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Electron emission spectra of thermal collisions of He metastable atoms with Au(111) and Pt(111)
surfaces: Evidence for Penning ionization
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Electron emission spectra obtained by thermal collisions of He*(2'S and 23S) atoms with Au(111) and
Pt(111) surfaces were measured to clarify the electronically excited atom-metal interactions. It has been
recognized that the metastable atoms de-excite on ordinary noble- and transition-metal surfaces via resonance
ionization (RI) followed by Auger neutralization (AN) without no indication of Penning ionization (PI). Our
data show that this traditional criterion partially breaks down in the He*-Au(111) collision system. The local
electronic states near the surface were examined by first-principles calculations using density functional theory.
It reveals that the itinerant sp states are significantly spilled out toward the vacuum compared to the localized
5d states, and their asymptotic features play a crucial role in determining the branching ratio between PI and

RI+AN.
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When a rare-gas atom in the long-lived electronically ex-
cited (metastable) state such as He*(23S) collides with a solid
surface, it de-excites to the ground state accompanied by
electron emission. This phenomenon was first reported by
Oliphant in 1929 [1], and its basic understanding was devel-
oped by Hagstrum in the 1950s [2]: resonance ionization
(RI) followed by Auger neutralization (AN) on metal sur-
faces and Penning ionization (PI) on insulator surfaces.
Later, numerous experimental studies have been performed
for well-defined noble-metal (Cu, Ag, and Au) and
transition-metal (Fe, Ni, Mo, Ru, Pd, W, and Pt) surfaces [3],
and concluded that the Hagstrum’s criterion is valid, i.e., the
RI+AN process operates on such high work function metal
surfaces without any indication of PI [4]. Here, we show that
this traditional criterion partially breaks down in the
He*(2'S) and He*(23S)-Au(111) collision system.

Two types of decay channels of He*(23S) are schemati-
cally shown in the right panel of Fig. 1. On the noble- or
transition-metal surfaces in which the conduction bands lie
opposite the 2s level of He*(235), the 2s electron tunnels
resonantly and then the resulting He*(1%S) ion is neutralized
by an Auger transition. These processes are denoted by RI
and AN, respectively. Since the AN process produces two
holes in the valence bands, the electron emission spectrum
reveals a broad structure reflecting the self-convolution of
the local density of states. A generalized theory of AN has
been reported by Valdés er al. [5]. The transition rate I' for
RI is governed by wave function overlap between the 2s
state (¢,,) of He* and the conduction band (¢,) of the sur-
face,
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On insulator surfaces without empty state opposite the He*
2s level, the RI process is suppressed and the PI process
occurs instead, where an electron in the valence band (¢,) of
the surface fills the He" 15 hole and the 2s electron is emitted
to the continuum state (¢g) simultaneously. In this case, a
single hole is produced in the valence band, as in the case of
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photoemission. The transition rate for PI is given by
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This equation suggests that the electron transfer from the
surface to the incident He™ atom depends largely on the dif-
ferential overlap between ¢, and ¢,. Since the metastable
atom with a thermal translational energy (<0.1 eV) cannot
penetrate into the bulk, an orbital exposed outside the surface
gives more effective overlap than an orbital localized on the
surface, yielding a stronger band in the spectrum. In prin-
ciple, the PI process can occur also on the ordinary metal
surface as a competing process of RI. However, the branch-
ing ratio, I'p;/ 'y, is usually very small because the He* 2s
orbital (effective radius r,z=2.5 A) [6] is much extent in
space compared to the He" 1s orbital (r,;=0.3 A) [7] and
gives a more efficient overlap with metal wave function at a
given distance from the surface [4].

The purpose of the preset study is twofold. One is
to  establish the occurrence of PI in the
He*(2'S and He*(2°S)-Au(111) system using metastable
atom electron spectroscopy (MAES) [3,8,9], which is based
on the energy analysis of electrons emitted by thermal colli-
sions of He" with a solid surface. As a reference, the MAES
spectra of Pt(111) were measured under the same beam con-
ditions. The observed ratio (I'p;/I'g;) was on the order of
1072-1073 for Au(111) and much smaller for Pt(111). Another
is to compare the spectroscopic findings with first-principles
calculations. For this purpose, the local electronic states near
the metal surfaces were calculated using density functional
theory, and the transition rates of the relevant processes were
analyzed by the asymptotic behavior of metal wave functions
(without numerical calculations of the matrix elements in
Egs. (1) and (2)). The Au(111) surface is well known to
reconstruct to form a superlattice (so-called 23 X /3 herring-
bone reconstruction) [10]. Also the valence electronic struc-
tures, including the Shockley surface states in the projected
band gap, have been investigated by ultraviolet photoemis-
sion spectroscopy (UPS) [11-13], scanning tunneling mi-
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FIG. 1. He I UPS and He*(23S) MAES spectra of Au(111) and Pt(111) surfaces. The vertical arrow indicates the leading edge of electron
emission via AN. The right panel shows two types of de-excitation channel of He*(23S) on a solid surface.

croscopy (STM) [14], and theoretical calculations [15,16].
The itinerant sp states are significantly spilled out toward the
vacuum than the localized 5d states, which plays a crucial
role in determining the branching ratio between PI and RI
+AN.

