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Secondary-electron emission from nonmetallic„perovskite… surfaces under slow proton impact:
Absence of apparent threshold
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The secondary-electron emission~SEE! yield has been measured at low-energy proton impact for clean Cu
metal and nonmetallic targets. The observed SEE for Cu below 3 keV shows the apparent thresholdlike
behavior and decreases roughly asvp

4 when the proton velocity (vp) decreases; meanwhile, there seems to be
no such behavior in nonmetallic targets whose SEE decreases asvp

1. The SEE for these two different types of
targets is also compared with the electronic stopping powers.@S1050-2947~99!03904-9#

PACS number~s!: 34.50.Dy
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As the slow~a few keV! proton velocityvp decreases, its
electronic stopping powerSe in rare gas as well as in meta
solid targets is known to deviate from the expectedvp

1 de-
pendence@1# and decreases very rapidly ('vp

4) at the veloc-
ity of roughly 107 cm/s, showing a thresholdlike behavio
This sudden decrease of theSe at low energies is theoreti
cally understood to be due to the non-negligible size of
excitation/ionization energy of the target elements, which
the lower limit of integration of the energy transferred to t
target, over the projectile kinetic energy, as discussed
Semrad@2#, Golser and Semrad@3#, and Schiefermu¨ller et al.
@4#.

Recently, Ederet al. @5# have reported the absence
such an ‘‘apparent’’ threshold effect in theSe of slow pro-
tons in insulators such as Al2O3 and SiO2 as well as LiF.
Compared with those in rare gas and metal targets where
direct binary collision interactions are mostly responsible
the Se , the physical mechanisms for the absence of the
parent threshold in insulating nonmetallic targets can be
to the electron promotion in a quasimolecule formed dur
collisions, through which one of the innershell electrons p
motes to higher excited states, followed by the autoioni
tion.

On the other hand, in the secondary-electron emiss
~SEE! yield under slow proton impact, the apparent thresh
behavior from clean metal targets by Lakitset al. @6,7# and
Spieringset al. @8# and the absence of such threshold in L
by Vana, Aumayr, and Winter@9# and Strackeet al. @10#
have also been reported recently.

It has been known that the secondary-electron emis
phenomena from solids are closely related with the e
tronic stopping power@11#. Various approaches are bein
studied for establishing their relationship in a wide range
the collision parameters such as the collision energy, par
and their charges and targets.

In this paper we would like to show significant differen
in the impact energy dependence of the SEE in clean m
Cu targets and in nonmetallic perovskite-structured SrC3
~5% Yb! solid targets under slow proton impact. The pres
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experiment has been performed under an ultrahigh vacu
('4310211Torr) chamber equipped with a target sputte
ing system by argon ion beam and an Auger electron sp
trometer to check the surface cleanness.

The present observed results of the SEE from clean
surfaces under proton impact, combined with data by Ba
giola, Alonso, and Oliva-Florio@12# and Hasselkampet al.
@13# at higher energies, are shown in the lower part of Fig
where, as the proton energy decreases, the SEE star
show sharp reduction below 3 keV and levels off to
roughly constant value at further lower energies.

This behavior can be understood as follows@14#. The total
SEE is given as a sum of the contribution of two pr
cesses: ~1! The kinetic emission process~KE! due to the
kinetic energy of the incident particles, which increase w
their kinetic energy and~2! the potential emission proces
~PE! due to their potential energy, which is independent
their kinetic energy. The apparent constant SEE at the low
energies~below 0.5 keV! observed in the present paper
consistent with the total SEE, which is dominated by the P
Using the empirical formula proposed by Baragiola, Alons
and Oliva-Florio @12#, the contribution of the PE~in this
case, by protons! to the SEE is predicted to be 0.055 that
consistent with the observed value of 0.07 at the lowest
cident energies. The rising SEE at energies above 0.6 ke
related entirely to the KE. It is easily noted that thepartial
SEE due to the KE up to 3 keV, which has been obtain
after subtraction of the contribution of the PE from the to
SEE and shown with a dotted curve in Fig. 1, increases r
idly as vp

3.5 and then asvp
1 above 3 keV. It is now worth

noting that thisvp
3.5 dependence of the partial SEE betwe

0.6 and 3 keV is in rough agreement with thevp
4 dependence

of the Se , as mentioned previously@1#.
Though the SEE from solids depends on a number

processes such as~a! electron production,~b! electron trans-
port mechanisms to surface, and~c! release mechanism
from surfaces and are much more complicated than tha
gas targets, the SEE is known to be parametrized nicely w
the electronic stopping powerSe as follows@11#:
3095 ©1999 The American Physical Society
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SEE5aSe , ~1!

wherea is constant.
Experiments performed so far indicate thata is roughly

constant over a wide range of the proton impact energy ra
from 3 keV up to 10 MeV. Indeed, in our recent analys
including the experimental data available, the constana
above 3 keV has also been found to be practically indep
dent of the clean metal target materials. The lower so
curve in Fig. 1 calculated withTRIM code indicates that the
best fit to the observed SEE above the apparent thres
~.3 keV! is found to be obtained witha50.0086 nm/eV for
the present clean Cu target@15# ~note that, as the origina
TRIM code is intended to be used above 10 keV@1#, the Se
calculated byTRIM may not be accurate below 3 keV an
more!.

