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Electronic stopping power of ALO5 and SiO, for H, He, and N
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An experimental and theoretical study of the energy loss of hydrogen, helium, and nitrogen ions in alumina
and silica is presented. Experimental data show that silica and alumina have a different stopping behavior. By
using a model insulator dielectric function to estimate the target valence electron contribution to the stopping
power, we explain the energy loss of point charges in the two oxides and extend the model to helium
projectiles, where charge state effects have to be considered. At low velocities this theoretical approach shows
a noticeable threshold effect related to the band gap not observed in the experiment. The low velocity data for
H, He, and N ions are qualitatively explained using an electron gas model with an effective number of
electrong(different for the two oxidesand a nonlinear screening description within density-functional theory.

A comparison with Firsov and Lindhard-Scharf models is included for N ions as well.
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I. INTRODUCTION II. EXPERIMENT

. . L . In this paper we compare our theory to experimental data

The electronic stopping power of fight ions in heavy tar- ¢ H*, He", and N’ ions in AlLO; and SiQ targets. These
gets around the B(_)hr_ velocity is dominated by targely,is \yere obtained in three different laboratories. Transmis-
valence-electron excitations. In the case of metals the freesy qata have been measured at the HMI in Berlin by use of
electron-gas model has been widely used to explain the meas, ajectrostatic analyz¢ESA) in the energy range 15—350
sured datd1]. In cases where screening nonlinearities arg.qy/ for H* 35-950 keV for H&. and 55—700 keV for N
important density-functional theory has been ub2Hi The iy the same set of foils. The Helata include measure-
basic assumption of constant density, implicit for a uniformments with3He" and *He" isotopes; the thickness of the
electrﬁn gas, cannot bs thougmrc]morl fo holld for flnslula-. Berlin foils was determined by Rutherford backscattering
tors. However, recent data on the energy loss of slow '°n§pectroscop)(RBS) at Linz University, which also contrib-

under grazing incidence conditions on the surface of an ioni%ted to the high-energy data for protof&). The H" and

crystal (LiF) have been successfully explained using theHe+ data have been published in Refig], [9]. For N pro-
electron-gas model with an effective valence-electron densi ectiles and energies below 120 keV thé me.asured data were
corrected for nuclear losses, by means of computer simula-

[3]. This effective electron density was determined from th
Stion using a modified version afrim T2D [10,11]. This cor-

number of electrons that contribute to the stopping proces
. We use a similar ”?Ode' to represent vqlence-electron ©Xection amounted to 6% of the measured energy loss at most.
citations in the aluminum and silicon oxides and explain-, <o N data are published in the present paper. The low-
their different stopping behavior. Although they have similar nergy data for H and He' (<15 keV) were obtaiﬁed by
energy gaps and valence bandwidihs, they show Ollﬁcererﬁme-of-flight spectroscopy at the IARnNstitut fur Allge-

stopping characteristics. The orthogonalized plane-wave_ . . . . N .
(OPW) model that we use explains the difference between?neme Physik of the Technical University in Vienna and

the two oxides for point-charge projectiles. In the case of H were published in Re{.12]. The Berlin and Vienna data are

projectiles charge-state effects have been considered in iﬁproduced here, just to be compared to theory.
approximate manner. Other contributions to the energy loss

coming from higher-order correctiorithe Barkas effegtor Il. DESCRIPTION OF THE MODEL
charge-exchange processes are not taken into account, as o

they are considered to be of minor importance in this case. A. Excitations of valence-band electrons

Based on previous calculations for Al targétd, we esti- The contribution to the stopping powetE/dx, of a point

mate the capture and loss processes to contribute less thaRarge coming from the excitation of the insulator valence

20% to the total stopping cross section for H and He projechand is given in first ordeflinear-response theonpy
tiles. For heavier N projectiles we have compared the mea-

sured data with density-functional theory predictions for dE ZZZ{ ©dqg (av -1

slow ions stopping and have found good agreement. The use dx w2 o F Jo dw wlm m ' @
of Firsov[5] or Lindhard-Scharff6] models in combination

with Bragg’s rule[7] is also discussed. Atomic unitg.u)

will be used unless otherwise stated. wherev is the ion velocity,Z, the ion charge, and(q, »)

