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Kinetic electron emission from Al, Cu, and Au surfaces exposed to oxygen
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Kinetic electron emission is studied for the impact of 3-keV electrons and of 4-M&V fites on poly-
crystalline Al, Cu, and Au targets, as a function of oxygen exposure. For electron-induced emission, the yield
and the change of the work function is measured, whereas for ions the distribution of the number of emitted
electrons is measured. The distributions found are very well fitted yaRdistributions, giving the ion-
induced emission yield and the Ipa parameteb. For Au targets, no influence of oxygen exposure upon
electron emission was found. For Al targets, exposure up to 50 L gives a reduction of the emission yield;
further exposure results in oxidation of aluminum and increases the yield. The work function is found to
decrease with increasing oxygen exposure. The paranietsirthe Pdya distributions are almost independent
of oxygen exposure. For Cu targets, oxygen exposure gives a decreasing emission yield, and a slightly increas-
ing work function. The results are discussed in terms of existing models of oxygen adsorption.
[S1050-294P@7)07510-0

PACS numbegps): 34.50.Dy, 79.20.Hx, 79.20.Rf

I. INTRODUCTION not due to a change of the work function. Tucek and Cham-
pion [13] studied also the effect of oxygen exposure of alu-
In recent years, kinetic electron emission has been inveghinum on IEE for impact of Na ions with energies below
tigated in detail for the impact of ions on metdls—5], 500 eV. They found also an increasing yield for increasing
whereas electron emission induced by the impact of elec®Y9en exposure, but the increase is much smaller than the

trons (secondary electron emissjowas studied much less. Ncr€ase found by Ferroet al.[12]. They proposed that the
S oo o . enhanced electron emission is due to excitation of adsorbed
Kinetic electron emission is sensitive to the work function of

) oxygen atoms.
the target. Therefore, not contaminated, clean target surfaces The purpose of this study is to investigate in detail the

