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Energy losses of charged particles moving parallel to the surface
of an overlayer system
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An energetic charged particle moving parallel to the surface of an overlayer system was studied.
This system was composed of a thin film on the top of a semi-infinite substrate. Based on the
dielectric response theory, the induced potential was formulated by solving the Poisson equation and
matching the boundary conditions. The stopping force was built-up using the energy-momentum
conservation relations and the extended Drude dielectric functions with spatial dispersion. Surface
(vacuum—film and interfacgfilm—substratg excitations were included in the formulations of the
interaction between charged particles and the overlayer system. Results of the wake potential were
presented for protons moving parallel to a vacuum—copper—silicon system. Dependences of the
induced potential and the stopping force on film thickness, distance of the proton from surface, and
proton velocity were investigated. @003 American Institute of Physics.

[DOI: 10.1063/1.1569974

I. INTRODUCTION Integration over the normal component of the momentum
transfer was carried out using cylindrical coordinates. This

Many experimental and theoretical studies have beemodel, however, did not completely satisfy the conservation
performed on the various aspects of the interaction betweegonstraints in energy and momentum. In order to satisfy
fast charged particles and solid surfaces. Theoreticahese constraints, we applied in this work spherical coordi-
approachées® were developed for the evaluation of the in- nates in the momentum integration. Moreover, the induced
duced potential caused by charged particles traveling outsideotential was derived by solving the Poisson equation using
a solid and parallel to its surface. This potential arose frommethods of image charges and extended Drude dielectric
the dielectric response of the solid and led to, mainly, surfacéunctions with spatial dispersiofi. The image charge was
plasmon excitations. Theoretical calculations of surface exexternal to the region of interest and used to simulate the
citations were made in earlier works The surface response required boundary conditions. The inclusion of dispersion
was characterized in terms of the dielectric function of thewas important in the region of short distances from the sur-
bulk material. Several models and approximations of the diface and the interface, where charged particles might couple
electric functioi~8 were developed. to short-wavelength modes of the overlayer systérhe di-

A study of the induced potential in an overlayer systemelectric function used in this work was a generalization of the
(film on substratgis important when dealing with the pro- Drude dielectric function by allowing each subband to have
duction of electrons by swift ions and with the transport ofits own oscillator strength, damping constant, and critical
convoy electrons on their emissibl! and acceleratioh'?  point energy. All parameters in the dielectric function were
In such a study, it is required to provide data on the inducegbroperly chosen to fit optical data and to meet sum-rule re-
potential and the stopping force for charged particles. Thuguirements. This function was successfully employed to de-
certain procedures have to be established in order to makgeribe the response of a semi-infinite solid and an overlayer
accurate predictions of these quantities. The purpose of thystem for penetrating electrotfs?*
work was to derive a model treatment of the induced poten-  In this work, we have calculated the induced potential
tial for charged particles moving outside an overlayer systenand the electric field for protons moving parallel to the sur-
and parallel to its surfacévacuum-—soligi and interface face of an overlayer system composed of a thin Cu film on
(film—substraty The interaction of charged particles with the top of a semi-infinite Si substrate. Since surface excita-
the overlayer system includes not only surface excitationgions involved electrons within a few angstroms beneath the
but also interface excitations. Models developed for thesurface, we considered here films of a few angstrom thick-
semi-infinite solids should not be applied directly to theness in the overlayer system to illustrate its surface and in-
overlayer system. terface effects. Atomic unitéa.u) are used throughout this

Previously, a modéf!* of the energy loss probability article unless otherwise specified.
was constructed for an overlayer system by several authorﬁ._ THEORY

Figure 1 illustrates the problem studied in this work, i.e.,
dElectronic mail: cmkwei@mail.nctu.edu.tw a particle of charge and velocityv moving parallel to the
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equation without singularities since there is no charge there.

