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Surface dielectric functions of a free-electron gas
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We investigate the surface dielectric response of a free-electron gas to a projectile moving parallel to the
surface. Three theoretical models are examined, viz., the specular reflection and the parallel dispersion models,
and a here-proposed axial model. The mean-free path, the stopping, the straggling, and the self-induced
potential at the projectile position, are calculated in terms of the distance of the projectile to the surface.
Differences at level of energy-loss distribution are found. We conclude that the axial model is reliable, has a
simple closed form and permits us to estimate the binary contribution.
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[. INTRODUCTION modes in the surface region of the materialthough math-
ematically correct, to some extent the SRM simplifies real
As a heavy projectile collides with a metal surface, it surfaceq3]. The position of the surface is not precigs-
interacts with the valence electrons and the inner shells of ththough the widely accepted prescription is that the jellium
target atoms. The most relevant quantity to determine théorder should be shifted half of the planar atom separation
moment ¢) and energy @) ceded by the projectile to the from the topmost atomic planeand the full reflection at the
valence electrons is the screened projectile potential. Insidgurface implies an infinite barrier which is not realistic
metal solids, one can consider, when possible, the valend@etal barriers are of the order of the electron ydigs10].
electrons as a free-electron gas. In the bulk, the geometry dfherefore, we could expect that in real surfaces begrenzung
the interaction has an axial symmetry with the rotation axisconstrain may, if not be erased, at least be partially eroded.
alongv, wherev is the ion velocity. The Fourier transform of __Another model commonly employed is the parallel distor-
the bulk screened potential readd/(q, »)=V(q)/s(q,®), t!on_modeI(PDM) [11_,12. Itis den_ved employing the con-
whereV(q) is the Fourier transform of the Coulomb poten- tinuity of the pOter.‘“a'_ and the _dlspla_cement vector at the
tial, g=|q, w=q-v, ande(q,) is the Lindhard dielectric- interface a_nd conS|der|ng only dispersion parallel to t_he sur-
response functiofil]. face. Also it cfarrl1 be derived from thg SIRM byhneglefctmg thhg
The problem we face in this work consists of extendingcOmponent of the moment perpendicular to the surface. This

. . . . S : model has a simple closed form in term ,w) but the
the dielectric formalism to deal with projectiles moving par- P Sedfy), )

el h ; - d of ) Il inside the b IkCOSt’ as we shall see, is that bulk limit is not satisfied but at
allel to the surface, instead of moving well inside the bu pigh-impact energieEl3].

[2,3]. In general, one expecfts that the Fourier transform o In a recent article, GatasLekue and Pitarkg3] have re-
the surfacescreened interactio/(R,,q) to depend orRy, orted self-consistent density-functional calculations of the
the position of the projectile with respect to the surface, an ensity response function in surfaces, including exchange
9=(0x,dy,0z), Whereq,=w/v, qis the momentum trans- yithin the so-called adiabatic local-density approximation.
fer perpendicular to the surface, aggis the projection par-  The employed model considers the surface as a finite and
allel to the surface and perpendiculanto , smooth barrier, including quantum-mechanical interferences
In_similar (g:\shlon to the b%l)( we can writd/(Ro,d)  and the electronic selvage of the metal surface. Four major
=V(Ro,q)/E™(Ro,q), where€'(Z,,q) is the here-called  ¢onclusions were drawr(i) begrenzung inside the solid is

three-dimensional screeninglividing) factor. In principle,  giminished,(ii) surface-plasmon peak is considerably shifted
no symmetry is observed except that given b3y the planafoyards smaller energieéii) bulk excitation is still present
surface. So we find convenient o writ€¥(Ro,a)  for trajectories outside the surface, afing) the influence of
=£0(Z0,9),9;, ) with gy=(qy+ w*/v*)*? andZyisthe  the exchange is not very relevant. Links with these calcula-
distance to the jelllum bOdeI26>O Vacuum,ZO<0 SO“d). tions will be carried out a|ong this work.
Deep inside the solid a&,— —, we expecte®)(Z,,q) In the present paper we propose and explore a closed form
—&(q,w). for the dielectric function that we call axial mod@M). In

