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Detailed, materials-specific stopping calculations for ultrathin films exhibit a scaling with layer numberN
which would be expected for asymptoticN but not smallN’s: a bulk contribution plus a term linear in 1/N fit
the calculations extremely well. We derive this scaling for a jellium model with a general spatially varying
density profile. The model gives the magnitude of the 1/N term correctly as well as the scaling with kinetic
energy of that contribution to the stopping. We also show that the loss to surface excitations is larger than the
1/N term forv>0.7 ~atomic units! and calculate the projectile velocity dependence of the apparent position of
the surface plane.@S1050-2947~97!05410-3#

PACS number~s!: 34.50.Bw, 61.80.Az
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I. INTRODUCTION

Historically the study of stopping power has focused p
marily on the phenomenon in bulk crystals or extremely
lute gases@1#. However, with increased experimental reso
tion, refined theoretical tools, rapid development of mater
processing, and the even more rapid emergence of very
layered materials as critical elements of microelectro
technologies, the study of energy deposition in conden
systems can be expected to follow the trend of conden
matter physics and materials science, namely, a broade
of focus to include surface and film phenomena.

Detailed, predictive, materials-specific calculations on
dered ultrathin films~UTF’s! have, of course, been a stap
of surface science for some time. The original motivati
was to model crystalline surfaces by treatingN layers withN
as large as computationally feasible. A modest subset of s
calculations~for our own work with co-workers see Refs
@2–9#! has focused on characterizing and understanding
intrinsic features expected to arise in UTF’s on account
their unique combination of nanostructure in one dimens
and translational order in the other two. Experimental inv
tigation of such systems is still rather rare; for an exam
see Ref.@10#.

Electronic stopping in a finite solid~including a UTF! is
an integrated measure of the excitation spectrum involv
both bulk and surface contributions. The excitation spectr
in turn depends on the screening in the material and its
gregation state, i.e., on the details of bonding and struct
Stopping is therefore an indirect, non-thermochemical m
sure of bonding in a solid or UTF. This dependence is m
clearly illustrated by the difference in metallic and insulati
response to an external or internal electronic perturbat
Experimentally @11–12#, as well as theoretically@13–14#,
electronic stopping is found to decrease with increased bo
ing, a relationship clearly seen for a solid in different agg
gation forms, the so-called phase effect@13,15#. ~Such be-
havior is, of course, consistent with predictions by the ea
investigators of stopping, e.g., Bohr@16# and Bethe@17#.!
561050-2947/97/56~5!/3769~8!/$10.00
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The findings by Roseet al. @18# that binding is a universa
feature, manifested in generic binding energy relations
such disparate systems as diatomic molecules, metallic a
sion, cohesion, and chemisorption, leads one to ask if s
ping shows similar universal features. Particular issues
clude whether stopping reflects the detailed surfa
reconstruction or relaxation of a UTF and whether there
intrinsic surface effects to be seen in stopping for perio
systems with a finite characteristic dimension. The ans
from detailed calculations based on all-electron, fu
potential density functional theory~DFT! calculations is af-
firmative. However, while those calculations make pred
tions of great detail and precision, their formal an
computational complexity makes it difficult to see the phy
cal underpinnings of the systematics in the results.

Specifically, a series@6,8# of recent calculations@19–21#
shows a remarkable and simple systematic behavior@22#.
Within the estimated precision of the calculations, the cal
lated electronic stoppingS(N,v) for a sequence ofN layers
(N<4) and projectiles of velocityv ~for v above the stop-
ping curve maximum where Bethe theory should be va!
can be written as

S~N,v !5S~`,v !1
1

N
SL~v !. ~1!

This relation holds for Li, diamond~unrelaxed!, and graphite
UTF’s @with different values ofS(`,v) and SL(v), obvi-
ously#. See representative Figs. 1 and 2 for the LiN layer.

Such behavior would be expected forN→`, in which
case the constant term would be the bulk crystalline stopp
cross section at the specified projectile velocity and the
efficient of the linear term would be the surface correcti
for a semi-infinite crystal. Rather less expected is that
constant coefficient from a fit to thesmall-N UTF results is
consistent with the crystalline cross section. Furthermo
this linear scaling ofS with 1/N for smallN tracks the well-
known scaling behavior of the cohesive energy of UTF’s:
constant term is the bulk cohesive energy and the 1/N term is
3769 © 1997 The American Physical Society
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3770 56S. PETER APELL, JOHN R. SABIN, AND S. B. TRICKEY
the surface energy@23#. The appeal, by analogy with th
energetic behavior, is to interpret the two stopping ter
from the UTF’s as the bulk and surface contributions but
underlying physics remains a question.