In the latter region, the simplest assumption is that the po-

tential is contributed by an image charget the position of

the actual charge and by fictitious charges near the interfaces.
These fictitious charges should satisfy the required boundary

I conditions. Thus Poisson equations in the Fourier space are
T
ko) = | p(ky)
!w = lw
¢1( kzsl(k,w) pf(
&; (k.0 ik, T
+exp — | pa(K,w) @
for z>T/2,
FIG. 1. A sketch of the problem studied in this work. A particle with charge A1
g and velocityv, in y direction, moving in vacuunimedium 2 and parallel ¢o(K,w)= 5————| pi(K,w)
to the surface of an overlayer system. This system is composed of a film k sz(k,w)
(medium 2 of thicknessT on top of a substratemedium 3. The particle is .
at distanceD from the midplane of the film, or at distanak from the +exd — ik, T + (K, ®)
surface of the filme,, &,, ande; are, respectively, dielectric functions of 2 Ps2\Fs
media 1, 2, and 3.
ik, T\
+ex - po(K,®) 2

for —T/2<z<T/2, and

surface of an overlayer system composed of a thin film on _ 4 F{'k_ZT)

the top of a semi-infinite substrate. To simplify theoretical dalk.) k2e3(k,w) [pf(k’w)JreX 2 |psalkee)

derivations, we let the origin of coordinates be the center of <)

the film having thicknes3 and dielectric functiorz,(k, ). for z< —T/2, wherek=(kyk, k) = (K ,k,) is the momen-

The vacuum and substrate, characterized by their dielectrigim transferw is the energy transfer, and the Fourier trans-

functions &, (k,w) and e3(k,w), are in regions oz>T/2  form of the charge density distribution of the moving particle

andz<—T/2, where thez axis is perpendicular to the inter- is given by

face planes and directed from substrate to film. The particle, .

with a z coordinate equal t®, is moving in the vacuum pi(k,w)=2mq(w—kyv)exp —ik,D). )

along they direction. The induced chargess (K, o), pLH(K, ), po(K, ), and
Forz>T/2, the potential is due to the actual charge andpg3(K,) are required to satisfy the boundary conditions. By

a fictitious charge near the surface just outside the region ahatching potentials and displacement vectors at the inter-

interest. Foz<T/2, the potential is a solution of the Laplace faces, we have

71ATI12D K, w)[e KT— £ —TI2K,0)]— 73 —T/2D,K,w)[1—e KT&(T/I2K, w)]
ETI2K, 0)éq(—TI2K,w)— 1 '

psl<K,w>=2wq5(w—kyv>(

(5
. B mATI2D K, 0)ésf —TI2K, ) — 73k — T/2D,K, )
Poa(K,0)=2mq 5w —kyv) ETI2K, ) éaf — TI2K, 0)— 1 ’ ©
N 71 TI2D,K, )= 73 —T/2D,K,w)&15(T/I2 K, w)
psz(K,w)=27Tq5(w—kyv)( EATI2K @) el —TI2K, @) —1 J, (7)

and

7732( —T/2,D,K,w)[e_KT— §12(T/2,K,w)] - 7]12(T/2,D,K,0))[1— e_KT§32( _T/2,K ,w)]
ETI2K,w)ézx(—TI2K,w)—1 '
®

psa<K,w>=2wq6(w—kyu)[
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where d’k 4w
|(nlc3 rt= f J 53 L2
nab(iT/ZyD,Kaw) —00(277) k
1 1 |k -l K .
5 ~TI2-D,K,0) 2o(=T/2-D,K,w) © x| exp = | pa(K,0) jexdi(k-r = ot)].
eor_ 1 ’ (13)
Sa(Kyw) Sb(iT,K,(I))
1 1
=K + = K Because of the weak dependence o k, as compared
(= TI2K )= ea(K,0)  ep(K,0) to the rest ok components in the integral, one may assume
00T i 1 e(k,w)=¢(K,»). The same assumption was adopted by
2K, 0) &n(+T,K,0) Yuberoet al?*#in the analysis of reflection-electron energy
(100 loss spectra and Kwait al? in the calculation of electron
1 = dk 1 elastic backscattering spectra. Using this assumption, the in-
_—:f _22(—) (12) duced potential in vacuum is obtained by performing the
eL(K, o) —= k% \eL(k,0) integration over momentum transfer in EG3) with spheri-
and cal coordinates as
_ AL )ik 12
UK w) ) | a(kw) R 12

f dwf dkf dejzwdq’a sing

¢|nd r t) -

fora=1 and 3,b=2, andL=1, 2, and 3. Substituting Eqs.
(5)—(12) into Egs.(1)—(3), we obtain the scalar potentials in
the Fourier space, i.e¢q(k,w), ¢o(k,w), and ¢5(k,w).

