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Secondary-electron emission from nonmetalli€¢perovskite) surfaces under slow proton impact:
Absence of apparent threshold
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The secondary-electron emissi@®EPE 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 roughlyzéswhen the proton velocityu(;) decreases; meanwhile, there seems to be
no such behavior in nonmetallic targets whose SEE decreaséﬁ abe SEE for these two different types of
targets is also compared with the electronic stopping poW&050-29479)03904-9

PACS numbds): 34.50.Dy

As the slow(a few keV) proton velocityv , decreases, its experiment has been performed under an ultrahigh vacuum
electronic stopping powes, in rare gas as well as in metal (~4x10 Torr) chamber equipped with a target sputter-
solid targets is known to deviate from the expectépdde- ing system by argon ion beam and an Auger electron spec-
pendencé1] and decreases very rapidly-¢;) at the veloc- ~ trometer to check the surface cleanness.
ity of roughly 10 cm/s, showing a thresholdlike behavior. ~ The present observed results of the SEE from clean Cu
This sudden decrease of ti% at low energies is theoreti- Surfaces under proton impact, combined with data by Bara-
cally understood to be due to the non-negligible size of theiola, Alonso, and Oliva-Florig12] and Hasselkampt al.
excitation/ionization energy of the target elements, which id13] at higher energies, are shown in the lower part of Fig. 1
the lower limit of integration of the energy transferred to thewhere, as the proton energy decreases, the SEE starts to
target, over the projectile kinetic energy, as discussed bghow sharp reduction below 3 keV and levels off to a
Semrad 2], Golser and Semrd@], and Schieferriler et al. ~ roughly constant value at further lower energies.

[4]. This behavior can be understood as folldd4]. The total

Recently, Ederet al. [5] have reported the absence of SEE is given as a sum of the contribution of two pro-
such an “apparent” threshold effect in ti& of slow pro-  cesses: (1) The kinetic emission proces&E) due to the
tons in insulators such as & and SiQ as well as LiF.  Kinetic energy of the incident particles, which increase with
Compared with those in rare gas and metal targets where tHBeir kinetic energy and2) the potential emission process
direct binary collision interactions are mostly responsible to(PE) due to their potential energy, which is independent of
the S,, the physical mechanisms for the absence of the apeir kjnetic energy. The apparent constant SEE at the Iovyest
parent threshold in insulating nonmetallic targets can be duénergies(below 0.5 keV observed in the present paper is
to the electron promotion in a quasimolecule formed duringconsistent with the total SEE, which is dominated by the PE.
collisions, through which one of the innershell electrons pro-Using the empirical formula proposed by Baragiola, Alonso,

motes to higher excited states, followed by the autoioniza@nd Oliva-Florio[12], the contribution of the PHin this
tion. case, by protonsto the SEE is predicted to be 0.055 that is

On the other hand, in the secondary-electron emissiofonsistent with the observed value of 0.07 at the lowest in-

(SEB yield under slow proton impact, the apparent thresholcfident energies. The rising SEE at energies above 0.6 keV is
behavior from clean metal targets by Lakésal. [6,7] and related en“rely to the KE. It is eaSIly noted that t]bm’,rtlal

Spieringset al.[8] and the absence of such threshold in LiF SEE due to the KE up to 3 keV, which has been obtained
by Vana, Aumayr, and Wintef9] and Strackeet al. [10]  &fter subtraction of the contribution of the PE from the total

have also been reported recently. SEE and shown with a dotted curve in Fig. 1, increases rap-

.. 35 1 :
It has been known that the secondary-electron emissiolflly as v~ and then as, above 3 keV. It is now worth

phenomena from solids are closely related with the elechoting that thisv>® dependence of the partial SEE between
tronic stopping powef11]. Various approaches are being 0.6 and 3 keV is in rough agreement with ﬁh@dependence
studied for establishing their relationship in a wide range ofof the S,, as mentioned previous[y].

the collision parameters such as the collision energy, particle Though the SEE from solids depends on a number of
and their charges and targets. processes such &s) electron productionib) electron trans-

In this paper we would like to show significant difference port mechanisms to surface, arid) release mechanisms
in the impact energy dependence of the SEE in clean metéiom surfaces and are much more complicated than that in
Cu targets and in nonmetallic perovskite-structured SECeOgas targets, the SEE is known to be parametrized nicely with
(5% Yb) solid targets under slow proton impact. The presenthe electronic stopping powe, as follows[11]:
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10 - T vious results[6,7] in clean metal targets decrease sharply
below the apparent threshold as the proton collision energy
decreases, showing the thresholdlike behavior. Thus, the
constantx in Eq. (1) is expected to be practically unchanged
over the whole proton impact energy range, except for the
lowest impact energy regiof<0.6 keV in protorn+Cu colli-
siong where the PE plays a role.

