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Energy loss of ions moving near a solid surface
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The energy loss of an ion moving parallel to a solid surface is studied within the dielectric function
formalism. Based on the specular-reflection model, the surface response function can be expressed in terms
of the bulk dielectric function, and the effect of the exchange-correlation interaction of electrons in the solid
is taken into account by the local-field correction dielectric theory. For low-velocity ions, semianalytical
expressions of the energy loss are obtained. In the high-velocity limit, the contributions of the surface plasmon
to the energy loss are studied using the hydrodynamic approxim@iién and the plasmon pole approxima-
tion (PLA) to the bulk dielectric function. It is found that at low velocity, the exchange-correlation interaction
of electrons enhances the magnitude of the energy loss, but at high velocity, its effect is less important,
and both the HA and the PLA provide an adequate description for surface-plasmon descfp1i050-
294796)08306-0

PACS numbdss): 34.50.Bw, 34.50.Dy, 61.85.p

[. INTRODUCTION tion and can describe the damping of collective modes with
an empirical parametey. Subsequently, Nez et al.[7] ex-
An energetic ion approaching a solid surface experiencetended the work of Ferrelt al. to normal incident ion tra-
a wake potential arising from the surface electronic excitalectories and also analyzed the case when the ion moves in

tions it induces in the medium. The gradient of the wakethe interior of the solid. Using the RPA dielectric function

potential will then act back on the ion and cause it to lose itsGumbs and Glass¢8] have presented a general expression

energy. During the past decades, a number of studies on t@%lge energy loss, but did not give detailed numerical re-

energy loss of the ion moving in the bulk matter have been 1ho RPA dielectric function does not include the
reported[1-3]. Compared with the bulk electronic excita- exchange-correlation interaction of electrons in the solid, and
tion, exact treatment the surface electronic excitation is veryience is valid only in the weakly coupling limit wherg<1.
difficult due to the loss of translational symmetry in the di- Herer =[3/(47nyad)]*3, n, is the electron-gas density in
rection perpendicular to the surface. The well-knownthe solid, and, is the Bohr radius. In metals, the valuergf
specular-reflection modé¢SRM), introduced by Ritchie and ranges about from 1.%Au,W) to 5.88 (Cs), and thus the
Marusak[4] in the study of the surface-plasmon dispersionRPA dielectric function may not provide accurate values for
relations, and independently discussed by Wagbgrcan  the energy loss, especially for slow ions.
discribe the surface electronic excitations reasonably well. The purpose of the present work is to study effects of the
The SRM assumes that the electrons of the solid are specexchange-correlation interaction of electrons on the energy
larly reflected by the surface and interference between thiss using the local-field correctidhFC) dielectric function
outgoing and the reflected components can be neglectefd]. For slow ions moving in bulk matter, it has been shown
This allows one to use the method of images to determine thg10—-13 that the values of the energy loss predicted by the
wake potential and the corresponding energy loss. LFC dielectric function are larger than those given by the
In the SRM, the surface response is expressed in terms ®{PA dielectric function. We expect a similar conclusion also
the bulk dielectric function. Using the SRM and a modified holds for the energy loss when the ion moves near solid
hydrodynamic approximation to the bulk dielectric function, surfaces.
Ferrellet al.[6] studied the energy loss of a slow ion moving  The organization of this paper is as follows. In Sec. I, we
in vacuum parallel to a solid surface. Their dielectric func-will give a general expression of the energy loss for the ion
tion agrees with the low-frequency expansion of the fulltraveling parallel to a solid surface using the SRM, and in-
random-phase approximatidiRPA) of the dielectric func- corporate the influence of the exchange-correlation interac-
tion of electrons on the energy loss with the LFC function. In
Sec. Il we present semianalytical expressions of the energy
*Permanent address: Department of Physics, Dalian University dibss for the low-velocity case. The contributions of the sur-
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A short summary will be given in Sec. V. Atomic uniis.u)

will be used throughout this work, f
bp
Il. ENERGY LOSS FOR AN ION /0))(\
NEAR A SOLID SURFACE v
We consider a particle of char@g moving with velocity

v parallel to a solid surface. The surface is defined by the sp ph
z=0 plane. The solid lies in the regia<0 and the vacuum uch - - o Q
is in the regiore>0. We shall use the notations-(R,z) and 1 v
k=(Q,k,), wherer andk are the position vector and wave
vector, respectively, and andQ represent their components 0 Q@ 1 a
parallel to the surface. The particle thus produces a charge
density pe,(r.t)=2Z;8R—vt)&z—zy), where (vt,z) is the FIG. 1. Excitation spectrum ig—u space. The region denoted

position vector of the particle, and the Fourier transform ofby ph corresponds to the single-particle excitations; surface-
the external charge density is thus given py,(k, ) plasmon and bulk-plasmon dispersion curves are labeled by sp and
=27,e"20278(w—Q-V). bp, respectively.