The induced scalar potentials in the spatial space are then
obtained by the inverse Fourier transforms after removing

-0(w—Kkv sinfsing){(T,d,K,w)
Xexp{i[xksindcose+(y—vt)k

the vacuum potential of the particle from the scalar poten- xsingsing+(z—T/2)k coso]}, (14)
tials. The induced potentia;tl(,}g(r,t) for z>T/2 is of special
interest since the particle is moving in vacuum. Taking
=1, we obtain wherer =(x,y,z), d=D—T/2, and

|

82(K,w)—1{ _83(K,w)—82(K,w)n_2TK 83(K,w)—£2(K,w)[ i g(K,w)—1 e
H(Td.K )= 6K g(K,w)+1| " e5(K,0)+ex(K,0) g3(K,w)+e,(K,0)| go(K,0)+1
L L L :e
@ e3(K,w)—ex(K,w) e2(K,0) =1 e3(K,w)—e5(K,w) sz(K,w)—le_ZTK
83(K,(1))+82(K,(1))82(K,(1))+l 83(K,(1))+82(K,(1)) 82(K,(1))+1
(15

In the above derivations, we have adoptedK,w) L
—e(K0). sl 0="3 [ "do [ "ok
We now expand thé function in Eq.(17) as follows:

J’ /2
X
1 sin™1

V(kv sin0)?— w?

siné cog k(z—T/2)cosb]

J(ksin)?— w?

(wlkv)

S(w—Kkv singsing)=

V(kv sin#)?— w?
><|5 p—sin"l—— ) XCO{X v )
kv sin@
" x[ng(T,d,K,w)]cos{(y—vt)ﬁ}
+6 (ﬁ—(W—Sin_lm) ] v

(16 - Im[g(T,d,K,w)]sir{(y—vt)%”. (17
for sin™ ! (w/kv)< #<[m—sin" ! (w/kv)]. After integrating over
¢ in Eq.(17) and applyings (K, — w) =&* (K, w), this equa-

tion becomes tum, the upper and lower limits & are given by

Applying the conservation relations of energy and momen-
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TABLE I. Values of parameters in E¢21) for Cu and Si.

© © 1
. -5 [ dof ok
Cu Si Pnat="72 | oo VKZ=(wlv)?
€,=1.05 e,=1.06
AR V) weV) AV w(eV)  w(eV) wexif — (|2)+ dyk| Eee)
e(K,w)+1
64 0.01 0 8 0.12 3.42
20 0.1 0.3 15 0.35 3.52 [K\2_ 2
6.5 0.65 25 45 0.66 3.80 Xco&(mx)ex;{ig(y—ut) _
55 0.7 3.1 82.8 0.5 4.25 v v
4 0.7 3.7 5 2.42 455 (19
55 2.6 5.05 32 11 5.34
42 4.76 8.93 52 3.4 6.4 Takingx=0 and neglecting the spatial dispersion, we obtain
172 10.18 14.74 15 5 9.4 h it h ¢ Aridt
80 8 5.6 15 6.5 14 the same results as those of Arista. o
240 32 40 6 5 18.4 Now, the stopping force is related to the derivative of
100 30 55 ¢i(nlc3(r,t) at the position of the particle,=(0pt,D). For the
80 30 65 case of an overlayer system, we obtain
412 37 85
dw  4q¢? (E Kmax (K
———=—— dwf dk | dK
ds v Jo Kmin w/v
K cog dk?—K?]
X w > > > 2|m[§(T,d,K,w)].
K= VZME+ V2ME—2M o kVk? = K3 (0K)?— o
(20)
and The model response function used in this work is the
extended Drude dielectric functidn.This function may be
Kmin=V2ME— J2ME—2M o, expressed as

