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Abstract

The energy loss of -100 kev g transmitted through thin carbon film
of -7 nm has been measured with the resolution of ~20 evV. We have
observed new energy loss peaks around 210 and 400 &V in addition to the
normal energy loss peak around 1 keV. We find that the experimental
artifacts, ionization of C K—(290 eV) and impurity inner-shells, extreme
noruniformity of films, events associated with elastic scattering are
not responsihle for these peaks. The origin of these low energy loss

peaks will be discussed.
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1 Introduction

Excitation of plasmons by electrons has been observed and recognized
as an elementary excitation in solids for more than twenty vears [1] and
is reviewed in a recent article [2]. However, plasmon excitation by
heavy ions has not been observed yet, probably due to the severe
requirement that the energy resolution be 10 eV for ions of the energy
more than several 10 ke&V per nucleon.

In this paper, we have measured the enerqgy loss spectrum of ~100
keV H' in ~7 nm carbon films by means of proton energy loss
spectroscopy with a resolution of ~20 eV [3-51. We have observed new
energy loss peaks at 400 and 210-230 eV in addition to the normal energy
loss peak at ~1 keV. Experimental artifacts, C K- and impurity
inner-shell ionization, extreme nonuniformity of films, events
associated with some elastic scatterings are examined and we find that
none of these is responsible for the new energy loss peaks. The origin

of the new energy loss peaks, especially the 210 eV peak, is discussed,

2 Experimental

The details of the experimental apparatus have been reported
elgewhere [3-5] and a brief description is given here. Protons
generated with a hollow cathode ion source are accelerated to a voltage
V- After bended by a magnet, the proton beam is deflected by 12° with
an electrostatic field as shown in Fig. 1. Protons transmitted through
a carbon film supported on copper mesh are decelerated by Va—vo, Vo
being the offset voltage so that only protons of the final energy Ef=1
keV can pass through the electrostatic analyzer and be detected with a
secondary electron multiplier. The energy loss AE is given by

AEFqVO—Ef (1)




where g is the proton charge. We obtain the energy loss spectrum by
varying the offset voltage. The beam size was~1 mm2 and a typical
current was 1 nA. The pressure of the sample chamber was w-lO_7 Torr.
The arc discharge method was used to prepare the carbon films. The
C—filwCu mesh assembly could be moved so that the energy loss without
and with C—film can be measured without changing any condition. Fig. 2
shows the energy loss distribution without C-film for 100 kev H. The
energy resolution in this case was 24 eV. The zero energy loss was also
determined to an accuracy of a few eV, In Fig. 2, we see no structure,

i.e., flat spectrum except for zero energy loss peak.

3 Experimental Results

The energy loss distributions of o' transmitted through carbon films
are shown in Fig. 3(a) and (c) for 100, and () and (d) for 120 kev.

The nominal thickness determined by the crystal thickness monitor is

-»l.5ug/cm2 or ~7 nm, assuming the density of N=11.3x1022/c:m3
(2.25 g/cm3) . We see the normal energy loss peak at ~1 keV as estimated

by the stopping power of S.=165 and 156 ev/rm for 100 and 120 keV g,
respectively [6,7]1. The most probable energy loss AEP indicated by
arrows in the figure was used to determine the film thickness: 6.1, 6.1,
7.3 and 7.7 for Fig. 3(a) to (d) and the error is estimated to be 10 %,
including several % shift of AEP due to ion bombardment[8]. The spectra
of Fig. 3(a) and (b) were obtained for the same film, but the films for
Fig. 3(a), (¢) and (d) were different with each other. The normal
energy loss peaks are fitted by an asymmetric Gaussian as expected
[9,10]1, the half-width being indicated by the numbers in the figure.

The experimental mean half-width of 0.82 in Bohr units for Fig. 3(a) is

in reasonable agreement with the theoretical estimates of 0.89[11].
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It is noted that a peak at 400 eV is seen for as prepared samples
shown by the crosses in Fig. 3(c) and (d), after subtracting the
asymmetric Gaussian of the normal energy loss peak. Surprisingly, the
400 eV peak disappears after " bombardment of relatively small dose
of ﬁo.l}JC/HHF as shown by open circles in Fig. 3(a) and (). In
addition, we see a weak but non negligible peak at 210-230 eV, which
was relatively insensitive to ' bombardment, in the expanded enerqgy
loss spectra for AE<300 eV. No peak was observed due to single
plasmon excitation at 25 eV, whose value was measured by 200 keV e
impact on 21 nm film. The fact that no peak has been dbserved other
than the zero energy loss peak for the Cu mesh without a C-film as in
Fig. 2 excludes the possibility that the experimental artifacts are the
origin of the new energy loss peaks.