While experimental technology is just beginning to a
proach the sophistication necessary to prepare an un
ported UTF~and the resolution necessary to measure its
ergy loss spectra!, detailed calculations of stopping b
unsupported UTF’s have been around for some time@5–9#.
From the perspective of attempting to develop a qualita
or semiquantitative interpretive model, it is actually adva
tageous to be able to compare the model with such theo
cal calculations first. Those calculations have well-defin
conditions and approximations, as contrasted with real
perimental findings which are bound to involve more co
plications and which in principle are not necessarily resu
of a general nature but rather specific findings for a particu
combination of target material and preparation.

FIG. 1. Stopping cross section for a proton of velocityv versus
the reciprocal layer number forN layers of lithium. All projectile
velocities are above the maximum in the stopping curve, where
Bethe theory used in these calculations should be valid. Notice
linearity of the plot. Whereas this linearity could be anticipated
large N, recent calculations show that it is also true for a th
system. Shown dotted is the extrapolation to the ‘‘bulk’’ res
which is within'10% of standard bulk calculations@40#. The stop-
ping is given in units ofe2a0 /e0 (9.58310215 eV cm2/atom).

FIG. 2. The slope SL(v) versus the inverse kinetic energy of th
projectile; note the almost exact linearity. Also notice the order
magnitude difference with respect to the total stopping cross
tion. SL(v) is in units ofe2a0 /e0 (9.58310215 eV cm2/atom) and
v is in atomic units.
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As we show here, stopping in a thin film does show u
versal~in the sense of generic! aspects and does distinguis
simple bulk relaxation at a surface from genuine surface
fects@22# in ways which are interpretable via a clear physic
model. The approach taken is to analyze the surface co
bution to stopping for a semi-infinite medium, then exte
the results to a model UTF.

II. QUALITATIVE FEATURES

The Bethe theory for stopping, used here as well as be
the basis for the theoretical calculations to which we co
pare @5–9,22#, usually is conceptualized in terms of a bu
target. Bethe theory gives the linear energy loss2dE/dz of
an energetic ion in matter as~SI units!

2
1

ñ

dE

dz
5S~v !5

Z1
2Z2e4

4pmv2e0
2 L~v !, ~2!

whereñ is the number density of scatterers,S(v) andL(v)
are the stopping cross section and stopping number per
terer, respectively,v the velocity of the incident particle,E
its energy,z its path length,Z1 the projectile charge, andZ2
the number of electrons per target atom.

The Coulomb interaction between the projectile and
target electrons, which is fundamental to Eq.~2!, evidently
has no explicit reference to the presence of macrosco
boundaries~surfaces! @24#. Rather, such macroscopic contr
butions arise from effects upon the electron distribution a
electron response. In a bulk sample terminated by a sur
~a semi-infinite solid! one expects two main effects t
modify the bulk stopping (SB). One is that the sheer exis
tence of a surface, however simple, brings in new excitati
which can contribute a genuine surface part (SS) to stopping.
WhereasSB should be independent of system size~as mea-
sured by some scale lengthl !, SS should be dependent upo
l and, as well, proportional to the number of surfac
present. The other effect is that the specific form~denoted
hereafter by subscriptF! of the surface may alter the numer
cal values of the terms which arise from the simple prese
~donated hereafter by subscriptP! of bulk and surfaces. We
therefore may conjecture the separation

S5SB1SS , ~3!

with an explicit distinction between general~i.e., simple
presence! and specific~i.e., form! contributions

SB5SBP1SBF ~4!

and

SS5SSP1SSF . ~5!

These equations are derived in Sec. III for a jellium sl
model with a nonconstant density profile along the axis p
pendicular to the slab face~s!. SBP is the bulk stopping for an
infinite system whileSBF , a focus of this paper, is the mod
fication toSBP induced by the form of the bulk, i.e., by th
fact that the bulk is bounded by a surface. In contrast,SSP is
a measure of the surface loss attributable to surface ex
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56 3771SURFACE STOPPING
tions while SSF measures the modification of stopping co
tribution from those excitations which are traceable to
actual form of the surface.

Evidently the division between the terms inSB and SS ,
respectively, is dependent on the actual definition of the
istence and form of a boundary. The simplest intuitively a
pealing model for a surface with well-defined meani
would be a sharp step function demarking an abrupt cha
from matter to vacuum. No true surface, of course, is
sharp, a fact accounted for in this work by use of a sim
unidirectional profile. As a matter of convention, we sh
choose to have the lowest-order contribution caused by
nonconstancy of that profile constituteSBF . The remaining
contributions can be sorted conveniently into those from
step-function surface,SSP and the rest, which constituteSSF .
A test of the consistency of these identifications is provid
by the fact that introduction of a surface creates new ch
nels for excitation whose oscillator strength comes at
expense of the infinite bulk excitations. Thus it has be
known for a long time that the bulk plasmon loss in a ma
rial slab has less strength than in an infinite solid by
amount which exactly balances the excitation strength of
introduced surface plasmon losses; this is the so-calledbe-
grenzungeffect @25#.