A
]
wz—(wj+k2/2)2+iw’yj’ @D

whereM is the mass of the moving particle. Substituting the e(k w):8b+2
upper limit of integration inw by E=Muv?/2, we obtain ’ i

where A;, y;, and w; are, respectively, the oscillator

1
d’i(ng(r’t) strength, damping constant, and critical-point energy, all as-
e ‘ " B v sociated with thgth subband. The inclusion of a background
:4_2J de maxko dKKCOE{(Z T/2) Nk~ K] dielectric constantg,, is to account for the influence of
7 Jo Kmin ol KJk?=KZ(vK)?— w? polarized ion core&® All these parameters are determined by

K22 a fit of the imaginary part of the dielectric function,
XCOS&M) { R Z(T,d,K, )] Im[£(0,)], to experimental optical data. To assure the ac-
v curacy of the fitting parameters, we require that the fitted
dielectric function satisfy the sum rules.

xco{ (y—vt)%) _ Im[g(T,d,K,w)]sin((y—vt)%)]
(18

after changing the variable from to K according toK
=ksind. Let ¢, be the dielectric function of the substrate
and T=0, we obtain the induced potential in vacuum for a
semi-infinite solid. As Ritchieet al. have pointed out* the
present classical picture is applicable in the context of the
first Born approximation quantum theory with the applica-
tion of the energy-momentum conservation relations. This
was explicitly explored in the derivation of the interaction i
between a moving charge and an electronqas. 0.5
To compare with the corresponding expression by other
authors without considering the energy-momentum conser- o (eV)
vation, no integration limits in momentum transfer are per-
formed. Thus it is more convenient to carry out the integraFIG. 2. A plot of the real and imaginary parts of the surface response
tion in momentum of Eq(13) using cylindrical coordinates fun_ction, in qptical limit, vs energy trgnsfarforavacuum—Cu sy_stem._The
. . . C e . . ,solid curve is results calculated using the extended Drude dielectric func-
instead of spherical coordinates. For a semi-infinite solidons with parameters listed in Table I. The dotted curve is deduced from
i.e., T=0 ande,=e3=¢, we find measured optical dat@ef. 27.

Vacuum-Cu

10 |

(- D/(e,+1)
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FIG. .3' A plot_of t_he_ real and imaginary parts of the interface reSPONSEr . 5. The induced potential at points along the projection of the trajectory
function, in optical limit, vs energy transferfor a Cu—Si system. The solid of the proton on the surface and at a distageevt from the proton. Here
curve is results calculated using the extended Drude dielectric function§\le plot results for a vacuum—Cu—Si overlayer system with different Cu film
with parameters listed in Table I. The dotted curve is deduced from Me3ticknessT. The proton is moving with velocity =5 a.u. parallel to and at

sured optical datgRef. 27. distanced=1 a.u. from the Cu surface. This potential indicates oscillations
behind the position of the proton.

IIl. RESULTS AND DISCUSSION

We consider an overlayer system composed of a thin C§Nergy transfers. With this strategy, we are confident with the

film on a Si substrate. Parameters used in our calculations fofalidity of fitting results regarding the energy losses in plas-
the dielectric functions of Cu and Si are listed in Table |.MON excitations and interband transitions. However, due to

Figure 2 shows the real and imaginary parts of the surfacthe limited optical data it is difficult to adjust fitting param-
response function for a vacuum—Cu surface, [.ex(0,0) eters to match fitting results to measured data at all energy
—1]/[e,(0,w)+1], versus energy transfew. Figure 3 transfers. The difference induced by this difficulty is magni-

shows a similar plot of the interface response function for di€d at peaks in the interface response function. However,
Cu=Si interface ie., [£3(0,0)—&5(0,0)]/[e3(0,0) such a difference makes little influence on the calculation of

+£,(0,)]. Heree,(0,w) andes(0,w) are dielectric func- the induced potential and the stopping force studied in this

tions of Cu and Si in the long-wavelength limit, i.&--0. In  Work. .

