to elastic binary collision are indicated
by arrows on the abscissa.
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a surface peak from the fact that the spectral peak shape
and the angular dependence of the intensity are quite
similar to those of He* scattering.>> If this surface is sa-
turated with oxygen exposure of 10 L (1 L=1 lang-
muir=1X10"% Torrs=1.3X10"* Pas), the D" spec-
trum changes drastically: a large increase in the DV in-
tensity with increasing oxygen exposure was observed.!!
The spectrum is broad, extending from a maximum ener-
gy down to zero energy. Although the surface peak cor-
responding to oxygen is clearly observed, the Mo surface
peak disappears completely. The disappearance of the
Mo surface peak cannot be accounted for only due to the
shadowing effect by the adsorbed oxygen atoms because a
Mo surface peak is observed twice as large as an O sur-
face peak in the case of the He* scattering under the
same conditions. This example clearly shows that the
probability for detecting deuterium as an ion depends
strongly on the chemical state of the surface. The ex-
tended background intensity comes from D™ scattered
after significant penetration into the solid. Comparing
the experiments of ionization of a neutral D° beam, we
can assign this background to reionization of D° neutral-
ized somewhere in the path. The experimental details
will be presented elsewhere.>*

From the above result, it is found that the appearance
of the surface peak is strongly dependent on the species
of target element or the chemical state of the surface. In
the following, therefore, we shall focus on these subjects.
As described in Sec. I, one of the most interesting points
should be the difference between D' and He* scattering.
Listed in Table I are the intensity ratios of the surface
peaks for D" scattering [I(D*)] to those for He™ scatter-
ing [I(He")]; the intensities, taken at E,=100 eV, are
normalized relative to each other through beam currents.
The surface peaks appear with high intensity in He*
scattering from all these target elements while they are
below the detection limit in D™ scattering from Ta, Ag,
and Pb. Even for the case of Mo(111) shown in Fig. 1(a),
the surface peak is exceedingly small compared with that
for He™ scattering. On the contrary, the surface peak for
each element of BaF,(111) is larger in D" scattering than
in He™ scattering. This is the case not only for BaF, but
also for other ionic compounds such as CsCl and LiCl
This remarkable contrast implies that an electronic state
of the metallic surface contributes significantly to the
neutralization of D ™.

Figure 2 shows energy spectra of D ions of E,=100
eV measured at (a) the BaF,(111) surface, (b) the metallic
Ba surface, and (c) the Ba surface exposed to 100-L oxy-
gen gas, the intensity of each spectrum being normalized
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FIG. 2. Energy spectra of E,=100 eV D™ scattered from (a)
the BaF,(111) surface, (b) the metallic Ba surface obtained by
electron beam bombardment, and (c) the oxygen-saturated Ba
surface. The measurements were made under the same condi-
tion as in Fig. 1.

through beam currents. It is found that the spectral
peaks from Ba and F atoms in Fig. 2(a) consist of two
peaks, 4 and B. These peaks originate from surface
scattering and are not attributable to multiple scattering
because the energy differences between the two peaks are
independent of E, over a wide range from 50 to 500 eV.

TABLE 1. The surface peak intensity of D* relative to that of He* for six target elements at
E,=100 eV. The intensities determined by integrating the areas under the surface peak are normalized

relative to each other through beam currents.

BaF,(111)
Mo(111) Ta(111) Ag Pb Ba F
IDY)/IHe) 0.017 <5%x107* <5X10°3 <3%x1073 14.8 1.7
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Therefore, peak A is due to quasielastic single scattering
and peak B is due to inelastic single scattering. Accord-
ingly, the energy difference between peaks A4 and B is the
inelastic energy loss which is hereafter referred to as Q.
The Q value for Ba (F), measured to be 10.5 eV (9 eV), is
comparable to the band-gap energy of BaF, or the ioniza-
tion energy of D°, so that peak B is suggested to be due
either to excitation of a valence electron to the conduc-
tion band or to reionization of D°. The similar energy-
loss structure has been observed in the He " spectra from
the same surface except for an additional third loss peak
in the F peak.'®