One of the more rigorous models to describe the surfacessence, it keeps the simplicity of the PDM expression but
dielectric function is the specular reflection mod8RM),  recovers the axial symmetry proper to the ion moving well
which lets us obtaig§R,(Zo.d).d,, ) knowing of the bulk  within the bulk. As we shall see, there are number of advan-
function e(q,w) [4-8]. To deriveg(sﬁM, it is assumed that tages of this model, such as a simple separation between
the surface is a perfect plane situated at a precise position inary and collective modes.
which the “information” is reflected without interference. This paper presents comparative performances of these
The solution of the so-posed problem leads us to begrenzurtgree models, SRM, PDM, and AM. Numerical results for
effect (the inhibition of bulk modes in favor of surface the first three moments of the energy Idgg., mean-free
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path, stopping and stragglipgs well as the ind_uped poten- ~e[q, @], or equivalently 551(2’% L) =exp
tial are reported and analyzed for protons colliding with alu—(_q”|z|)/8(q”,w)_ By replacing this expression in EG), it
minum surfaces for a wide range of impact energfesm 1 yields

to 700 keV. In Sec. I, the basic formula are presented, in
Sec. lll we display the numerical results, and Sec. IV con- 1
tains the conclusion. Atomic units are used. (2)—:[1+ R(qy, ®)E(q))10(Zo)
Erbm(Zo.q), @)
Il. THEORY
+[1-R(q),»)E(q)]
The induced potential created by a punctual chatge

moving parallel to the surface to a distari€gat the charge x; (—Zp) (6)
position, can be expressed in terms of the three-dimensional e(q), @) '
screening facto€ ®) as follows:
with
Vind(zg)= =2 J i & 1-2(Q-0)
2m) ?[£9(Z,.0) R(Q,0)= 7

1+e(Q - w)’

Axial symmetry implies that ®)(Z,,q)=£®)(Z,,q9,») and
So it is convenient to expresig=2w/vdqdw. For planar
symmetry, we integrate Eql) onq,, to yield

(iii) The axial modellAM), that we introduce here, per-
mits to absorb momentum perpendicular to the surface and
its expression to be used in Ed) is found to be

d 1
R 11, @ 1 ,
q [ £®)(Zy,0,) (3)——[1+ R E(q))]0(Z0)
(Zo,q, 0
where £ is the bidimensional screening factor. It is here ,
convenient to expresdq=2/vF(q),w)dgde, where +[1=R(@)E(q))]
q X O(-Zo). ®)
F(q”,w)zz—uz (3) e(q,w)
Vaj— (/v)
with
We will concentrate on three linear models.
(i) The specular reflection modéBRM). The inverse of 1 w2
the bidimensional screening factor used in &j.is found to q|i =\V3 g%+ il 9
be v
1 1-£404),0) We have derived this expression from the SRM following
8 =11+ 5510 E(q)}(zo) two considerationgi) The full screening factof $£3,(Z,,9)
Esrm Zo. 0|, @) +&5(04),0) has been expressed in terms of an Fourier integrat,cas
£404),®) the one given by Eq5). Next we evaluate the integrand at
[ I k,=q, to satisfy the bulk limit. Thuss(q,®) is extracted
€8(2Z0,q), @) from the integrand of Eq(5) instead ofe (¢, ») correspond-
( £404),®) 2 ing to the peaking approximatiork{=0) used in the PDM.
- — (i) The argumean of E has been transformed q? impos-
€s(20.qy@)] 1100y, @) ing again the axial approximation. q‘z—qZJrqer(w/v)2
1 the axial symmetry |mposesqy dz, then qy [q?
ng(o,q”,w)@(_zo)’ @ —(wlv)?]/2, and soqf = (g°+w?/v?)/2=q'f as given by
Eq. (9).
E(Q)= exp(—2Q|Z)),0 is the Heaviside function ané is The physics underlying these points can be observed by
given by inspecting the induced potentlals In the PDM, the interac-
tion potential is screened bﬁPDM(ZO,q”,w) implying a
1 q (> dk explik,Z) cutoff just in the plane parallel to the surface but remaining
- - _”f 5 z 5 > 221/2 . (50  essentially Coulombian in thedirection. On the contrary in
&2, W) 7 —=qf +kZ e[ (qf +kE) M2 ] the AM, the presence dR(q,») instead ofR(qy,w) intro-