are reguired for reliable results. These can be obtained USiqgfluence of oxygen exposure and beginning oxidation of
ultrahigh vacuun{UHV) and target cleaning and target con- netais on the kinetic EE. The projectiles used are 3-keV
trolling devices(sputter gun and Auger spectrometéin-  gjactrons and 4-MeV Hé ions, both of which excite target
fortunately many of the older investigations do not fulfill gjectrons mainly by direct Coulomb interaction. Therefore
these requiremen(s]. _ similar effects are expected for both projectiles. The EE yield
The influence of adsorbates on kinetic ion-induced elecis measured for clean polycrystalline metal surfaces that are
tron emission(IEE) and electron-induced electron emission gradually exposed to oxygen. In addition, the distribution of
(EEB) has been rarely investigated so far. Some auttig§  the number of emitted electrons, which can provide an esti-
claim that the electron emission yield of clean metal surfacesnate of the contribution of cascade electrons to the total EE
is always lower than the yield of contaminated surfaces. Ofi14], is studied for ion impact . The results of the EE yield
the other hand we found for Cu targets that a clean surfacmeasurements are discussed with respect to the results ob-
gives a higher yield compared to a contaminated suiffate tained by other surface characterization methdds-17.
Oxide layers on metals or semiconductors were found to in-
crease the yield8,9], in agreement with expectations, be- Il EXPERIMENT
cause insulators have in general a higher electron emission The measurements were performed in an UHV chamber
(EE) yield than metal$6]. For aluminum a large increase of \yith a base pressure of>310 1° mbar. The targets were
IEE emitted at an angle of 48° to the surface normal wasroduced by evaporation on silicon or on polished stainless
found when Na was deposited on the surfetf@l. It is pro-  steel backings. After preparation the targets were moved to a
posed that this increase of IEE is due a to change of the workanipulator in the UHV chamber without breaking the
function. vacuum. The thickness of the evaporated layers was about
The effect of gas adsorption on clean C foils on the IEE100 wg/cn?, which is much larger than the mean escape
yield was studied by Arralest al. [11] for the impact of depth of electrons. Before measurements all targets were
2-MeV P ions. Oxygen and nitrogen increased the yield,sputter cleaned using 3-keV Ar ions until no carbon or oxy-
whereas water vapor decreased it slightly. Feebal.[12]  gen contamination was visible in the Auger electron spec-
investigated the effect of oxygen exposure of clean Al andrum (AES). Other contaminations were not found. This
Mo surfaces on the IEE yield induced by 2-60-keV*Ar gives an upper limit for contaminations of about 0.02 ML.
ions. For Al they found an increase of the yield for increas-After beginning the measurements, the oxygen partial pres-
ing oxygen exposure, and they concluded that this increase @ire was increased in the UHV chamber by a leak valve to
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the range of 10° mbar. Subsequently measurements wereabout 0.5%, and the relative yie(with respect to the yield
performed for different oxygen exposures. The compositiorof the clean metal surfagdad an accuracy of about 0.5%.
of the surface layer as a function of oxygen exposure was The IEE was measured using the emission statistics
investigated by Auger spectroscopy. method. The experimental setup and evaluation of the mea-
The electron gun of the Auger electron spectrometer wa§ured data are described in detail in H&9]. 4-MeV He?*
used to measure changes of the target work function. Therojectiles were obtained from the 1.6-MV tandem accelera-
target potential was set to 36 V, and the low-energy peak ofor of Linz University. Here, the target potential wasl9
the emitted electrons was measured. The lowest electron ekY, so that the emitted electrons were accelerated and fo-
ergy measured yields the difference of the work functions ofused to a solid-state detect®IPS typg. From the mea-
the target and of the spectrometer. For evaluation the energitired electron spectra, emission amplitu@gswere deter-
was taken at half intensity of the peak on the low-energy sidénined giving the number of events for emission wof
(Ew). A change ofE,, following exposure to oxygen gives =1,2... electrons. All measured distributions Gf, could
the change of work function, if the work function of the bg fitted very well using FAga distributions. From the fitted
spectrometer is not influenced by oxygen exposure. For AlPdya distributions, the mean number of emitted electrons,
targets no change d,, was observed for increased oxygen the emission yieldy, and the Plya parameteb were ob-
pressure; therefore the influence of oxygen exposure on tHgined. The Plya parameteb describes the deviation from a
work function of the spectrometer was neglected. By thisPoisson distribution(for b=0 the Pdya distribution be-
method, we can determine changes of work function to aigomes a Poisson distributipn
accuracy of about 0.05 eV. Here local work functions at the An advantage of the emission statistics method for inves-
place of electron emission are measured, not the averadigating EE is that almost every ion impinging on the target
values found by the frequently used more accurate Kelviris detected by the emitted electrons; therefore a very small
method[15,18. ion beam current is sufficient. A counting rate of vents
3-keV electrons from the electron gun of the Auger specfer second would correspond to a beam current of about
trometer were used to measure the EEE yield. The anglé0 ® A. Such a small ion current will hardly influence the
between the electron beam and the surface normal was 308urface conditions and the adsorbed gas layers.
At a constant primary electron beam current, the target cur-

rent was measured for a target potential of be®6 V (I ) IIl. RESULTS
and—36 V (1_). The EEE yield was then given by A. Aluminum
| Aluminum targets were first sputter cleaned until C and O
y=1-—. peaks were no longer visible in the Auger spectrum. Then
s the partial pressure of oxygen was increased to about 1

X108 mbar and kept constant while Auger spectra were
The change of the electron-impact energy due to the addimeasured. In the differentiated energy spectra the peak
tional target potential £36 V) was considered negligible. heights(difference maximum to minimuimwere evaluated
Since the positive voltage of 36 V might be too low to sup-for O (KLL) and for Al (LVV) transitions. For Al, two con-
press emission of all electrons from the target and since reributions could be separated, a line at 66 eV corresponding
flected primary electrons could also contriblife, the accu- to a transition in metallic Al and a line at 53 eV, which
racy of the absolute value of the yiejdwas estimated to be appeared after longer oxygen exposure, due th\A tran-
about 25%. The reproducibility of yield measurements wassitions of aluminum oxide. In Fig. 1 the dependence of the
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FIG. 1. Auger line intensitiegdifference maximum to minimum in differentiated energy specjrion metallic Al (-®-) (LVV at 66
eV, the values are divided by Lor oxidized Al (-O—-) (LVV at 53 eV}, for O (-X —), and the change of work functiah® (A) vs O
exposure.