We now choose th&-axis along the direction of. The _ : : . .
energy loss is proportional to the gradient of the wake po-‘[”‘ln%ss(Q‘w)zss(Q’o’w) is the surface dielectric function

tential Wing(r t) along thex-axis at the projectile site, From Eq.(3), we observe that within the SRM, the energy

IV loss can be calculated if the bulk dielectric functidi,w) is
ind (x=vt,y=0z=2). (1)  known. In a previous stud}g], the RPA was used to inves-
2 tigate the energy loss for the low velocity behavior. To go
] ] ] beyond the RPA, the effects of the exchange-correlation in-
Using the SRM and applying the method of images, the surteraction of electrons in the solid can be included approxi-

Se=2;

face wake potential df,t) can be expressed §%4,15 mately by a static local-field correctio(k), so that the
bulk dielectric function can be expressed[8s1]]
d’°Q o ko 27
*I'mdu,t):zlf 2a2 € g 6z, ooy Pk .
@) sk o) =1 TGPk @) 0

-, - ; . Here P(k,w) is the Lindhard polarizability and a param-
\g?gez“; Q)V.CE;](plI)lgtng;r)][jesiﬁ|0£e?;[tlh4e_r1e§ pgr:ﬁeléu?nctlon etrized expression o6(k) has been given by Utsumi and
4120, @ ' ploying Ichimaru[9]. Recently, this LFC bulk dielectric function was

the two-dimensional polar coordi_nates in momentum SPaCEmnloyed to calculate the surface wake poterjtidl. Here,
(Q,¢) so thatw=Qu cosp, we obtain a general expression of o ;s mention that a dynamic local-field correctiGiik, )

the energy loss from Eq¢l) and(2) as has been used to calculate the energy loss for slow ions in
solids[12]. In this case, the imaginary part &(k,w) re-

2
S :% fwdeQ” w do F(Q.z0.0) (3) duces values of the energy loss.
¢ mv Jo 0o JQ%?-w? o0 For numerical computations we introduce the dimen-

sionless variables|=Q/(2kg), u=w/(Qug), q=k/(2k),
in which F(Q,2o,@= —1Im G(Q.22,)|,—,, Where ImG de- ~ andu=w/(kvg)=qu/q, wherekg= (3m%ng)**is the Fermi
notes the imaginary part 8. When the particle moves in Wave number, and in atomic unise=k is the Fermi
vacuum(z,>0), the functionF(Q,z,,®) is given by velocity. The polarizabilityP(k,w) can be written in terms
of the variablegy andu as
Qo)=L 20z @ P(k,0) =~ (@ F(QU +if(qw], (8
e(Q,w)+1 '

wherey?=1/(wkg). Explicit expressions for the dimension-
while for the particle traveling in the interior of the solid less functionsf,(q,u) and f,(q,u) can be found in Ref.

F(Q,zy,w)=Im

(2,<0), [10]. Using the variableg andu, Eq.(3) can be reduced to
< _ 8ZIKE (v [olve udu fw g
F(Q.20,0)= — M| £4(Q.0) + £4(Q,220,) = o l)e Toieorm Jo 444 Hanw.
C)
2 2
— M , (5) In general, at high particle velocity, the contributions to
es(Qw)+1 the energy loss come from three parts: the single-particle—

hole excitations (ph) in which Inm[—1/e(k,w)]#0, the
surface-plasmon excitationsp in which 1+&(Q,w) =0,
. and the bulk-plasmon excitatioridp) in which &(k,w)=0
£4(Q,2,0)= g f d_I:z cogksz) (6) (see Fig. L When the particle is traveling in vacuum, only
S m Jo k° e(kw)’ the single-particle—hole excitations and the surface-plasmon

where
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excitations contribute to the energy loss, which we will study

in detail in Sec. IV. At low velocity, the energy loss is de-
termined only by the single-particle—hole excitations for
both the ion moving in vacuum and in the solid.

IIl. LOW-VELOCITY APPROXIMATION

In this section, we consider the low-velocity case in which
vlve<ug, whereu, is the threshold value for plasmon ex-
citations(see Fig. 1 and discussion in Sec.)lVh this case,
only single-particle—hole excitations will contribute to the
energy loss, which from Ed9) becomes

Sphzssz%(v:) v udu
¢ ™ v/Jo \/(U/UF)?_U?
u+1
xf g dq Kq,zg,u), (10
Amin

whereq,,,=0 for u<1 and(u—1) for u>1.