1050-2947/2001/64)/0129025)/$20.00 64 012902-1 ©2001 The American Physical Society



PENALBA, JUARISTI, ZARATE, ARNAU, AND BAUER

TABLE I. Values of the parameters used to describe the modes
for Al,O3. ws is the binding energy of the initial state,dlthe
inverse of the extension of the orbital, amdis the number of
electrons in this state per molecule.

Mode ws (eV) 1/a (a.u) n
1 9 0.78 18
2 27.2 1.4 6

the insulator dielectric function, wheggand w are the mo-
mentum and energy transferred to the system, respectively.
In this work the OPW(orthogonalized plane wayedli-
electric response function has been u§&8]. This model
allows us to consider different excitation modes, which are
characterized by the initial state of the excited electron. In

Im { —1/e(q.0)}

this model each mode is determined by three parameters that

describe the initial state approximated by & brbital
(e7""*):  (wg) the binding energy(a) the extension of the
orbital, and(n) the number of electrons in the state. More
precisely, for a given numbed of modes,

2.5
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FIG. 1. OPW loss function of AD; in the limit g—0 as a

function of the energyo.

show that the band gap is around 9 EM6,17]. This differ-

ence is related to the underestimation of the band gap when

1 N 1
'm[_sm,w)]:;l 'm(_smq.w)]' @

wheree(q,) is the response function corresponding to its

rule.

mode, each one satisfying the first frequency moment sur['s[1

the LDA is used. Therefore, in our model we have used the
experimental value of the gap as the binding energy of the
valence electrons.

In Figs. 1 and 2 the loss functiohm{—1[¢(qg,®)]}) in

e limit g—0 is plotted as a function ob for Al,O; and
i0,, respectively. A prominent peak is observed in both

The number of modes and the value of the parameters af@ses, which corresponds to the collecipiasmon excita-

chosen to describe the valence band ofGjland SiQ in an

tion. In the case of AlO; this peak is mostly related to the 18

average manner. We mean that the calculated valence-baﬁbew_onsf of the vglence band, whereas for Si@mbodies
tributions coming from the 12 electrons that form the two

energies and densities of states have been used to determ
the value of these parameters. In the case of th@®-Al

band-structure calculations show that around 18 electrons per

molecule(coming from theM shell of Al and the » level of

O) form the valence band, and that another six electrons

(coming mainly from the 2 level of O) form a band around
20-25 eV below the conduction baii4]. Therefore, we
have considered two different excitation modes fopGyl
The values used for the parameters are written in Table I.
In the case of Si® 12 electrons per molecule, which
come from theM shell of Si and the @ level of O, form two
subbands, while four electrons from the Rvel of O are
bound more or less the same as@{ [15]. This leads us to
consider three different excitation modes for Si@he val-
ues of the parameters used are shown in Table II.
Concerning the energy position of the valence band for
these oxides, the band-structure calculations based on tr
local-density approximatiofLDA) of Refs.[14,15 obtain a
direct band gap in the range 5-7 eV. Experimental results

TABLE Il. Same as Table | for Si©

Mode ws (eV) 1/a (a.u) n
1 9 0.8 8
2 13.6 1. 4
3 27.2 1.4 4
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valence subbands.

B. Excitation of the L shell of Al and Si

In the high velocity range the contribution to the energy

Im {-1/e(q,m)}

2

loss from the excitation of thé shell of Al and Si is not
negligible, and therefore it has been included in the calcula-
tion. Since these electrons are strongly localized around the
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FIG. 2. Same as Fig. 1 for SiO
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target atoms we approximate these atomic levels and thei o4 — .
wave functions by the values calculated for neutral atoms.
Hence, in the description of these electronic levels a model
approach based on the Hartree-Fock-Slater potential ha
been used18]. This contribution to the stopping power is
calculated in the first Born approximation for the ionization
procesq19].

e
o

dE/dx (a.u.)

