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Abstract

He"' fractions for medium energy He ions emerging from clean Cu(001) and
Ag(001) surfaces has been studied extensively using a toroidal electrostatic
analyzer with an excellent energy resolution. He" fractions for medium energy
He ions scattered from top-layer atoms of both the surfaces were equilibrated at
emerging angles above ~75° and increase with increasing emerging energy.
Emerging angle and energy dependence of He" fractions for that were indicated
the same tendency together. Copper and silver are homologous elements. Thus it
suggests that the same interaction has caused because the electronic state is also

similar.



1. Introduction

High-resolution medium energy ion scattering (MEIS) has been developed as a
powerful tool to investigate the structures of solid surfaces and elemental depth
profiles [1-6]. One of the advantages of MEIS analysis is that it's possible to
decide about the absolute quantity of the element. For precise spectrum analysis,
it is important to know reliable stopping power and energy straggling values and
line shape as well as charge fractions of emerging He ions. The stopping values
have been compiled as a database in a semi-empirical manner by Ziegler and co-
workers [7]. We employed the Lindhard-Scharff formula [8] which gives energy
straggling values. The spectrum for He ions scattered from near-surface atoms
has an asymmetric line shape because of excitations of inner shell electrons by a
large-angle collision. This asymmetric line shape can be well approximated by
an exponentially modified Gaussian (EMG) distribution function [9, 10]. In most
of MEIS analysis, a magnetic or electrostatic analyzer is usually used. Therefore,
it is indispensable to have reliable charge fraction data for H and He ions. In the
case of He ions, the He" fraction depends on emerging energy and angle as well
as surface atomic species [11-14].

In this study, we measured the He" fractions for 30-140 keV He" ions incident
on Cu(001) and Ag(001) and scattered from the top-layer atoms. As the results,
it was found that the He" fractions depend strongly on emerging energy and angle.
Interestingly, both He" fractions were indicated the same tendency together. It
suggests that the same interaction has caused because the electronic state is also

similar.

2. Experiments and spectrum analysis

The experiment was performed at beamline 8 named SORIS set up at
Ritsumeikan SR Center [15]. A duo-plasma ion source provided He" ions with a
good emittance, which were accelerated from 5 up to 200 keV and finally
collimated to a beam size of 0.18 and 2.0 mm in horizontal and vertical planes,
respectively. Samples were mounted on a six-axis goniometer in an ultrahigh
vacuum (UHV) chamber (< 2x1078 pa). In order to suppress secondary electron
emission, the sample was biased by +90 V to ground. Scattered He" ions were
energy-analyzed with a toroidal electrostatic analyzer (ESA). A three-stage
micro-channel plate combined with a position sensitive detector gives an
excellent energy resolution of AE/E = 1x1073 (FWHM) [16]. The detection



efficiency (€) and the solid angle (4) subtended by the toroidal ESA detector
were € =0.44 and AN =7.64x107° [str], respectively. In order to avoid
radiation damage of the sample surface, we shifted the beam position on the
sample surface after accumulating a beam current of 1 pC.

We purchased Cu(001) and Ag(001) substrates whose surfaces were mirror
finished. The substrates were prepared by several cycles of 1.0-1.5 keV Ar"
sputtering and annealing at 870 K for 30 min in UHV. The surface showed a clear
(1x1) pattern, which was observed by reflection high energy electron diffraction

(RHEED). All the experiments were performed in sifu under UHV conditions (<

2x1078 Pa).
The yield of He™ ions scattered from the n-th layer atoms, Y, is expressed by
Yn(Eoue(n)) = Q(do/dQ)NAxAQen™ Pey (1) /cosO;y, (1)

where Eoui(n) is the emerging energy of He™ ions scattered from the n-th layer
atoms, which is loss during emerging from the n-th layer atoms. Q is number of
incident He" ions, do/dQ is differential scattering cross section, NAx is
number of target atoms [atoms/cm?] and n* is He" fraction. The close encounter
probability for the n-th layer atoms is denoted by Pcr(n) and 6;, is an incident
angle with respect to surface normal. We employed the scattering cross sections
proposed by LEE and Hart [17]. The close encounter probability, Pc.(n) for the
atoms in each layer was calculated by the Monte Carlo (MC) simulations of He
ion trajectories based on the single-row approximation. The root-mean-square
(rms) one-dimensional bulk thermal vibration amplitudes for Cu and Ag atoms
were calculated based on the Debye approximation. It was also assumed that the
thermal vibration amplitudes for the top layer atoms in the surface normal
direction were enhanced by v2 compared with that of bulk. When we determine
the fractions of the He™ ions precisely, we need to determine the yield of He™
ions scattered from each layer atoms. Now therefore, it is essentials to fit
precisely the observed spectrum. As mention before, we used the asymmetric line
shape expressed by EMG function [9, 10], which is given by
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where erf(x) is an error function, o, is the energy spread of emerging He" ions
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backscattered from the n-th layer atoms and o0, is an asymmetric parameter
calculated by the Casp-version 5[18]. Via the above procedure, the MEIS
spectrum for He" ions scattered from each layer atoms was uniquely synthesized.