The experimental setup and related procedure are reported
elsewhere [17]. The Au(111) and Pt(111) surfaces were
cleaned by repeated Ar* ion sputtering and heating cycles,
and checked by Auger electron spectroscopy and low energy
electron  diffraction. The He*(2'S, 20.62 eV) and
He*(235,19.82 eV) atoms were produced by cold discharge
and their intensity ratio was 6:94 at the sample position. The
2'S atoms were quenched by a He discharge lamp (2.06 um
radiation) and the 23S spectrum was obtained. The 2'S spec-
trum was derived by the difference between the two spectra
taken with quench lamp on and off. The first-principles cal-
culations based on a generalized gradient approximation in
density functional theory were performed using a program
package “STATE” (simulation tool for atom technology) [18].
We employed ultrasoft pseudopotential with plane wave ba-
sis set. The cutoff energies for wave functions and charge
density are set to 25 and 225 Ry, respectively. A repeated
slab model was applied, with each slab composed of 25 lay-
ers, separated by a vacuum region of 14.4 A. In the present
calculations, we assumed the 1X1 structure both for
Au(111) and Pt(111). According to the first-principles calcu-
lations for reconstructed Au(111), the surface band structures
are very similar for the top layer occupying fcc, hep, and
bridge sites [15].

Figure 1 shows the typical MAES spectra of Au(111) and
Pt(111) using the He*(2°S) atoms together with the He 1 UPS
spectra. To facilitate comparison between the UPS and
MAES spectra, the energy scale is given by the kinetic en-
ergy (E}) of emitted electrons. The maximum E, in the UPS
spectra corresponds to the Fermi level (Ey). The UPS spectra

of both surfaces have been measured several times and the
assignments, including the two-dimensional surface states on
Au(111) emerged in the projected band gap [11-13], are now
well established. In our spectra, the intense 5d bands of
Au(111) and Pt(111) appear at 2.5-7 and 0-6 eV below Ep,
respectively, whereas the weak sp band of Au(111) appears
just below Er. The MAES spectrum of Pt(111) is essentially
identical to the previous data by Hemmen and Conrad [19].
A broad structure with the leading edge at E;=11.8 eV is
due to the two-hole state of the 5d bands, 5d72, produced via
the RI+ AN process. There is no indication of PI even in the
magnified spectrum, as in the cases of the transition-metal
(Fe, Ni, Mo, Ru, and W) and noble-metal (Cu, Ag, and Au)
surfaces [3]. The RI+AN process takes place also on
Au(111) as a dominant channel, yielding a broad structure
with the leading edge at E,=12.7 eV. Two bands centered at
E=10.5 and 7 eV are mainly due to the two-hole states of
the sp and 5d bands, respectively. However, as can be seen in
Fig. 1, a weak band emerges at the higher E; and is attribut-
able to direct emission from the sp band via PI. A similar
band via PI has been observed in the He*(23S) MAES spec-
trum of polycrystalline Au [20].

To confirm PI on Au(111) more directly, the He*(23S) and
He"(2'S+23S) spectra were measured with quench lamp on
and off, respectively. The close-up spectra near E are shown
in Fig. 2. The photoemission signals are due to small
amounts of the He I resonance line containing in the meta-
stable beams. The 2'S and 2°S spectra reveal the clear Fermi
edge, whose positions in the E scale are shifted by 0.7 and
1.5 eV relative to that produced by the He T resonance line,
respectively. These shifts are in good agreement with the
difference in the excitation energies, i.e., 21.22(He1)
-20.62(2'5)=0.60 eV and 21.22(He 1)-19.82(2°S)
=1.40 eV. Furthermore, the intensity ratio at the Fermi edge
in the 2'S and 23S spectra is about 1:10, which corresponds
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FIG. 2. He*(23$) and He*(2'S and 23S) spectra of Au(111) sur-
face measured with quench lamp on and off, respectively.

to their concentration in the mixed beam. Judging from the
relative intensity of the sp~! state via PI and the sp~2 states
via RI+ AN in Fig. 1, the branching ratio, I'p;/I'gy, is on the
order of 1072-1073.