2980 0. BENKA, J. PLIRSTINGER, AND A. KOYAMA PRA 58

———17 7 0.60
oR
30 &\’SZ(
) \ o H o058
3 X XXX'X (o) / i
. 5 \
£ 20 N WYY
& X~ /Y ° 40.56
o
>
3(%- ¥ xQO/ | <
c 00 @
2 / Jos4 &
T 104 000 :
® dJ
¥ /
o
d —4 052
04 ©00000000000000°°°
— 0.50
0 20 40 60 80 100 120

Exposure (langmuir)

FIG. 2. Electron emission yield (—) and Auger line intensity of oxidized Al (©—) for the impact of 3-keV electrons on aluminum
vs O exposure.

individual peak heights on the oxygen exposure is shown. lexposure a decrease of about 10% of the width was ob-
can be seen that the oxygen peak increases almost lineaerved. This is in agreement with the known fact that the
with time, but the aluminum oxide line becomes visible only width of the low-energy peak of insulators is smaller than
after an exposure of about 50 L. On the other hand the methat of metald6].
tallic Al line decreases from the very beginning. Evidently, The measured electron emission yield induced by 3-keV
there are two phases of oxygen adsorption: ptidsevhen  electrons is given in Fig. 2, together with the oxidized(33
oxygen is adsorbed without oxidizing Al and phagwhen  eV) Auger line, as a function of O exposure. It can be seen
aluminum is oxidized. that the yield decreases at first slightly to a minimum value at
Figure 1 shows also the change of work functizdd,  an O exposure close to the onset of phé@ethen the yield
relative to the work function of clean aluminum, as a func-increases. Even at an exposure as large as 10 000 L the yield
tion of O exposure. A decreasing work function was foundstill increases with increasing O exposure and does not ap-
for increasing oxygen exposure. In phade (under 40 L) proach a constant value. At these large O exposures the Au-
the rate of decreasedA®/dL) is slightly smaller than in ger peaks of O and Al53 eV) converge to a constant value.
phase(2). For oxygen exposures larger than shown in Fig. 1Long series of measurements of Auger spectra or EEE yield
the work function is found to decrease slightly further andcaused problems, because enhanced aluminum oxidation was
A® approaches a value of abot.35 eV. found at intensely bombarded target areas. Therefore the im-
The shape of the low-energy EEE spectra was not signifipact position of the electron beam on the target was often
cantly changed by oxygen exposure. Within the uncertaintghanged during long measurements.
of measurements%y), no change of the widtffull width at EEE yield as a function of O exposure was also measured
half maximum(FWHM)] of the low-energy peak was found at different partial pressures. The exposure that gives mini-
for low oxygen exposurdup to 50 ). For large oxygen
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FIG. 3. The O exposure giving minimum EE yield, vs O pres- FIG. 4. Electron emission yield of Al for impact of 4-MeV
sure. He?* ions, vs O exposure.
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FIG. 5. Pdya parameteb of the distribution of the number of emitted electrons for the impact of 4-Me¥"Hens on Al (a) vs O
exposurejb) vs emission yield. The dashed line gives a linear fit.

mum yield (L) was about 50 L at about 16 mbar, but at  €xposure in contrast to aluminum, where the Auger transi-

higher pressures (16 mbap the minimum yield occurred at tions involving valence electrons indicated an oxide state.

higher exposures. Figure 3 givés,, as a function of O The EEE yield is given in Fig. 7 for impact of 3-keV

pressure. electrons. It can be seen that the yield decreases slightly with
IEE yield versus O exposure is shown in Fig. 4 for impactincreasing O exposure. A continued increase of the yield at

of 4-MeV H&" ions. It can be seen that the IEE vyield is larger O exposures, as found for aluminum, was not ob-

similar to that of the EEE yield. The IEE yield was obtained served.

from emission statistics discussed above. The pararbegér For Au targets, the Auger spectrum was found to be un-

the fitted Ptya distributions is shown versus O exposure in changed with increasing O exposure. An O Auger peak was

Fig. 5. The error ob is estimated at about 10%. The varia- not found. The EEE and the IEE yields were also found to be

tion of b is small, and opposite to the variation of the yield. constant, independent of O exposure.