The situation is quite different below 3 keV where,
mentioned already@2,3#, the Se is expected to significantly
deviate from theextrapolationof TRIM calculated above 3
keV ~the dashed line in Fig. 1!. Though it is presently diffi-
cult to accurately calculate the electronic stopping powersSe
near and below the apparent threshold as no relevant me
nism has been understood well, it has been experimen
established that both of the electronic stopping powerSe
@2–4# and the SEE yields including the present and the p

FIG. 1. Energy dependence of the SEE from cleaned Cu m
target ~lower part! and from nonmetallic, cleaned SrCeO3 target
~upper part! as a function of proton impact energy. Data at hi
energies for Cu target are taken from Baragiola, Alonso, and Ol
Florio @12# and Hasselkampet al. @13#. The solid lines represent th
Se calculated byTRIM code with different constantsa50.0086 and
a50.030 for a clean Cu and SrCeO3 targets, respectively@see Eq.
~1!#. The dashed lines show the extrapolation of the results byTRIM

toward lower energies. On the other hand, a dotted line shows
best fitting to thepartial SEE due to the KE for clean Cu targe
that has been obtained after substraction of the contribution of
PE from the total SEE and is found to change asvp

3.5.
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vious results@6,7# in clean metal targets decrease shar
below the apparent threshold as the proton collision ene
decreases, showing the thresholdlike behavior. Thus,
constanta in Eq. ~1! is expected to be practically unchange
over the whole proton impact energy range, except for
lowest impact energy region~,0.6 keV in proton1Cu colli-
sions! where the PE plays a role.

On the other hand, the observed SEE for nonmeta
clean SrCeO3 surfaces, as shown in the upper part of Fig.
has been found to indicate two distinct features. Firstly,
SEE from the nonmetallic surfaces is quite large, compa
with that for clean metal surfaces and this enhancement
be largely due to the increased electron transport to surfa
@16#. Secondly, without showing any apparent thresholdl
behavior, the observed SEE does decrease roughly asvp

1 as
the proton velocity decreases below 3 keV down to the lo
est energies.

Thus, above 3 keV, whereTRIM code works nicely, the
SEE observed in the present paper has been found to
proportional to the electronic stopping cross sectionSe , as
suggested in Eq.~1!, where the constanta is found to be
0.030 nm/eV for this particular nonmetallic solid targe
which indeed is by a factor of 4 larger than that for cle
metallic ~Cu! targets.

Presently, there still is no clear understanding why ther
the absence of the apparent threshold in the SEE from s
nonmetallic surfaces at lower energies. One of the m
likely electron emission mechanisms, which has been
carded so far, can be the electron promotion mechan
similar to that in theSe already discussed@5#. In such an
electron promotion process within a quasimolecule form
during slow heavy particle collisions, an electron promot
into one of the excited states is emitted into vacuum. Thou
similar to that in LiF surfaces shown by Strackeet al. @10#,
the present case is found to have a slightly different feat
in the energy correlation diagram involving H~neutralized
atomic hydrogen projectile! and O atom, one of the constitu
ents of this nonmetallic target: the diabatic energy levels
H (1s:13.598 eV) and O (2p:13.618 eV) are almost degen
erated at the isolated-atomic state limit. Thus, in contras
LiF @10#, an electron, either in the 2p state of O atom or in
the 1s state of H atom, can promote via 3ds orbit to highly
excited states. Here we should note that the probabilitie
the electron promotion during the quasimolecular format
involving H and O atoms in slow ion-atom collisions a
generally expected to decrease slowly as the collision ene
decreases@17–20#, which is similar to the observed SE
behavior (}vp

1).
On the other hand, the probabilities of the electron p

motion are very low in the metallic targets under prot
impact as practically no energy-matching levels exist
tween the projectile and targets. That is why the appar
threshold is observed in clean metallic targets.

Similarly, other constituents~Sr and Ce! in the present
nonmetallic SrCeO3 targets are expected to play only a min
role in such an electron promotion mechanism involving h
drogen atom.

It is concluded that the present results in nonmetallic p
ovskite SrCeO3 targets as well as those in LiF previous
observed by Strackeet al. @10# suggest that, over a wide
range of the proton impact energy, the SEE from the nonm
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tallic targets decrease asvp
1 down to the lowest impact ener

gies investigated when the proton velocity decreases, with
showing any apparent threshold. This is in sharp contras
the SEE observed in gas@3# and clean metal@8# targets at
s
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low energies~,3 keV!, which deviates significantly from the
vp

1 dependence expected from the simple binary collis
model and shows the apparent thresholdlike behavior, wh
the SEE has roughly thevp

3.5 dependence.
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