both figures, the solid curves are results calculated using the Based on Eqsi15) and (18) we have calculated the in-
extended Drude dielectric functions. The dotted curves aruced potential for a proton moving paraliel to the surface of
corresponding results deduced from measured opticaPfata@ Vacuum—Cu—Si overlayer system. This potential at the po-
It is seen that the present results and optical data are in gogtiion of the proton is plotted in Fig. 4 as a function of proton
agreement, despite some deviation in magnitude at the peak§locity for several proton distances=0.5, 1, and 2 a.u,,

in Fig. 3. Our fitting strategy is that we require both the reallTom the Cu film of thicknes =2 a.u. Note that the mag-
and imaginary parts of the dielectric function to satisfy sumhitude of this potential decrease_s. with increasing velocity
rules and to exhibit and match energy loss peaks for plasmoﬁ_”d saturates at very large v_elocmes. In all cases, there are
excitations and interband transitions. We also require thaliPS aroundy<1a.u. As the distance of the proton from the

fitting results agree with optical data at a broad range of°U film becomes smaller the dip is deeper, a similar behavior
observed for a slow proton moving parallel to the surface of

a semi-infinite solid with plasmon-pole dielectric functidns.
0.0 ——r——— " These dips occur at the threshold velocity for the creation of

[ surface plasmons. For velocities smaller than the threshold
velocity, only single electron—hole excitations occur. Our
calculations of the induced potential at the position of a pro-
ton for a fixed distance from the Cu film of different thick-

] nesses indicate that the dependence of this potential on film
] thickness is quite small.

Figure 5 illustrates the induced potential at points along
the projection of the trajectory of a proton on the surface
L 1 (z=T/2) and at a distancg— vt from the proton. Here we

'0~80 I 5 — 1'0' B plot results for Cu films of thicknes§=0, 2, and~ a.u.
Note thaty is the coordinate of the point along the projection
v(au) of the proton on the surface. The proton is moving with
FIG. 4. Velocity dependence of the induced potential at the position of theveIOCityU =5a.u. atafixed distancd=1a.u., from the Cu
prot.on.moving);/JaraFI)IeI to a vacuum-Cu-Si OI\J/erIayer systemPThe proton i§urface' The mstantaneous Pmto” pOSItIOI’y1Sv.t qnd z
at distanced=0.5, 1 and 2 a.u. from the surface of the Cu fithickness ~ — 1+ T/2. The induced potential reveals an oscillational be-
T=2au.). havior at points behindy<wvt) the position of the proton.

Vacuum-Cu-Si

Induced Potential (a.u.)
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from the Cu films of thicknes3=0, 1.5, and 4 a.u. The

results of Arista(dotted curve for a semi-infinite Cu system

C ] are included for comparison. Our results show a gradual

02k Vacuum-Cu-Si ] change in the stopping force for varying thickness of Cu
i /\<_\ i films. For T=4 a.u., the stopping force tends to approach

— _ AN =~ that of a semi-infinite Cu system. In such a case, the lower

values in the stopping force at small velocities found in this

<
S

Induced Potential or Electric Field (a.u.)

02 F e q,%lu)i work are due to the constraints of energy-momentum conser-
r —— E x10 \ ' ] vation law. Notice that the maxima in Fig. 7 appear at a
04+ EZX 10 A} . velocity around 1.5 a.u. and the stopping force drops to zero
r ] in the static limit. The existence of a maximum in the stop-
0.6 ————————— ping force was also found by other theoretical models for a
-100 -60 20 20 semi-infinite systeni.The present work also reveals that the
y-vt (a.u.) stopping force increases as proton distance decreases, a con-

sequence due to the increased magnitude in the induced po-
FIG. 6. The induced potential and electric field components at points alongantial.
the trajectory of proton and at a distange-vt from the proton for a
vacuum—Cu-Si overlayer system. The proton is moving with velogity
=5 a.u. parallel to and at distande=1 a.u. from the surface of the Cu film