Impurities in the C-film are now considered. 2 MeV He' Rutherford
backscattering (RBS} of C-film ( ~10 nm) on Be substrate shows no
detectable impurities (<a few %) of heavier elements, except for oxygens
which are present in Be substrate, as seen in Fig. 4. From these
spectra, the concentrations of impurities having the binding energy of
~210 eV such as B, S, and Cl were estimated to be less than 0.7, 0.3 and
0.3 %, respectively. Elastic recoil detection (ERD) by 1.5 MeV e’
shows ~10 % H in the C~film of 40 nm. This amount of H contributes to
the stopping power by 3 %[6,71.

Cbviously, the new energy loss peaks differ from ionization of the
C K-shell with the binding energy of 290 eV (121, which was not
observed. In Table 1, we list the possible impurities having the inner
shell binding energy of ~210 ev[12], the ionization cross sectionl13],
ionization probability for =6 nm and necessary impurity concentration

giving rise to the observed 210 eV peak intensity of 1072, Here 2 and




6 electrons are used for s and p shell ionization, respectively. This
and RBS results described earlier lead to the conclusion that the inner-
shell ionization of impurities can not explain the new peak. Similarly,
the 400 &V peak is not ascribed to the inner shell ionization.

The possibility of extreme nomuniformity of the f£ilm is also
unlikely, because these low energy loss peaks appear at almost the same
position for different films. The result of 120 kev B in Fig. 3(b),
which was obtained using the same position c¢f the same film as Fig.
3(a), shows the peak at the same value of 210 &V. This result rules out
the possibility that the peaks are associated with same scattering
events, because the peak energy should shift in proportion to the
incident energy, if it is the case (see Fig. 3(a) and (b)).

Similar spectra are also obtained for different film thickness. In
Fig. 5, the ratio of the peak intensity around 210 eV over the normal
peak intensity is plotted against AE:p or the film thickness. We see the

oscillatory behaviour of the 210 eV peak intensities.

4, Discussion

The 400 eV peak is sensitive but 210 &V peak is insensitive to ion
bombardment. Hence the origin of the two peaks would be different, The
channeling effect could be a candidate for the 400 eV peak. However, the
film is unlikely to be a good crystal but more likely to be amorphous.
The origin of the 400 eV peak is not understood at present.

The 210 eV peak is sharp and weak. The inteqrated peak area over
the normal energy loss peak is 1073, Excitations of the electron-hole
{e-h) pairs should produce a broad peak similar to the normal peak. A

candidate for a sharp energy loss peak is multi-plasmon excitations. We

examine the possibility that the multi-plasmon peak is isclated from



the mixture of the e-h pair and plasmon excitations which generate the
broad peak or the normal energy loss peak.

Cne recalls that the density fluctuation of plasmon is coherent and
very different from that of e-h pair excitations. Thus, there would be
interference between plasmon and e-h pair excitations, because
incoherency may destroy coherency. Morecover, according to the electron
density fluctuation equation {11, the plasmon is well defined only if
the average charge density of the valence electrons responsible for the
plasmon is canceled out by the positive charge, i.e., only if the charge
neutral condition is satisfied during time At and space AL relevant to
plasmon excitation., The presence of charge such as electrons and holes
during the characteristic time and space will break the charge
neutrality condition, These arquments lead to that protons can excite
either plasmon or e-h pair at a time and that once a plasmon excitation

occurs, there is no electronic excitation during At, which is supposed

to be of order of the plasmon oscillation pericd,

At ~2W mp ' (2
where o is the plasmon frequency. Note thatAt~10728 g is larger by
an order of magnitude than the excitation time HAE --10"17 s, T andAE

being the Planck constant and the excitation enerqgy. This, called the
exclusive excitation hypothesis, states that protons with the velocity v
travel by the characteristic length )so without any excitation after
plasmon excitation

A 0" Atv ., 3)

This hypothesis reveals inevitably the correlation between
successive excitations, depending on the electronic excitation strength.

This is very important for the present case because zerc energy loss peak

has not been observed, i.e., the probabilities of no excitation are very
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small or practically zero. The simplest correlation which can produce
the isoclated multi-plasmon peak is given by
Prob. {plasmon ~>plasmon, plasmon —>e-h, e-h —>plasmon, e-h ->e-h}

={PO, l-Po, 0, 11. (4)
This means that the probability of the plasmon excitation after plasmon
excitation is Po and e-h pair after plasmon is 1-P o The plasmon after
e-h would be small{ 0), because the coherent density fluctuation would not
be easily produced after incoherent density fluctuation.