In order to analyze the above findings, we mention first
the electronic states of He™ approaching a metal surface in a
phenomenological way. The ionization energy of the 2s elec-
tron of He* in front of the surface is approximated by
1,;(He")=1,,(He)-E,;(He"), where I,;(He) and E,;(He")
are the effective ionization energy of the ground-state He and
the effective excitation energy of He* near the surface, re-
spectively. When the AN process involves two electrons at
Ef, the emitted electron has the maximum kinetic energy,
E(max)=1,,(He)-2¢, where ¢ is the work function. Using
the observed values, i.e., $=5.7 eV and E;(max)=11.8 eV
for Pt(111); ¢=5.2 eV and E;(max)=12.7 eV for Au(111),
Ief,(He) is obtained to be 23.1-23.2 eV for both surfaces.
These values are 1.4—1.5 eV lower than the gas-phase one
(24.6 eV), mainly due to the metal screening [2-4,8]. If the
image potential is simply expressed by E;,,., =—€*/4(R—d),
where R is the perpendicular distance between the He* ion
and the topmost metal layer, and d is the location of the
image plane from the topmost layer (usually, d is taken to be
0.6 A) [21,22], the AN process is initiated at R
=3.0-3.2 A. On the other hand, E,;(He") does not change
from the gas-phase value within *0.1 eV as described
above. Thus, Ieff(He*) are obtained to be 2.5-2.6 and 3.3-3.4
eV for the 2'S and 23§ states, respectively. These values
correspond to the lower limit of ,;{(He") in which the RI
process occurs at the initiation point of AN. When the RI
process proceeds far from the metal surfaces prior to the AN
process, I,;(He") would increase with increasing R.

Next, we address the local electronic structures in front of
the metal surfaces. Figure 3 shows the calculated density of
states for Pt(111) and Au(111) as a function of distance from
the top layer (R). The lower limit of the 2s level of He*(2'S)
and He"(2°S) mentioned above is indicated in the figure. In
the top layer of Pt(111), a prominent structure located below
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FIG. 3. Calculated local density of states for Pt(111) and
Au(111) surfaces as a function of distance from the topmost metal
layer (R). The integrated regions over R are shown in each panel.
The vertical arrows stand for the lower limit of the 2s level of
He*(23S) and He*(2'S) approaching the metal surface (see text).

and above Ej is composed mainly of the localized 5d bands,
and a weak structure above Ef is composed of the dispersive
sp bands. With increasing R, the local density of 5d states (in
particular those with the higher binding energy, Ej) is
strongly damped. This feature can be understood by the anal-
ogy with the free electron model, where the wave function
tail extending outside the surface is proportional to exp(
—E;;/ZR). The empty sp states also show an exponential at-
tenuation, but the damping rate is much smaller due to their
spatial delocalization. As a consequence, in the region far
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FIG. 4. Intensity ratio of the sp™> and 5d7% states,

I(sp™2)/1(5d7%), for Au(111) measured with different incidence
angles (6;) of He*(23S). The access velocity of He* (or He* in AN)
to the surface is proportional to cos 6.
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from the top layer (R>3 A), the local density of empty sp
states at 2-3 eV above Ey (corresponding to the 2s levels of
He") is much higher than that of the filled 5d states, leading
to the overwhelming operation of RI.

For Au(111), the 5d bands are located below Ej and the
sp bands are extent crossing over Ep. The sp states are
spilled further outside the top layer compared to the filled 5d
states as in the case of Pt(111). However, the local density at
2-3 eV above Ej is apparently lower than that of Pt(111)
mainly due to the presence of the projected band gap on
Au(111). This causes the low tunneling probability of the
He™ 25 electron to the empty sp states, eventually giving rise
to the operation of PI. As is seen in Fig. 3, in the region far
from the surface (R>3 A), the local density of sp states
attenuates by about one-tenth as R increases by 1 A. There-
fore, the local density of filled sp states in a certain point
decreases from that of empty sp states of a point 2.2 A away
from the point by 100 times or more, where the separation
corresponds to the difference between the effective radius of
the 1s and 2s orbitals of He*(2S). This attenuation factor
accords roughly with the observed branching ratio, I'p;/ 'y,
although the numerical calculations of the matrix elements in
Egs. (1) and (2) are required for the detailed estimation.

Finally, we describe the local electronic states of Au(111)
just outside the surface (R<3 A), where the AN process
takes place. Figure 4 shows the change in the intensity ratio
of the sp~% and 5d72 states, I(sp~2)/1(5d7%), measured with
different incidence angles (6;) of He*(2°S). The access ve-
locity of He* (or He* in AN) to the surface, v, is propor-
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tional to cos 6; and the dwell time across a certain distance,
AR/v |, is inversely proportional to cos 6;. It turns out from
Fig. 4 that the intensity ratio increases monotonically with
increasing incidence angle. In other words, when the access
velocity becomes slow, the AN process is caused more effi-
ciently by the outer-distributed sp electrons than the inner-
distributed 5d electrons. This is in agreement with the
asymptotic feature of the relevant local density of states
shown in Fig. 3.

In conclusion, we demonstrate that the He*(2'S and 235)
atoms de-excite on Au(111) partially via PI, in contrast to the
cases of ordinary noble- and transition-metal surfaces. Ac-
cording to the first-principles calculations, the itinerant sp
states are significantly exposed outside the surface compared
to the localized 5d states, and their asymptotic features play
a crucial role in the branching ratio between PI and RI
+AN. The branching ratio depends also on the access veloc-
ity of He" to the metal surface, as in the case of the formation
of two-hole states in the AN process. Therefore, the PI pro-
cess is not a specific event in collision of slow He" atoms
with Au(111), but would be a general one in collisions of fast
He" atoms with ordinary noble- and transition-metal sur-
faces.
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