On the other hand, the observed SEE for nonmetallic,
clean SrCe@surfaces, as shown in the upper part of Fig. 1,
has been found to indicate two distinct features. Firstly, the
. SEE from the nonmetallic surfaces is quite large, compared
i/ with that for clean metal surfaces and this enhancement can

} ; o o Hasselkamp (s + Cu) E be largely due to the increased electron transport to surfaces

! o Baragiola (H+ + Cu) ] [16]. Secondly, without showing any apparent thresholdlike

* present work (H+ + Cu)

0.0086 Se ] behavior, the observed SEE does decrease roughh% as
Dt work D+ 8103 | the proton velocity decreases below 3 keV down to the low-
030 Se est energies.
Y BT B S W ETTIY B ST e e Thus, above 3 keV, whereriM code works nicely, the
10° 10! 10? 10° SEE observed in the present paper has been found to be
proportional to the electronic stopping cross sect8n as
Energy (keV) suggested in Eq(1), where the constant is found to be
0.030 nm/eV for this particular nonmetallic solid target,
FIG. 1. Energy dependence of the SEE from cleaned Cu metalvhich indeed is by a factor of 4 larger than that for clean
target (lower par} and from nonmetallic, cleaned SrCg@arget  metallic (Cu) targets.
(upper part as a function of proton impact energy. Data at high  Presently, there still is no clear understanding why there is
energies for Cu target are taken from Baragiola, Alonso, and Olivathe absence of the apparent threshold in the SEE from such
Florio [12] and Hasselkamﬁt a|[13] The solid lines represent the nonmetallic surfaces at lower energies_ One of the most
S, calculated byrrim code with different constants=0.0086 and likely electron emission mechanisms, which has been dis-
a=0.030 for a clean Cu and SrCg@rgets, respectivelisee EQ.  carded so far, can be the electron promotion mechanism,
(2)]. The dashed Ilngs show the extrapolation of the rgsultmby similar to that in theS, already discussefs]. In such an
Loe";?ﬁtilﬁwfr fﬁerg'e_s'l (S)Eéhg other Ean}g;; dot:ed I"g? shows thgjo tron promotion process within a quasimolecule formed
g to thepartia ue to the or clean Cu targets during slow heavy particle collisions, an electron promoted
that has been obtained after substraction of the contribution of the . . . .
PE from the total SEE and is found to changevé-é. mto.one of the .exc!ted states is emitted into vacuum. Though
similar to that in LiF surfaces shown by Stracéeal. [10],
the present case is found to have a slightly different feature
in the energy correlation diagram involving (ieutralized
SEE=as,, @ atomic hydrogen projectijeand O atom, one of the constitu-
ents of this nonmetallic target: the diabatic energy levels of
where« is constant. H (1s:13.598eV) and O (@:13.618eV) are almost degen-
Experiments performed so far indicate thais roughly  erated at the isolated-atomic state limit. Thus, in contrast to
constant over a wide range of the proton impact energy rangeiF [10], an electron, either in the@state of O atom or in
from 3 keV up to 10 MeV. Indeed, in our recent analysisthe 1s state of H atom, can promote viald orbit to highly
including the experimental data available, the constant excited states. Here we should note that the probabilities of
above 3 keV has also been found to be practically indeperthe electron promotion during the quasimolecular formation
dent of the clean metal target materials. The lower solidnvolving H and O atoms in slow ion-atom collisions are
curve in Fig. 1 calculated witlirim code indicates that the generally expected to decrease slowly as the collision energy
best fit to the observed SEE above the apparent thresholtecrease$17-20, which is similar to the observed SEE
(>3 keV) is found to be obtained witk=0.0086 nm/eV for  behavior écv,lj).
the present clean Cu targgt5] (note that, as the original On the other hand, the probabilities of the electron pro-
TRIM code is intended to be used above 10 K&y, theS,  motion are very low in the metallic targets under proton
calculated byrrRIM may not be accurate below 3 keV any- impact as practically no energy-matching levels exist be-
more. tween the projectile and targets. That is why the apparent
The situation is quite different below 3 keV where, asthreshold is observed in clean metallic targets.
mentioned already2,3], the S, is expected to significantly Similarly, other constituent$Sr and Ceg in the present
deviate from theextrapolationof TRIM calculated above 3 nonmetallic SrCe@targets are expected to play only a minor
keV (the dashed line in Fig.)1Though it is presently diffi- role in such an electron promotion mechanism involving hy-
cult to accurately calculate the electronic stopping pov&rs drogen atom.
near and below the apparent threshold as no relevant mecha- It is concluded that the present results in nonmetallic per-
nism has been understood well, it has been experimentallgvskite SrCe@ targets as well as those in LiF previously
established that both of the electronic stopping poBgr observed by Stracket al. [10] suggest that, over a wide
[2—4] and the SEE yields including the present and the prerange of the proton impact energy, the SEE from the nonme-
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tallic targets decrease a% down to the lowest impact ener- low energieg<3 keV), which deviates significantly from the
gies investigated when the proton velocity decreases, withouxé dependence expected from the simple binary collision
showing any apparent threshold. This is in sharp contrast tohodel and shows the apparent thresholdlike behavior, where
the SEE observed in gd8] and clean metd]8] targets at the SEE has roughly th@,3)'5 dependence.
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