As shown in Fig. 2(b), the spectral peaks decrease in in-
tensity by irradiation of a E;=500-eV electron beam
with a dose of about 10 mC/cm?. It is well known that
the electron bombardment removes the fluorine atoms
from the (111) surface of the alkaline-earth fluorides and
leaves a metallic surface.® If this surface is exposed to
100-L oxygen, the surface peak of Ba increases again by a
factor of about 20 and a clear oxygen surface peak ap-
pears. The small surface peak in Fig. 2(b) at about 60-65
eV, resembling that in Fig. 2(c) in the peak position, may
be due to oxygen contamination from the residual gas, so
that the DV intensity at the entirely clean Ba surface is
far smaller than that shown in Fig. 2(b). Two peaks A4
and B are clearly observed in the Ba peak at the oxidized
surface; the Q value (6 eV) is smaller than that at the
BaF,(111) surface, corresponding instead to the band gap
of BaO. This result clearly indicates that loss peak B is
not due to reionization but due to the interband electron-
ic transition.

The experimental result that the surface peak of D™
scattered from the metal atoms appears in Fig. 2(c) but
not in Fig. 1(b) can be ascribed to the differences in the
neutralization effect and/or the shadowing effect, depend-
ing on the arrangement of the surface oxygen atom. As
described earlier, however, the complete absence of the
surface peak in Fig. 1(b) is not ascribed only to the steric
shadowing effect.”> In terms of the ion neutralization
effect, there are the following two possibilities: (1) The
neutralization probability is dependent on the species of
the target elements. (2) Existence of the band gap for ion-
ic compounds breaks an important neutralization process
of D*. In order to investigate these possibilities, we have
measured energy spectra of E,=100-eV D™ ions scat-
tered from ionic compounds of Ag and Pb for which no
surface peak appears in the elemental surfaces. The re-
sults taken for evaporated thin films of chlorides such as
(a) AgCl, (b) PbCl,, and (c) CsCl are shown in Fig. 3. The
surface peaks corresponding to Cl and Cs appear intense-
ly while those of Ag and Pb disappear even for the
chloride surface. It should be noted that in He™ scatter-
ing surface peaks of these elements have been observed
clearly.!® These results might suggest that a local elec-
tronic transition process is responsible for the disappear-
ance of the Ag and Pb surface peaks.

Figure 4 shows the D™ energy spectra from the poly-
crystalline LiCl film measured at kinetic energies of (a)
100 eV and (b) 50 eV. The spectra are composed of two
clearly separated peaks 4 and B with a very small back-
ground intensity. This is because D™ scattered from Li,
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FIG. 3. Energy spectra of E;=100-eV D" scattered from
evaporated thin films of (a) AgCl, (b) PbCl,, and (c) CsCl.

which would contribute to the background intensity, has
such a small energy, shown by the arrow, that the back-
ground overlaps with a large tail of the secondary ions.
One may think that the surface peak of Li disappears
similar to that for Ag or Pb. However, this assumption is
discarded because the Li peak is clearly observed in the
H™ scattering. Because of the simple structure of the
spectral peaks, we can readily measure the energy depen-
dence of the D' peak intensities for scattering from Cl
and the results are shown in Fig. 5. Both peaks 4 and B
have broad maxima around 150 and 200 eV followed by
monotonically decreasing regions. This type of yield
curve has been explained by Smith’” using a monotonical-
ly decreasing differential scattering cross section and a
monotonically increasing probability of the scattered ion
remaining ionized. Of greater interest is the smaller ener-
gy region where the behavior of the two peaks contrasts
sharply; the threshold energy for appearance of the loss