Figure 5 shows thé values versus yields, corresponding to

different O exposures. It can be seen that there is roughly a IV. DISCUSSION

linear relation withAb/Ay=—0.13.
A. Aluminum

B. Copper and gold The adsorption of oxygen on aluminum and the subse-

For Cu the height of the GKLL Auger peak and the quent oxidation were studied in recent years for single-
change of the work function for 3-keV electrons is showncrystal surface$17,18,2Q and recently also for polycrystal-
versus O exposure in Fig. 6. Here, both the O peak heigHine aluminum[16]. Arranz and Palacif16] investigated in
and the work function increase with increasing O exposuredetail Auger spectra for aluminum exposed to oxygen. For
This is contrary to the behavior of Al. The shape of theevaluation they used a factor analysis method. Their results
60-eV MVV line of Cu did not change with increasing O are in good agreement with the results of Auger measure-
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FIG. 6. Auger line intensity of oxygenX) and change of work functioA® (O) for impact of 3-keV electrons on Cu vs O exposure.
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148 T A T metals. Therefore also electrons excited at a large depth can
{~——clean metal ; contribute to electron emission in metal oxides. S{8pis
] ] influenced by the work function of the target. Decreasing
140 . work functions would enhance the probability for escape of

electrons from the target. As the mean energy of electrons
] ] emitted from metals is about 5-10 €8], changes of work
1.35 1 . function of the order of 1 eV have only a minor influence on
] ] the EE yield. Therefore the large increase of the EE yield for
] - ] oxides compared to metal is in the main not due to a change
1,301 " . of work function, but it could contribute.
] . ] Thus an increase of EE vyield for electron and ion excita-
u] tion found in phasé2) beyond about 50-L oxygen exposure
—_— ——r —_— ] compared to metals can be explained by the large band gap
100 1000 10000 of aluminum oxide, which increases the escape depth for
Exposure (langmuir) electrons and, to a lesser extent, by the decrease of work
FIG. 7. Electron emission yield for impact of 3-keV electrons on function. . . . . .
Cu vs O exposure. The decreasing EE yield for increasing O exposure in the
chemisorbed phasgl) would be in agreement with an ex-
o L . ected increasing work functiofl7]. But the measured
r5n0erljt[s ﬁ;;gi){lnl\elzzztégr%t;?r?l. fgg%i_%rre t?fnoi)r(1yge?1 unt'll al;mé light decrease of work function for polycrystalline Al is in
P y plo a chemisorbed ., o diction to expectations. Therefore the decreasing yield

state. The chemisorbed oxygen gives rise to an oxygen Auéannot be explained by a change of work funciistep(3)].

Yield

1.25

ger line and decreases the intensity of the metallic Auge X . .
line. At 50-L exposures only less than 1 ML O is adsorbed a ut a chemisorbed O atom (@ will have an influence on

the surface because of small sticking coefficigattout 0.01  POth steps(1) and (2). It is known [17] that oxygen mol-
[17]) for oxygen on aluminum. With further oxygen expo- _ecgle_zs are not adsorbed as_such, bu_t after dissociation as
sure oxidation of aluminum starfghase(2)] and the alumi-  individual O atoms accumulating negative charge. In ¢igp
numLVV line of aluminum oxide appears in the Auger spec-the Q,gatoms can be ionized by the projectile and contribute
trum at lower energy compared to the line of metallic to primary electron production. The IEE yleld is known to be
aluminum. roughly proportional to the energy deposited by the projec-