In such a way, we can determine the He" fraction (%) as well as stopping power



values by best-fitting the simulated spectrum to observed one.

3. Results and discussions

Figure 1(a) and (b), respectively show the MEIS spectra for 122.67 keV and
116.40 keV He" ions incident along the [110]-axis and scattered to the [110]-
axis (45°) from Cu(001) and Ag(001). Best-fits were obtained assuming the
stopping power value of 1.7 and 1.8 times the Ziegler’s data and n*= 0.55 and
0.53, respectively. Here, we used the asymmetric parameters o, values of 130

and 160 eV, respectively for 122 keV and 116 keV He" impact on Cu and Ag
given by CasP version 5.2 [18].
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Fig. 1 (a) MEIS spectrum observed for 122.6 keV He" ions incident along [110]-axis and
scattered Cu(001) to 45° with respect to surface normal. Red curve (thick) indicates best-
fitted spectrum and blue and green curves (thin) denote scattering component from top-
layer Cu and those from deeper layer Cu, respectively. (b) MEIS spectrum observed for

116.4 keV He™ ions incident along [110]-axis and scattered from Ag(001) to 45°.

Thus, we measured the emerging-angle dependent He™ fractions for scattering
component from the top layer atoms of Cu(001) and Ag(001), as shown in Fig. 2.
Here, the emerging energy is fixed to 108 keV. The He" fractions for Cu(001)
and Ag(001) are decreased slowly with increasing emerging angle and saturated
above 75°. The saturated He" fractions are smaller than the Marion-Young’s data

[19]. Interestingly, the both angle dependence of He™ fraction is almost the same

tendency.
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Fig. 2 He" fractions determined for Cu(001) (full black circles) and Ag(001) (full red
circles) as a function of emerging angles. Emerging energy was fixed to 108 keV. Dash

line (black) denotes the equilibrium He™ fraction given by Marion and Young [19].

Next, we measured dependence of He" fractions upon emerging energy for the
scattering component from top atoms at Cu(001) and Ag(001) (Fig. 3). Here, we
fixed an emerging angle to 80°. The both He" fractions considerably smaller than
the Marion-Young’s data [19] under 100 keV. On the other hand, the He™ fractions
are close to that data above 100 keV. It is also found that the both angle
dependence of He™ fractions is the same tendency.

He ion immediately after a large angle collision has no bound electron because
of the energy-time uncertainty. The collision time defined as the time lapse
during a strong deflection of the trajectory in the large-angle collision is
estimated roughly to be of the order of 107!7 sec, which results in an energy
uncertainty of 100 — 200 eV exceeding the binding energy (54 eV) of the 1s
electron of H" ion. The scattered He?" ion experiences electron capture and loss
processes, mainly the capture process before escaping from the surface. Copper
and silver are homologous elements. Thus it suggests that the same interaction
has caused because the electronic state is also similar. For large emerging angle,
the charge state becomes equilibrium due to a long enough path length in the
interacting region. According to the jellium model (homogeneous electron gas)

[20], an electronic surface is expanded about a half monolayer from the top



atomic plane toward the vacuum side. In the present energy region from 50 to
130 keV, primary charge states are He? (neutral) and He* and the fraction of He?"

is negligibly small less than 5 %[19].
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Fig. 3 He" fractions determined for Cu(001) (full black circles) and Ag(001) (full red
circles) as a function of emerging energy. Emerging angle was fixed to 108 keV. Dash

line (black) denotes the equilibrium He™ fraction given by Marion and Young [19].

4. Conclusions

In this study, we measured He" fractions scattered from top layer atoms of
Cu(001) and Ag(001). For both emerging energy and emerging angle dependence,
He" fractions at Cu(001) and Ag(001) were indicated the same tendency together.
The reason of the same distribution of He™ fraction is attribution to the fact that
copper and silver are homologous elements. Thus it suggests that the same
interaction has caused because the electronic state is also similar. A quantitative
discussion is possible to calculate electron capture and loss cross sections for

He* and He?" involving precise surface arrangement and electronic state.
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