42 NEUTRALIZATION OF LOW-ENERGY D* SCATTERED FROM . ..

LiCl=— 10"
150 T T T T T T
~ - (a) Ey=100eV -
(4]
<20 B _
2 L ¢ 4
< .
§ 90 - :o. -
3 - -
‘» .
= A -
§ 60 . |
£ | . 4
“a 30k . ) .'. _
- : % :?‘.{Cl -
(- ntmtmmndenas? | ol S L
0 60 80 100
Energy (eV)
150 T T T T 1 |
) - (b) E°=509V A -
T |
£ 20} ! .
n . K
2 B B
3
o
L 90 . ]
> L . " -
‘@
S 60| ) 8 -
= | : oo -
‘O 30k . : ... —
- R ]
| * '\I"a-u: 1 ".-rf L | 1
0 20 40 60

Energy (eV)

FIG. 4. Energy spectra of D™ scattered from an evaporated
thin film of LiCl at a primary beam energy of (a) 100 eV and (b)
50 eV.

peak B is measured to be about 20 eV, and the maximum
in intensity of peak A is seen around this energy. A simi-
lar energy dependence of the peak intensities has been re-
ported in He™ scattering and attributed to the electronic
transition due to the molecular overlap mechanism.'® 2!

IV. DISCUSSION

The dependence of the scattered D' intensity upon
surface electronic structures has been obtained under
identical experimental conditions. Comparison of metal
surfaces with ionic compound surfaces allows the discus-
sion of the neutralization mechanism of D% ions.
Schematically shown in Fig. 6 are band structures of the
surfaces examined in the present study. Two fundamen-
tal mechanisms by which ion neutralization can occur are
Auger neutralization (AN) and resonant neutralization
(RN). The resonant tunneling described so far is relevant
to the excited 2s or 2p state,*®* but it may not be respon-
sible for the remarkable differences between D' and He*
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FIG. 5. Intensity of spectral peaks 4 and B in D™ scattering
from Cl at LiCl as a function of the primary beam energy.

scattering which are detailed in Sec. III. This is because
the excited states of D, located at a farther energy posi-
tion from the Fermi level than those of He™, are prob-
ably not relevant to the preferential neutralization of D ™.
On the other hand, the Auger process can contribute to
neutralization of the DV ions similar to that of the He ™"
ions. The appearance of the D% surface peak at the ionic
compound surfaces can be attributable to the breakdown
of AN since AN of D™ is forbidden at the ionic com-
pound surfaces due to the remarkable band-gap energy
and the small ionization energy of deuterium. It is cer-
tain that AN is one of the main causes for the disappear-
ance of the surface peak in the D" energy spectra, but
the target-material dependence of the neutralization
probability cannot be explained only by AN and should
be ascribed to a more localized neutralization process;
that is, the experimental result that the surface peaks of
Ag and Pb are not observable even in the ionic compound
while those of O, F, Cl, Cs, and Ba appear intensively at
the compound surfaces indicates that electronic states lo-
calized at each target element are relevant to neutraliza-
tion of D¥. This is also supported by the facts that the
surface peak of Ba is observed with a considerable inten-
sity only in its compound form in which the Ba 5s elec-
trons are completely transferred to the anion p state, and
that the surface peak of carbon cannot be observed in D
scattering from both graphite and diamond despite the
fact that diamond has a large band-gap energy of 6 eV.
From this context, the neutralization of D on Ag™
(AgCl) and Pb** (PbCl,) is caused by the Ag 4d and Pb
6s electrons, respectively, since the Ag 5s and Pb 6p states
become essentially empty conduction bands for their
compound form. The D" scattering from the oxidized
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FIG. 6. Density of states of the targets used in this study and the energy level diagram of D* and He™ ions.

Mo(111) and Ta(111) surfaces causes no surface peaks
corresponding to the metal atoms. The oxide formed on
these metal surfaces may be a metallic compound with
low oxidation numbers (MoO,, Ta0), so that the metal d
electrons relevant to the neutralization of D" are not
perfectly transferred to the O 2p state.