Chemisorbed oxygen is expected to increase the workles in a surface layef6]. The mean energy deposited per
function, because of transfer of negative charge to adsorbegfom is described by the stopping cross section which gives
O atomg17]. But for polycrystalline A[22] and recently for  for 4-MeV He ion impact on O a value of 23 eV ém0"
single-crystal Al surfaceEl18,21], the work function was al- atoms and for impact on Al 31 eV Gti0* atoms[24]. The
ways found to decrease with increasing oxygen exposurdarger stopping cross section for Al compared to O is roughly
For single crystals the amount of decrease depends on tisiie to the larger number of bound electrons. Therefore it can
type of crystal surface. The largest decrease is found for thle concluded that, in stefi), an O atom will contribute less
(100 surface of more than 1.2 eV. The change of work func-to electron emission than an Al atom.
tion for polycrystalline aluminum found in our work is in In step (2) O,4 will contribute to scattering and energy
agreement with results of Michadt al. [18] for the (111)  loss of the low-energy secondary electrons. Because low-
surface, where chemisorbed O gives only a small decrease efiergy electrons can transfer energy by scattering mainly to
work function, while for aluminum oxide a decrease of aboutvalence electrons, the electronic state of target or adsorbed
0.3 eV is found. The question is still open why chemisorbedatoms is important for stef2). It is assumed17,13 that Oy
oxygen[phaseg(1)] does not increase the work functiptiz].  accumulates negative charge and therefore its electronic state

To understand kinetic electron emission, one can dividewill be close to that of an O ion. Because the electron
the process into three step8]: (1) production of primary affinity for O™ ions is only 1.4 eV, O ions can take even
electrons by ionization of target atoms by projectiles and bysmall amounts of energy from secondary electrons and con-
decay of plasmons excited by projectil€é®) production of tribute considerably to energy loss.
secondary electrons by fast primary and secondary electrons If we assume that the contribution of an/@tom to scat-
(cascade electropstransport of electrons to the target sur- tering and energy loss to low-energy electréaep(2)] is
face; (3) escape of electrons with enough energy from theroughly equal to that of an Al atom, but the contribution to
target surface. electron production is less than an Al at¢step(1)], a de-

The well-known fact that the EE yield of metal oxides is crease of the EE yield can be expected for increasing O
higher then that of pure metal§,23] can be qualitatively exposure, as found experimentally for the adsorption phase
understood on this basis: In stéf), mainly atomic pro- (1).
cesses at high energies are important, which are insensitive According to this model an O atom in aluminum oxide
to changes of binding energies of the order of 10 eV. Thewill also contribute less to electron production than an Al
difference is attributed to stef?), where the absorption atom[step(1)], but because of the large band gap of alumi-
length of low-energy electrons is a dominating factor. Low-num oxide it will also contribute only little to the energy loss
energy K10 eV) electrons have a much larger mean freeof secondary electronistep (2)], which gives a larger EE
path in metal oxides, because of the large band gap, than ¥ield for aluminum oxide than for metallic aluminum.
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Fast light ions and electronwelocity larger than Bohr indication that the onset of aluminum oxidation depends not
velocity) excite target electrons mainly by direct Coulomb only on the amount of O exposure, but also on time.
interaction[25] [step(1)]. Production of cascade electrons,
transport, and escape of electrons from the target surface B. Gold and copper
[steps (2) and (3)] should not depend on the projectile.

o Gold was used as a reference target. As expected, no
Therefore it is expected that the effect of oxygen exposure O anage of work function and no chanae of vield due to O
the yield is the same for electron and¥eion impact. The 9 9 y

experimental results confirm this model exposure was found. This proves that our results for other
Slow heavy ions with bound electrons excite target eleclarget materials are indeed target properties, and do not have