of thicknessT=2 a.u. IV. CONCLUSIONS

A dielectric response theory was used to describe the
. o ._inelastic interactions between a charged particle and an over-
The mfluencg of.dampmg. in the plasma mOdeS on the Ir]Tayer system in the case of a parallel trajectory. In this theory,
duced p'otent|aI. Is weak n thg vacuum s.|de. The gr_adua{he response of the overlayer system was composed of sur-
change in amplitude of this oscillation for different Cu films face and interface excitations and characterized in terms of
indicates a contribution from interface effects. Such a potengiq octric functions of the film and the substrate. An ex-

tial z_ippro_aches that of a semi-infinite Si systeTr_F(O) S tended Drude dielectric function was employed by the inclu-
Cu film thickness decreases. On the other hand, it approachgg, ' ¢ ihe spatial dispersion effect. This function was

to thaf[ ofa sem|-|qf|n|te Cu systenT(zo.o) as Cu film thick- built-up from measured optical data. The quantum effect of
Ness INCreases. 'Flgure 6 shows the induced pptemﬁ%, the moving particle was incorporated into the dielectric
and the _electrlc_ field componenEsy_ andE,, at points along theory by considering the recoil effect. This effect was in-
the _part|cle trajectory2=d-+ T/2) in front 0f_(y>vt) and_ cluded by applying the conservation laws of energy and mo-
behln_d {/<vt) the proton. nge the proton is moving with mentum. In this work, we have applied the continuum dielec-
\{eI00|ty 9:5 a.u. and at a Q|stana§:1 au. .from the Cu tric model to the overlayer system composed of a thin film
f!Im of thicknessT=2 a.u. It is seen t_hat the mduceq POteN- 5nd a substrate. The application of the model in the case of a
tial has a shape of the wake potentil, andE, oscillate, thin film alone might be questionable. The validity of the

respectively, in phase and out of phase with the induced POnodel for an overlayer system was based on the continuum

tential. . . properties of the system and the inclusion of surface and
The dependence of the stopping force on proton Veloc'“fnterface charges and modifications

is illustrated in Fig. 7. Here we show the stopping force

Applying the method of image charges, analytical for-
(solid curve$ for a proton moving at a distanag=2 a.u. PPYINg g g y

mulas have been derived for the calculation of the stopping
force and the induced potential for charged particles moving
0,03 (mrerr e e parallel to the surface of an overlayer system. These formu-
1 las could be applied to any particles and overlayer systems.
=0 Vacuum-Cu-Si | The approach could also be applied, in general, to any par-
d=2 a.u. ] allel trajectories inside and outside the solids. However, in
] the case of velocities smaller than the threshold of generating
surface plasmons, only single particle—hole excitations con-
tribute to the energy loss?® In such a case, it may be nec-
essary to use the local-field-correction random-phase-
approximatior® instead of the Drude model to calculate di-
electric functions.
An energetic charged particle moving parallel to the sur-
face of an overlayer system was studied. Calculated results
v(@au.) of the induced potential and the stopping force were pre-
sented for protons moving parallel to a vacuum-copper—
FIG. 7. Velocity dependence of the stopping force for a proton movingsijlicon system. Corresponding experiments are, however, dif-
parallel to and at a distanak=2 a.u. from_ the surface of Cu films of dif- ficult due to the actual size and the bending of a beam. In
ferent thicknesses in the vacuum—Cu—Si overlayer system. The solid curves . . .
are the results of present calculations. The dotted curve is the data of ArisBUCh €xperiments, the beam size must be confined to a few
(Ref. 3 for a semi-infinite Cu system. angstroms. Otherwise, the surface and interface effects will
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be averaging out and diminish. Because the induced potenti&ip. E. Batson, Ultramicroscopl, 299 (1983.

or the stopping force decreases as particle velocity increase%{\- Howie and R. H. Milne, Ultramicroscopy8, 427 (1985.
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as can be seen in Figs. 4 and 7, a fast patrticle is better than %1993

slow particle for experimental measurements. 16C. J. Tung, Y. F. Chen, C. M. Kwei, and T. L. Chou, Phys. Revi®
16684(1994.
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