C. Charge-state approach for He projectiles

For He projectiles in the range of velocities studied, it is
necessary to consider the variation of the charge state witt 0.1 f
velocity. In this work a simple charge-state distribution has
been used for singly charged iong () and doubly charged
ions (¢""):¢"(v)=0.8-0.3@v—1), and p""=1—¢", o0 £ ‘ S ‘
based on an average of data obtained in transmission throug 0.0 1.0 20 30 4.0 50
Al foils [20]. We assume this approximation is also valid for viau)

Si0,. This approx!matlonlls only valid In the range 1 au. fgG. 3. Stopping power of protons in &) as a function of the
<v<3a.u., but this velocity range comprises all the experi-yyiectile velocity. The long-dashed line is the contribution coming
mental data. from the valence-band electrons calculated with the OPW dielectric

Since He' does not constitute a bare charge, ED.is  response function, the short-dashed line is the contribution of the
modified to take into account the structure of the projectile ininner shells, and the solid line is the calculated total stopping
the following way[21]: power. The dashed-dotted line is the result obtained within our low

d4E 5 dq ] 1 velocity model. The full circles correspond to experimental data
_ * 2 [ W - from Refs.[8,12].
&— m o F|F(Q)| fo do o Im(—s(q'w)] , (3

peaks shown in Figs. 1 and 2 we obtaig=1.4a.u. for

whereF(q)=Z,—p(q) (with Z,=2 for He) andp(q) isthe  Al,Oz andrs=1.72a.u. for SiQ wherer ;=3/3/(4mn,).
Fourier transform of the projectile bound-electron charge
density. The same correction is performed when calculating V. RESULTS
the energy loss originated in the ionization of thehell. '

In Figs. 3 and 4 we show the stopping power of protons as
a function of ion velocity in the range 0.4 astw <5 a.u. in
Al,O5 and SiQ, respectively. The long-dashed line shows

At low ion velocities ¢ <1 a.u.) the energy-loss mecha- the theoretical calculation using linear-response theory with
nisms in insulators are not so different from those in metalgshe OPW dielectric function. The solid line is the total stop-
[3,12]. In the interaction of the projectile with the target at- ping power when the contribution from the inner-shell exci-
oms, molecular orbitals are formed with a subsequent redugations is also included. It is observed that inner-shell exci-
tion of the gap, which no longer affects the stopping processation contributions never exceed 20% of the total. We also
Our dielectric approach is not valid at these low ion VelOCi'ShOW the result of our low Ve|0city approach_ Experimenta|
ties, as it does not take into account nonlinear efféstsh
as the reduction of the gapand therefore strongly underes- 03 _ ‘
timates the stopping power at these velocities. In R&fit !
was proposed that the electronic stopping power for ions ;/ 'f”:‘fe' ! ]
traveling in insulators could be approximated by the value [ A »L\‘
obtained using the following free-electron-gas formula: . ~

) //

dE

azvnOVFUtr(VF):VQ(VF)a (4)

D. Low-velocity limit

e
[
.

dE/dx (a.u.)

where ve=(372ny)*? is the Fermi velocity. The friction ol 1 /

coefficientQ is proportional to the density of electronsj !‘

and to the transport cross section at the Fermi lewgl) (of o/

the corresponding screened potential, which is calculated ’

within the density-functional theoryDFT) as applied to a i

static impurity in an electron gd&2]. 0~00:‘0 ”l’f;)”""' 20 20 40 so
In this approach, the only parameter is the densijtyhat v (@)

is determined by the number of electrons that contribute ef-

ficiently to the stopping. From the position of the plasmon FIG. 4. Same as Fig. 3 for the Si®arget.
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FIG. 5. Stopping power of He in AD; and SiQ as a function FIG. 6. Stopping power of N in AD; and SiQ as a function of

of the projectile velocity. Solid lines are our model results obtainedthe projectile velocity. The solid lines are obtained with our low-

with the OPW dielectric response function and including the con-velocity model, the dashed lines with the Firsov model, and the
tribution of inner shells. The variation of the charge state of the iondashed-dotted lines with the Lindhard-Scharff model. Curves la-
has been taking into accoufsee text Dashed lines are the results beled(a) are the results for AD; and curves labeletb) are the

of our low-velocity model. Curves labele@ correspond to the results for SiQ. The full circles and full squares are the experimen-