In the case of the He* scattering, the following two lo-
cal electronic transition processes have been described:
(1) If an inner-shell d level of the target atom is located
within 5 eV of the ground-state He 1s level, the He™ ion
is neutralized due to the quasiresonant neutralization
process (QRN).*’ If the QRN occurs, pronounced oscil-
lations in the scattered ion yield are observed as a func-
tion of the kinetic energy. (2) If the ls orbital of He*
(Iso orbital) is promoted in the molecular state due to
antibonding interaction with a target core orbital, the
energy-level crossing (ELC) of the 1so orbital with a sur-
face valence band results in neutralization of He™ ions or
excitation of the valence electrons.?>?! The promotion of
the 1so orbital is strongly dependent on the species of the
target elements and is suppressed in case an almost-filled
d orbital of the target is located at a shallower energy po-
sition than the vacant —24.6-eV level of He' and no
QRN process takes place. With respect to D™ scattering,
since the vacant 1s orbital (—13.6 eV) is located at a fair-
ly shallow energy position compared to that of He™, the
interaction of the D 1s level with the valence band is
more likely to occur. As D" approaches the surface, its
1s orbital may shift due to the image force effect or the
interaction with the target core orbitals and can readily
cross with a broad valence band. If ELC takes place dur-
ing scattering, a large decrease in intensity of ions surviv-
ing neutralization occurs simultaneously with the appear-
ance of a loss peak due to surface electronic excita-

tion." 72! The energy dependence of the D" intensities

shown in Fig. 5, indeed, is the evidence of the ELC pro-
cess in which the D s orbital crosses with the closed Cl
3p band above a threshold energy of about 20 eV. Similar
effects on the electronic transition can be seen in D7
scattering from oxygen or fluorine atoms shown in Fig. 2.
As regards D™ scattering from Ba?" and Cs* shown in
Figs. 2 and 3, the ion can capture or excite an electron lo-
calized at the adjacent anion site due to the long-range in-
teraction via the ELC process.' 2! Consequently, the
spectral features resulting from the interaction between
the D 1s level and the anion p orbital are quite similar to
those of He ' scattering.*!

Also of interest is the neutralization of D by Ag™ and
Pb’" ions shown in Figs. 3(a) and 3(b), for which no
threshold energy for the appearance of the surface peak is
observed in the energy range from 10 to 300 eV. This im-
plies that the neutralization of D' on these elements is
not due to ELC but due to (QQRN. As for the resonant
tunneling process, it has been pointed out that the
charge-transfer probability is dependent strongly on the
bandwidth W ;342 thus at small W, the neutralization
probability oscillates as a function of the kinetic energy
due to the quantum-mechanical interference effects. But
since the electron once transferred to the band escapes
away from the target within a finite lifetime (~#/W), the
interference effects fade away with increasing W. Then
the averaged neutralization probability increases from 0.5
at the narrow-band limit to unity at the wide-band ex-
treme. As has been indicated,*> moreover, an excitation
energy of a few eV required for D 1s to overlap with the
valence band can be supplied only by the image charge
effects for ordinary solid surfaces. Since the metallic sur-
face has an extended sp band, resonant neutralization can
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occur with a probability close to unity. In the case of
ionic compounds, the valence-band width is far smaller
than that of metallic surfaces since the cation s and p
bands become an empty conduction band which is
separated from the valence band by the band gap.
Specifically, the valence band of AgCl is characterized by
a strong mixing of the Ag 4d state and the Cl 3p state and
the bandwidth has been reported to be 6 eV.>!"** Since
the lifetime of a hole in this band (1 X107 !¢ s) is about
one order of magnitude smaller than the collision time of
100-eV D" on Ag or Cl, DV can be neutralized com-
pletely due to resonant neutralization (RN). The case for
D™ on Pb*" due to the Pb 6s band is similar. It should
be emphasized here that although RN due to the Ag 4d
or Pb 6s band is quite specific, RN due to the anion p
band seems less pronounced despite the resonant condi-
tion being met satisfactorily in energy. This effect is not
quite clear at present but may be due to the orbital sym-
metry effects: the orbital symmetry of the target atomic
level and the vacant ionic level are of essential impor-
tance for description of the molecular state. For exam-
ple, in He" scattering the pronounced oscillation due to
QRN occurs for d levels of the target, while even if the
target p level satisfies the resonant condition in energy,
the electronic transition is due mainly to ELC and the os-
cillation is not clearly observed.'** The promotion of
the 1so orbital formed in collision with He is suppressed
only by the target d orbital, but p and f orbitals of the
target have no pronounced effects on the promotion.'®2°
The DV results may also reflect these effects.