The above argument finally leads to the following equa'tion.

L=yt X, . (5)
where ¢ is the film thickness, n is an integer, Ae is the mean free path
for e-h pair excitation and x is a real number. The energy loss AE is
written as

AE=n'hub+x"f , (6
where T is the mean energy of e-h pair excitation. When the film
thickness is appropriate so that x is zero, there would appear the multi-
plasmon peak with the intensity of Pg. Isolation of this peak from the
mixture of e-h pair and plasmon excitations and general features of the
energy loss are demonstrated by a simulation calculation as in Fig. 6.
In the calculation, C K-shell contribution was neglected. We used that
ﬁmp--zs eV and ho=0 .75 mmic.£., 2w/ wp=0 .73 nm} for plasmon excitation,
and T2 distribution with T . =20 eV, T__ =220 &V (F=53 eV) and the mean
free pat‘rFexp(—’le/ Ae) with Ag=0.3 nm for e-h pair excitations. We
assume that P 0.5 or equal probabilities of plasmon and e-h pair
excitations and the initial probability of plasmon excitation =Po. In
Fig. 6(a) for £=6 nm, the well-isolated multi-plasmon peak of n =8 is
seen at 208 eV as well as the normal enérgy loss peak at~1 keV. The

calculated peak intensity is 2x10> which is comparable with the
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experimental value of ~107>, As the film thickness increases, the

multi-plasmon pezk diminishes (Fig. 6(b),(c)) and the multi-plasmon of n
=9 with weaker intensity appears again at AE=234 eV for £=6.75 mm. This
oscillatory behaviour of the peak intensity agrees qualitatively with
the experimental results of Fig. 5. The energy shift seen in Fig. 3(c)
and (d) would be explained by multi-plasmon of n =8 and 9. Furthermore,
the correlation between successive plasmon excitations would keep the
rmulti-plasmon peak sharp, in contrast with the broadening of the multi
plasmon peaks for electron impactl[14,15], where no correlation between
successive plasmon excitations exists. The model based on the exclusive
excitation hypothesis appears to explain qualitatively the present
experimental results. The validity of this hypothesis should be

investigated in more details.

5 Summary

We have observed new energy loss peaks around 210 and 400 eV for
~100keV H' transmitted through thin carbon films. Though the origins of
these peaks are not well understood at the mament, the multi-plasmon
excitation mechanism based on the exclusive excitation hypothesis seems
to be responsible for the 210 eV peak. The model calculation is found
to reproduce the observed results reasonably well. Further experimental
and theoretical investigations are under way.
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Table 1 Possible impurities having shells of binding energy UleV) close to
210 ev. o, Nof and f are the calculated icnization cross section,

ionization probability and necessary impurity fraction to give the

3

intensity of 107> for 100 kev H' impact.

UteV) o (x10 1%cm?) No(1=6 nm)  £=10"°/No(%)
B(18) 196 0.87 0.057 1.7
C(18) 290 0.23 0.015 —
S(28) 226 0.57 0.038 2.7
C1(2P) 210 2.2 0.145 0.7
c1(28) 268 0.29 0.019




Figure captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Schematic of the experimental set—up. The materials used for
the beam slits, deflector and etc. are given in the parentheses
and ss denotes stainless steel.

Energy loss spectrum for 100 kev H+ without carbon f£ilm, showing
the resclution, zero energy loss peak and flat background.
Energy spectra of H+ transmitted through thin carbon films: (a)
and {(c) for 100, and (b) and {(d) for 120 keV. The solid lines
around the energy loss of 1 keV are the asymmetric Qaussian fit
to the data. The spectra around 1 keV indicated by crosses and
open circles are obtained for as prepared sample and after
bombardment of H+ to a dose of ~0.1 uC/nmz, respectively. The
numbers are the half-width at half-maximum in eV. The solid
lines around 210 €V are the single or double Gaussian £it to the
data with the full-width at hal f-maximum indicated in the
fiqure.

RBS spectra of 2 MeV He on Be with (a)} and without (b) C-film of
10 nm. Scattering angle is 160° with nommal incidence.
Intensity of 210 eV energy loss peak over the normal energy loss
peak vs the film thickness. The dashed line shows the intensity
oscillation with the period of 2 o

Calculated energy loss spectra for 100 kev H+ in C f£iim, with
the £ilm thickness of 6 nm {(a), 6.2 m (b), 6.5 nm (¢) and 6.75

nm (d).
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