duces a cutoff in the-direction similar to that in the plane
(i) The parallel dispersion modéPDM). This model can  parallel to the surface. In this way the planar symmetry of the
be derived fron€ 2}, by neglecting in the integral of EGS)  PDM becomes an axial one in the AM. In other words, the
the dependence oik, of &, namely, s[(qﬁ+ k22 w] PDM as well as the AM are rooted in the SRM, but while the
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PDM is derived by considering planar symmetby impos-  of e(q,w) is reproduced. The SRM then has the virtue of
ing k,=0), the AM is derived by considering axial symme- describing the bulk limit, changing from planar symmetry

try (ay=0d,=k,). outside the solid to axial symmetry deep inside. We consider
the SRM as a good reference to compared with.
A. The energy loss moments and the induced potential For the PDM, as&Zy— —°, 55323)1\4(201(1” ,w)—e(q),o)

The moments of the energy loss can be written as thus the energy-loss probability tends to

dP » dq
= dP(Zy) PDM f IIF »)Im
POZg) = [ "0 2w (10 do ), F9)

. (13

e(q), )

The probabilityP®=P=A""! (or the inverse of the mean- By writing g=q the integrand remains the same as the bulk
free path corresponds tm=0, the stopping®")=S corre-  |imit [Eq. (13)] except for the multiplicative factdf (g, ).
sponds ton=1, and the second moment is the stragglingThis factor is responsible for the failuf@verestimation in
P(®=02. Since the calculation of the energy-loss spectrumall the casesof the PDM at intermediate and small veloci-
dP(Zy)/dw requires the integral on the momentum transferties. In the limit asy — o, F(qy,@)—1, and only in this
Jdg, it is convenient to express it in terms of the variablescase the PDM tends to the proper value.

suitable to the symmetry under study. For the SRM and

PDM, where planar symmetry is observed, it is found from

Egs.(2) I1l. NUMERICAL RESULTS.
dPy(Zo) - d Three numerical integrations are required to obtain the
L:SOJ ﬂp(q” Lo)Im| ———————|, energy-loss moments for the SRMn k,, q;, andw), and
do wlv Q] &2(20,9),) just two for the PDM(on g andw) and AM (on g and o).

(11 Deep inside the solid, care should be paid to integrat&,on
) 5 in Eq. (5) due to the oscillatory pattern witdy,. Mermin
X=SRM or PDM andSy= —2Zg/(7v°). Lindhard dielectric-response function was used to represent
For the AM, where axial Symmetry is SatiSfied, the naturalthe free-electron gdg_,lq For aluminum 'l:ar'ge'[7 the follow-
set of variables in common with any bulk dielectric function ing parameters were considered: voluthalk)-plasmon en-
is recovered, and from Eql), ergy w,=0.566 and the life timey=0.0375[15].
Stopping results are presented in Fig. 1 for protons collid-
dPam(Zo) fx dg 1 ing with aluminum surfaces as a function of the distance to
do whv g m gf&(zmq,w) the jellium border Zy) for four impact_energies ranging
from 1 to 700 keV. Regardless of the impact velocity, the
In this way the AM shrinks to a simple screening function agreement between the AM with the SRM is very good. As
with the same symmetry to that of the bulk but dependingmentioned before, in all the cases, the PDM overestimates
parametrically orZ,,. the SRM results, tending to the Lindhard values inside the
The energy-loss moments depend on the imaginary part gfolid only in the high-velocity limit. The same performance
the inverse of the screening factor, while the potential crewas found for the probabilityFig. 2), straggling(Fig. 3) and
ated by the projectile depends on the real part. From @gs. induced potential at the projectile positigRig. 4). Only in
and (2), the induced potential at the projectile position the case of very high-impact velocity {~) and long dis-
Vind(Z,) can be reduced to an expression similar to Egstance to the surfaceZg— + <, where the probability is neg-
(10—(12) (n=0), with the real part minus one instead of the ligible), the PDM seems to approach the SRM better than the
imaginary one and/oz ZZp/(’ﬂv) instead OfSO The so- AM. From the examination of Flg 1, and as far as the free-
called image potentia(self-interaction, which is the rel- €lectron gas role is concerned, wannotsay thatS(Z)
evant quantity to calculate the ion trajectory, is one-half ofdecays as an exponential as it is widely accepted in the ex-
the induced potentigl4]. Detail examinations of the surface perimental domairj16,17. Although, at high impact ener-
and bulk induced potentials are given in Appendix A of Ref.gies, the classical expression of Echenique and Pelridily
[12] provides a very good estimate f@p— + .
At long distances, the induced potential at the projectile
B. Bulk limits position behaves as Coulombic due to the interaction with its
image charg¢15]. In Fig. 4, we plot also the Coulomb po-
We prove here that the proper bulk lint#sZo— —=) is  tential, which satisfies the value given by the SRMZat
satisfied by the AM and SRM but not by the PDM. In the =5 wijth dash-dotted lines. Note that at 700-keV proton
first case, it is obvious from Eq®) that £5)(Zo.0,0)  impact, the induced potential does not behave as Coulombic
—¢&(g,), and therefore the bulk result is restored. Similaryet aroundz,=5.
limit holds for the SRM as explained below. Thus by As far as the energy-loss moments are concerned, the AM
ERUZo,q),0)—E5(0,q,w), replacing this limitin Eq(2)  is a good candidate to replace the SRM when the numerical
and writingk,=q,, the integralfdq can be restored, so the calculation requires computational econofi2]. We have
axial symmetry is recovered and the bulk expression in termseached energies as low as 1 keV to show that the AM is still