trons mainly by other mechanisnie.g., by level crossing ~ Systematic errors depending on O pressure.
This fact may explain why in previous investigations using FOr Cu the decreasing EE yield and increasing work func-
slow heavy-ion impacf12,13 no decrease of the EE yield tion fqr increasing O exposure is an |nd|cat|_on that O is only
for low oxygen exposuréphase(1)] was observed. chemisorbed on Cu and copper is not oxidized, correspond-
In our model for the emission statistics of I§E4] we  ing to phasgl) of Al. The increase of work function found
proposed that the parameter of the Rya distributions de- IS in agreement with published data for single-crystal sur-
scribing emission statistics is a measure of the contributiofiaces[15,26. It is also found for Cu single-crystal surfaces
of secondary(cascadg electrons to total electron emission that low pressure oxygen exposure as high asl16oes not
(primary electrons excited by the projectile and secondaryproduce an oxide laydrl5]. For an explanation of the de-
electrons. If it is now assumed that the difference of energy creasing EE yield the same model as proposed for Al can be
loss for low-energy electroristep(2)] for different oxygen applied.
chemical stateschemisorbed and oxidglés the same for pri- Because of the increased work function it can be assumed
mary and secondary low-energy electrons and that thehat the adsorbed O is accumulating negative charge, form-
change of electron emission after oxygen exposure is mainlyg a state similar to an Oion. In step(1), the O ion will
due to change of energy loss for low-energy electrons, thefpaq to a decreased electron production compared to that of a
the b parameter of Fga distribution should not depend on ¢y atom, because the number of bound electrons is smaller
the O exposure. _ for O~ ions than for Cu atoms giving also a smaller stopping
The change of IEE yieldy and of theb parameteAb  rosg section. The energy loss of low-energy electfstep
due to O exposure can be compared to the changes due 1q8] can hardly be estimated for Gions compared to metal-
variation of projectile energy. Projectiles with higher ener-ji- "=, atoms. Both have the possibility to take a small
gies will have a smaller probability for target ionization, thus 5,5 int of energy from secondary electrons and contribute to

producing a smaller amount of primary electrons and gnergy |oss. The increased work function will decrease the
smaller emission yield. Ste2), when cascade electrons are escape probability for Efstep(3)] resulting in a lower EE

produced, and stef8) will not be influenced by a change of ey Therefore the adsorbed Gons may only contribute
projectile energy. The qontnbuno_n o_f primary elect_ro_ns iSin step(2) to an increased yield, but taking also stépsand
therefore smaller for higher projectile energies, giving 8(3) into account a slightly decreasing EE yield for increasing

larger value of the parameter[14]. O exposure may be expected, as experimentally observed.
According to the proposed modEl4], a change of the

yield due to a projectile energy change should also change
but a change of yield due to O exposure should not change
b. For 4 MeV Hé" impact a slopeAb/Ay=—0.32 is ob- The influence of oxygen exposure upon kinetic electron
tained for changing projectile energiglst], whereas a slope emission was measured for metal surfaces. For Au the EE
Ab/Ay=-0.13 is found for O exposure in this wofkig.  yield remained constant, whereas for Al a nonlinear depen-
5). This difference is in agreement with the proposed modeldence of the EE yield upon O exposure was found. For small
A more detailed model than the proposed pbé| for emis- O exposures the yield decreased and a minimum yield was
sion statistics of EE would be necessary for understandingbtained, when aluminum oxidation began. Further alumi-
the small dependence bfon the O exposure. num oxidation increased the yield. Incipient aluminum oxi-
In previous studies of O exposure on aluminumdation was determined by Auger spectroscopy. It is proposed
[17,18,2Q the dependence of the onset of aluminum oxida-that the different effects of oxygen on the EE yield for ad-
tion on the oxygen pressure was not investigated. As dissorbed O and for O in aluminum oxide are mainly due to
cussed above, the minimum of EE yield is an indication thadifferences in energy-loss contributions to low-energy
at this point oxidation of aluminum is becoming important. (<10 eV) electrons, because of different valence electron
Therefore dependence bf,;, on O pressure founFig. 3)is  energies. Therefore EE yield measurements can provide in-
an indication that the onset of aluminum oxidation depend$ormation on the electronicalchemical state of adsorbed
on the O pressure. If the onset of aluminum oxidation doegtoms on surfaces. For Cu the decreasing yield for increasing
not only depend on the amount of adsorbed O but also on th® exposure indicates that O is adsorbed not in the state of
time of exposure, a dependence lgf;, on the pressure is copper oxide, but in a state with low excitation levels like
expected. A larger O pressure will give the same exposuréhat of O ions.
L min in & shorter time. But if this shorter exposure time is not Measurements of EEE yield can be performed in a short
large enough to start oxidation, then oxidation will com-time, therefore this technique may be useful to study fast
mence at a later time, resulting in a larger valyg,. There-  adsorption processes on surfaces. First measurements of
fore the dependence bf,;, on the pressure found may be an yield change for O exposure at higher O patrtial pressure gave

V. CONCLUSION
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indications of a time-dependent oxidation process. Improve- ACKNOWLEDGMENTS
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