The effects of the bandwidth on the probability for
(Q)RN can be observed in many other ion-surface com-
binations: He™ scattering from Pb yields remarkable os-
cillations in ion yields due to QRN between He 1s and Pb
5d levels, whereas D' scattering from Pb results in an ex-
tremely small ion yield due to RN between the D 1s level
and the Pb 6s and 6p bands (see Table I). The surface
peak of D" from graphite and the diamond (110) surface
disappears completely and the background intensity
caused by reionization is the main feature of the spectra.
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FIG. 7. Density of states of graphite and titanium carbide in
the study of the charge exchange of D™ and He ™ with surfaces.
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Figure 7 shows the electronic band structure of the
graphite*>* as well as titanium carbide.*’ In terms of
the sp? or sp* bonding of carbon, the valence bandwidth
is so large (exceeding 20 eV) that RN gives rise to the
disappearance of the surface peak of D*. This is also the
case even for the He' scattering since, as shown in Fig.
7, the bottom of the valence band of graphite reaches the
energy position of the He 1s level. Indeed, no surface
peak is observed in He" scattering from graphite in the
energy range below 1 keV. In contrast to this, the surface
peak of C has been clearly observed in He™ scattering
from the TiC(100) surface.*®*® This can be interpreted in
terms of the characteristic band structure of TiC shown
in Fig. 7: there is a strong covalent mixing between Ti 3d
and C 2p orbitals, and therefore the C 2s band is isolated
from the C 2p band.*’ Because of the small bandwidth
and the shallower energy position of the carbon 2s or 2p
band, RN of He™ scattered from TiC must not be possi-
ble. This provides the reason why the surface peak of
carbon appears in the He™ spectra from transition-metal
carbides.

V. CONCLUSIONS

From an extensive survey of the charge-exchange be-
havior in low-energy D* scattering, a number of impor-
tant observations can be made. The most significant is
the effect of the electronic band structure on the charge-
exchange probability. The surface peak of D™, missing
in scattering from ordinary metal surfaces, appears inten-
sively in scattering from alkali-metal halide or alkaline-
earth halide surfaces in which the broad s band is empty.
The interaction of the D 1s orbital with the closed p band
of chlorides occurs due to the energy-level crossing mech-
anism with a threshold energy of about 20 eV. The sur-
face peaks of Ag and Pb, however, disappear not only for
the elemental surface but also for the chloride surface.
This is because the resonant capture of the Ag 4d or Pb
6s electrons by the vacant D 1s level occurs with a proba-
bility close to unity. The extremely large probability for
the resonant neutralization stems mainly from the band
effect; e.g., the hole in the Ag 4d or Pb 6s band is so ready
to diffuse into the band within the collision time that the
electron transferred to the D 1s level cannot return to the
band. Further support for this interpretation can be
made in the result for He* scattering from graphite and
transition-metal carbides, which reveals clearly that the
valence-band width and the energy position of the bottom
of the valence band relative to the ionic 1s level influence
the charge-exchange process. The D 1s level, usually lo-
cated very close to the bottom of the valence band, readi-
ly overlaps with the band only by the image charge effect
and hence the electronic transition easily occurs via the
resonant neutralization or the energy-level crossing
mechanism. On the other hand, since the He ls level is
usually located far from the valence band, the s level in-
teracts with the band only via the indirect Auger process
unless the He 1s orbital is promoted sufficiently due to
antibonding interaction with the target core orbital. It is
thus found that the small ionization energy of deuterium
compared to helium provides a main cause for such spec-
tral features as the disappearance of the surface peak.
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