] . (12
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----------------------- 25 keV 700 keV
0.1 = SRM
------- PDM
o —M
g \\ ............ Bi .
— 0.01 g e _ FIG. 1. Stopping cross sec-
= B tions for protons on aluminium as
g = a function of the distance of the
2 — s projectile with respect to the jel-
g 1 keV lium borderZ,. Impact proton en-
=] © ergies as indicated. Notation:
O o4 Squared symbols, the SRM;
"""""""""""" dashed line PDM,; solid line, AM;
and dotted line binary contribution
0.014 of the AM.
5 4 32401 2 3 4 5 5 4525061 5345
Z (a.u.)

a good approximation to the SRM, even though the lineasurface (s) as well as at the volume-plasmoa,() frequen-
response function is out of range of validity. cies, with larger contribution coming from the latter. As we
The spectacular agreement between the SRM and the Aldenetrate deeper, both SRM and AM tend to the Lindhard
at level of integrated values does not mean that the energyesults(just one peak ai, for, say,Z,< —10).
loss spectra also agree with each other. To inspect in detail By comparing the present findings with the results of Ref.
the differences, in Fig. 5 we plot the spectra for 700 keV[3] one feature is missing in the present calculation; no trace
protons on aluminunicase studied theoretically by Juaristi of bulk plasmon forZ,=0 is found. But in accordance with
et al. [4], and experimentally by Winteet al. [17]). Three  Ref. [3], an appreciable shift of the surface-plasmon peak
values for the penetration are presented; outside the soliggwards smaller energies is found. For 100-keV incident pro-
Zy=2, at the jellium bordeiZ,=0, and well insideZ,=  tons atZ,= +3.38, the AM peak is shifted 0.08 a(2.2 eV)
—5. Certainly forZ,=0 the three models agree each otherfrom that of the SRM while the shift between the RPA and
and no appreciable differences are found. All of them displaythe SRM calculations in Ref.3] is 0.12 a.u.(3.2 eV. It
one peak at the surface-plasmon frequensy=w,/\2  would mean that axial symmetry is a step in the direction of
=0.4. The situation is different well inside the solid. For including finite barrier. Also, we find that begrenzung effect
Z,=—5, the SRM predicts the major contribution coming is diminished, i.e., the bulk-plasmon peak becomes rapidly
from surface-plasmon excitations at due to begrenzung relevant as we penetrate the solid when compared with the
effect. The AM and PDM predict two peaks instead: at theSRM.

1

------------------------ . 25 keV 700 keV
- aasun L] ‘\‘
S o1
&
2 £
S oot £
< &
o) =
S z -
n_ ~ .““. . . .
Hm—-——m—— FIG. 2. Similar to Fig. 1 for

the probability (or inverse of the

----------------------- 100 keV mean-free path

0.14

0.014

53553815335 3355487153533

Z (a.u.)