When the projectile velocity is much less than the
Fermi velocity vg the polarizability P(q,u) and the LFC
function G(q) can be written approximately §$0]

2 "2

P(q, u)~—z—<1—q§+| 7274> (11
G(a)~4yo0”, (12)

where y, is a parameter related to the correlation energy of

the electron gak9]. Inserting Eqs(11) and(12) into Eq.(6),
we can write the real and imaginary partssgfas

Reey(Q,z,w)~f.(q,2), (13
Ime((Q,z,w)~—ufi(q,2), (14
where
2q Vr
f(q,2)=— f ‘(ao+%— cog 2keza),
(15
f(q2)= 23 f TRy 20 cos2keza)
i ’ T 0 z (qﬂ;_’_qZ_’_T)Z {—Z—qz+q2 ’
(16)
2
3%Y0X
ap= , 1
* 11y 40
1-4yox*— 3 yox°r
a,= — (18)
1-3B8x
1
2TX
a,=——, (19
(1-3Bx%)?
B=1+12y,, (20

and
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FIG. 2. Comparison of the full numerical res(iEqg. (10)] for
the energy loss with that of the semianalytical form{fy. (23)]
for a slow proton moving in the interior of the solid with
zo=—kg . Both calculations employ the LFC bulk dielectric func-
tion andr =2. (1 a.u=51.4 eV/A).

(21)

Substituting the above results into EG0), we find the en-
ergy loss due to the single-particle—hole excitation is propor-
tional to the projectile, velocity,

Sgh=4z§k2< ) J dq

47%ke
3

f(@)
AR e 20

(22

ph__
Se

v 22[ V| [*
(UF>C(rs)+221kF(vF>fo H(d,z0)q dq

(zg<0), (23

wheref (q)=f,(q,0), f;(q)=f;(q,0),

C(rg)=

1+7| (24

T

s
2(1-38x%?
and

22(q,20)i(q)

[1+f(a)]?
(25

4fr(q120)fi(q120)
1+f(a)

H(9,20) =fi(q,22¢) —

The first term on the RHS of E¢23) represents the energy
loss for a slow ion in an infinite medium and the second term
comes from the surface contribution.

In Fig. 2 we compare the results of the semi-analytical
formula, Eq.(23), with the full numerical results of Eq10)
for a proton moving in the interior of the solid with
zo=—kg . In the small velocity region, both results are in
good agreement. However, as the velocity increases, the
semianalytical results become larger than the exact values.

Using EQgs.(22) and (23) the dependence of the energy
loss S, on the separation of the proton from the surfagés
shown in Fig. 3 forv=0.%¢ andrs=2. When the proton
moves in vacuum the values of the energy loss increase rap-
idly as the distance, from the surface decreases. When the
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FIG. 3. The dependence of the energy loss on the position of a
slow proton ¢ =0.5¢). Solid curve: employing the LFC bulk di-
electric function. Dashed line: employing the RPA bulk dielectric
function.

FIG. 4. Surface-plasmon dispersion relations using the PLA and
the HA bulk dielectric function.

Solving for the dispersion relation of ER6) and then

proton is traveling inside the solid sids, shows some os- calculatingSe from Eq. (27) become very tedious when the
cillations near the surface and approaches asympotically theFC dielectric function is used. Fortunately, the effect of the
bulk value as the separatidn,| increases. The qualitative €Xchange-correlation interaction becomes less important at
behavior of the RPA results is similar to those of the LFC,high velocities, and the RPA dielectric function is adequate
but the values of the LFC energy loss are always larger thafpr predictingSe. Furthermore, it has been shown from the
the RPA values, especially inside and near the surfacetalculations of the wake potentifl4,15 that in the high-
Hence, near the surface, there is an enhancement of the eyelocity limit, the full RPA dielectric function can be re-
ergy loss due to the effect of the exchange-correlation interplaced by either the HA dielectric function

action.

2
w
— p

IV. CONTRIBUTIONS OF SURFACE PLASMONS ek o) =1t e (W ri0T)’ (28)

In this section, we W'l.l only consider an lon moving par- wherec=(3/5)Y2 ¢, or the PLA dielectric function
allel to the solid surface in vacuum. If the ion velocity is high

enough, surface plasmons can be excited. The surface- »?
plasmon dispersion relation is given by the real root of the =1+ P

equation ko) =1t e w(w i) 2

D,(q,u)=1+e4q,u)=0,

yielding the dispersion curvg=q,(u). The threshold value
U is obtained by solving Eq26) simultaneously withu=1

(26)

Hence, in the following discussions, we shall use the PLA
and the HA dielectric function to study the contributions of
the surface-plasmon excitations to the energy loss, although
we will use the LFC or RPA dielectric function in computing

+d. Thus, surface plasmons will be excited whenthe single-particle—hole contribution.

u=v/vg>u, (see Fig. L In this case, there is an additional
contribution from the surface plasmons to the energy loss.