Al 05 target and curves labele@) to the SiQ target. The full  tal data for ALO; and SiQ, respectively.

circles and full squares correspond to the experimental data from ) o )
Ref. [9] for Al,O; and SiQ, respectively. Results for N ions are shown in Fig. 6. In this case, the

experimental results correspond to the low velocities for
which the dielectric approach has shown to be not valid.
In the high-velocity region {>2.5a.u.) we find a very Therefore, in this case the nonlinear DFT method has been

good agreement with the experimental values. This indicate§sfge:geﬂ?tg'%g?;nztgmmgﬂ? OY/V;LSésFSSre%OitE t?w)i(;d\?erEOOd
that linear-response theory is valid in this velocity regime, 9 § y

and that our model for the valence-band excitations is ad_For comparison, results obtained using other approximations

. : : at are frequently used in the low-velocity regime as the
equate to describe the energy loss in these two materials. Tﬁ% i : . .
experimental value of the ratio of the stopping power inl‘mdhard Sharff and Firsov modelécombined with the

these materials| (dE/dx)(Al,05)/(dE/dX)(SiO)~1.3] is Bragg rule are presented. The results obtained with the Fir-

obtained. The calculations also reproduce the position ang®” model are in good agreement with the_experlmental data
height of the stopping maximum. At lower velocities linear- while the Lindhard-Scharff model underestimates the energy

response theory does not give good agreement with the e)lﬁzze:\liivggt:;lgiééhg i%ftleirru(iatg:ic?rk\)stacl)?et?\ewlgrath?s Fr|ur|seov
periment due to the importance of nonlinear effecs /¢ y 99

>1) in the energy loss. The nonlinear model based on ththat may give an overestimation of the stopping power of up

DFT presented above, using as density parametetsl.4 to 20%[25}
for Al,O5 andrs=1.72 for SiQ, gives a much better agree-
ment and is consistent with the approximately linear velocity
dependence of the energy loss observed in the experiment. Our model explains the stopping power of alumina and
Slight deviations from linear velocity proportionality have silica for protons in a wide velocity range that covers the
also been observed in the stopping of H projectiles in transtopping power maximum. In the case of He we find a rea-
sition metalq 23]. sonable qualitative agreement when charge-state effects are
In Fig. 5 we show our results for the stopping of aluminaincluded in an approximate manner. We conclude that the
and silica for He ions in the velocity range 1 auw. OPW dielectric function is an adequate tool to describe the
<3a.u.(from 25 to 225 keV/amucompared with experi- excitations induced by ion projectiles in the valence band of
mental datd9]. In this case the variation of the charge stateinsulators at and above the stopping maximum, when band-
has been considered. Good agreement is found between ostructure information is used to describe the different modes.
OPW model calculations and the experimental data around At low velocities nonlinear screening effects are impor-
and over the maximum. At low velocities the agreement istant: no significant threshold effect is observed in the experi-
not good due to the same reasons as in the case of protomaent. Our low velocity model explains the measured data for
the threshold effect in large band-gap insulatfi?4]. The H, He, and N projectiles. This shows that, as was found in a
results of the nonlinear calculation give the asymptotic beprevious work for LiF[3], the energy-loss mechanisms in
havior of the energy loss at low velocities for both oxides,insulators for low-velocity ions are not so different from
using thesame ¢ values as in the case of protons. those in metals.

values from Refs[8], [12] are presented as well.

V. CONCLUSION
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