0
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By “\‘ 700 keV

0.14

3 0.01 §
& =
o =
£ ! —r ' T T { LA L — o .
2 —— 100 keV FIG. 3._S|m|Iar to Fig. 1 for
Y the straggling.
n
ooty T

0.0014

5 4 3210123 45 5 4324012345
Z (a.u.)
These results could be important to understand a series @ktimate the binary contribution. It can be achieved by mul-

recent experiments which have found that grazing reflectetiplying the integrand by the well-known factf21]
ions produce electrons escaping from the surface with ener-

gies near the bulk-plasmon valugk9]. The given explana- U(g,0)=0[0*kE—(0—q%2)?]. (14
tion is based on the assumption that electrons produced by
the impinging projectile excite the bullinstead of surfade This factor reduces the integration to the binary band,

plasmon, and decay follows transferring its energy to afre%onserving energy and momentum in a collision with a
electron. Although the AM favors volume plasmons by com-sjngle electron. Binary AM results are presented in Figs. 1, 2,
paring with surface ones, still the electrons should penetrat§ and 5 with dotted lines. The limits are correct. At low-
very deep inside, sa¥o<—10, to fully excite the volume jmpact velocitiesy <vy= 1.2 for aluminum, collective oscil-
mode alone as the SRM. Perhaps the excitation of the Volztions are not present, and so all the contribution comes
ume plasmon found in the experimefit9] may be an indi-  from pinary encounters alorf@0]. At larger velocities and
cation of the deterioration of the strict begrenzung constraifye|| inside the solid, the binary stopping equals that of the
of the SRM. collective mode, as expected due to the equipartition rule
_ e [21]. Outside the solid, binary contribution vanishes, leaving
Binary contribution the excitation of surface plasmon as the only mechanism of
Besides simplicity, we find that the AM has another im- stopping, as predicted by Lucg&2] and Kawai 23]. We can
portant advantage: due to the axial symmetry, it is possible talso determine the importance of the binary contribution in-

0.0

700 keV
x 4

0.2

0.4

081 SRM

i
I
o8] A PDM
i
i
i

S ——AMm

o] | I Coulomb

00— ————t FIG. 4. Similar to Fig. 1 for
the induced potential at the pro-
jectile position.

0.2

100 keV =
X2 Ya

0.4

Induced Potential (a.u.)

-0.64

-0.84

-1.04
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T T T T 3 most the total. Except far outside the solid where the surface
i _ 3 collective mode is still the most relevant, as found experi-
L 700 keV N Zo_o ] mentally by Kimuraet al. [24].

] This simple separation of the binary contribution from the
total can be donenly in the AM and not in the SRMnot in

the PDM. To extract binary information from the SRM and
PDM following the same criteria, a tedious algebra and an
additional numerical integration are needed. More specifi-
cally, one should start over from the full expression of
E68y(Zo,0),92, @), muliply by U(q,0)=U((af

+02)*%, ), and integrate on the variableg and g, to ob-

tain the energy spectra. The results were found to be not
reliable(very unstable and oscillatorand we consider them
not worth publishing.

By substracting the binary contribution from the total
value, we can determine the collective excitation. Further, as
an unexpected by-product, let us estimate the contribution
from the volume as well as the surface collective contribu-
tion by simply separating the enhancements centered,on
and wg peaks, respectively.

[ H* on Al
01

01E IV. CONCLUSIONS

We have studied in detail the first three moments of the
energy loss, i.e., probability, stopping and straggling, with
the three models, SRM, PDM, and AM, for a wide range of
impact energies, from very lo({ keV) to high energie$700
keV). We have observed that the PDM does not tend to the
proper bulk limit inside the solid. Instead the AM here-
proposed behaves very well, and its properties are summa-
rized as:(i) it has a very simple closed forniij) there is no

FIG. 5. Energy-loss distributions for 700 keV protons on Al. appreciable difference with the SRM at the level of the inte-
Notation similar to Fig. 1. grated values of the first three moments and the induced

) . i . potential,(iii ) the binary contribution can be easily extracted,
side the solid with increasing moment For the probability ;) by substracting, collective contribution can be estimated,
(n=0), bmary co.ntr|but|on fov>v, |SJustasmaII fract|o_n and the surface and volume modes can be separatgd,
of the total (in this case the mean-free path is determinedsyrface-plasmon peak is considerably shifted towards smaller
mainly between two successive plasmon excitafioBmary  energies, anévi) begrenzung effects are diminished. Experi-
contribution to the probability is an important quantity since ments are welcome to determine the quantitative importance
it represents the integrated production of primary electronsof begrenzung. A minor setback has been found;vfes
For the stoppingrf=1), the binary contribution represents and Z,— = (where the probability is negligible the AM
the half, while for the stragglingn=2) it accounts for al- lightly underestimates the SRM prediction
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