4
v vlve ug(u)
Szp: _825k|2: —F) f du %
v /e T V(wlve)?-u 3
=
oD\t o
Xe*ZQr(U)Zo __r 2 ~—
aq @7 g2
q=q,(u) S
X
TABLE |. Values ofu, as functions of . w1
I uc (PLA) uc (HA)
0
2.0 1.264 394 6 1.2889127
3.0 1.309 1256 1.333643 6
4.0 1.3450253 1.3688470
5.0 1.3755172 1.398 277 4 FIG. 5. Contributions to the energy loss for a proton moving in
6.0 1.402290 4 1.423 758 6 the vacuum ¢,=kg1). Solid curve: LFC single-particle—hole ex-

citation. Dashed curve: total contributions with PLA for plasmons.
Dot-dashed curve: total contribution with HA for plasmons.



640 YOU-NIAN WANG AND W.-K. LIU 54

plasmon excitation. We observe that in the low-velocity re-

4 gion the results predicted by the LFC dielectric function are

f{;ﬁi larger than those predicted by the RPA dielectric function,
but at high-velocity ¢>2v¢), both results are in good

—~3 agreement with each other as the effect of the exchange cor-
z relation diminishes.

T2

~=]

‘; V. SUMMARY

w 1 In this paper, we have studied the influence of electronic

exchange correlation on the energy loss of an ion moving
parallel to the solid surface. The energy loss is calculated
within the framework of the dielectric theory, and the
specular-reflection model is employed to approximate the
surface response functions in terms of the bulk dielectric
function. Exchange-correlation effects are approximately
FIG. 6. Total energy los§including both ph and sp contribu- t@ken into account by the local-field correction dielectric
tions) for a proton moving in vacuumzg=k 1) as a function of theory. At low velocity, only single-particle—hole excitations

vlvg . Solid curve: employing LFC dielectric function; dashed line: contribute to the energy loss, and by comparing the results
employing RPA dielectric function. obtained from using the LFC and the random-phase approxi-

mation, we conclude that exchange-correlation effects tend

Using the HA and PLA dielectric functions, the values of to enhance the energy loss near the surface, especially for the
Ug for various ry are listed in Table | and the surface- ion traveling inside the solid and close to the surface. For the
plasmon dispersion curves foy=2 are shown in Fig. 4. One ion moving outside the surface at high velocity, surface-
observes that the results of the PLA and the HA dielectrid®lasmon excitations also contribute to the energy loss, and
functions agree quite well. We show in Fig. 5 the contribu-their effects can be modeled by either the hydrodynamic ap-
tions of single-particle—hole and surface-plasmon excitationgroximation or the plasmon pole approximation. We found
to the energy loss for a swift proton moving in vacuum with that at high velocity, the exchange-correlation effects are un-
zo=kg 1. The LFC dielectric function was used in comput- important and both the HA and the PLA give similar results.
ing the single-particle—hole contribution. At low veloci§, It is well known that the linear-response dielectric theory is
first increases with ion velocity until it reaches a maximumValid only for high-velocity ions with small atomic numbers
atv/v-=1.26, after which it decreases rapidly first, and then(Z;=1 or —1). In the future work, we will consider some
tails off almost exponentially. From Table I, we see thathonlinear effects on the surface wake and the energy loss for
surface-plasmon excitations begin to contribute wherflow ions.
v/ve>1.26 for the PLA dielectric functiorfor v/vg>1.29
for the HA dielectric functioyn, and become more important
than the single-particle—hole excitations whern3v . Val-
ues of the energy loss obtained from the PLA dielectric func- This work is partially supported by a Natural Sciences
tion are larger than those from the HA dielectric function for and Engineering Research Coun®ISERQ of Canada Re-
v<6vg, beyond which the HA and PLA results are very search GrantW.K.L.), and by the Natural Science Founda-
similar. tion of China and the lon Beam Laboratory of the Shanghai

Finally, in Fig. 6 we show the dependence of the totalMetallurgy Institute(Y.N.W.). Y.N.W. wishes to acknowl-
energy loss on the velocity of a proton moving in the vacuumedge the hospitality of the Department of Physics; University
with zo=kg!, using the LFC or the RPA for the single- of Waterloo during his visit, and W.K.L. thanks the Univer-
particle—hole excitations, and the PLA for the surface-sity of Newcastle.
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