As an aside, notice that for a monolayer, which has
proper interior, there is nonetheless a bulk contribution an
surface correction in the sense that the conjectured dec
position is valid and therefore the associated, character
velocity dependences occur. Evidently the numerical val
of the coefficients of those terms are not the same as f
thick slab. It should also be evident that because the mo
layer atoms are bound to neighbors the equilibrium mo
layer and atomic~dilute gas! stopping must differ@26#.

III. THEORY

In the Bethe theory@17# for the mean energy loss per pa
length of a light ion, the stopping number is@27#

L~v !5 ln
2mv2

I
~6!

~where the projectile velocity is presumed to be sufficien
high as to make the logarithm non-negative!. Materials-
specific information is contained in the mean excitation
ergy I determined by@27#

ln I 5
2

pvp
2 E

0

`

dvv Im@21/e~v!# ln\v ~7!

in the linear response approximation. Im@21/e(v)#, with
e~v! the long-wavelength limit of the microscopic dielectr
function of the solid~assuming homogeneity!, characterizes
the entire electron excitation spectrum. In the plasmon p
approximation@that is,e~v! entirely described by a collectiv
mode at vp #, Ree(vp)50 and Im@21/e(v)#
5(p/2)vd(v2vp) for v positive. ThenI 5\vp and Eq.
~2! reads

SB5
Z1

2Z2e4

4pmv2e0
2 ln

2mv2

\vp
. ~8!
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In what follows it is convenient to measureS and other
quantities in Hartree atomic units. Then the reference st
ping power iss05e2a0 /e0.9.58310215 eV cm2/atom. For
proton stopping (Z151) normalized to the number of elec
trons ~henceZ2 is divided out!, Eq. ~8! becomes

SB /s05
1

v2 ln
2v2

vp
. ~9!

Note that this is a bulk quantity~subscriptB! because it is
determined entirely by properties defined with respect to
bulk ~though not necessarily evaluated for the bulk; see
low!, namely, the long wavelength dielectric function an
hence, the bulk plasmon frequency.

The usual electron gas model of a semi-inifinite slab is
electron number density profilen(z) with complete transla-
tional invariance in thex-y plane and a step-function jellium
background of number densityrB . The behavior of the
model UTF will be deduced from this surface model. F
convenience, denote byn0(z) the electron number densit
normalized to unity for the assumed bulk density

n0~z!5
n~z!

rB
. ~10!

From classical electromagnetism the power loss due
ion transit is just the integrated product of the ion current a
the gradient of the induced potential, that is,

dE

dt
52E d3rr ion~rW,t !vW •¹W F ind~rW,t !, ~11!

whence it follows immediately for constant ion veloci
vW 5vzẑ that

dE

dz
52Evz

d3rr ion~rW,t !
dF ind

dz
~rW,t !. ~12!

The induced potential

F ind~rW,t ![F ind~1,t ! ~13!

is the screened Coulomb interaction from the ion reduced
the external potential. In frequency-dependent~time-Fourier-
transformed! form it reads

F ind~1,v!5E d2d3v~1,2!e21~2,3,v!r ion~3,v!

2Fext~1,v!. ~14!

Here v(1,2) is the bare Coulomb interaction between tw
charges at 1(rW) and 2(rW) and e21(1,2,v) is the real-space
time-Fourier-transformed inverse dielectric function of t
system@28#. ~As usual the real parts of Fourier-transform
expressions are to be taken when appropriate to ext
physically measurable quantities;d25d3r 8 and d35d3r 9!
The local stopping power for a proton projectile with velo
ity unit vector parallel to thez axis is then

S~1,t !52 v̂•¹W 1F ind~rW,t !uprojectile position ~15!
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For the study of bulk and surface contributions it
enough to use the following high-frequency~and gradient!
expansion ofe21 @29,30#:

e21~1,2,v!5d~1,2!
1

e~1,v!
1

1

4p

1

e~1,v!e~2,v!

3¹W 1e~1,v!•¹W 1v~1,2!••• . ~16!

e(1,v) denotes the local dielectric function

e~1,v!512
vp

2~1!

v2 ~17!

while the local plasma frequency is

vp
2~1!5vp

2Fn~1!

rB
G[vp

2n0~1!, ~18!

with vp
2 the bulk plasmon frequency as before. In terms

n(1), Eq. ~16! is an expansion to lowest order in¹W n/n.
After Fourier transforming with respect to the translatio

ally invariant (xy) surface according torW [(x,y) ~and the

correspondingki
W !, the local stopping power is

S~1,t !5E dv

2p E d2ki

~2p!2 e2 ivteik i
W

•rWS~ki
W ,z,v!, ~19!

where the kernel on the rhs results from combining Eq.~14!
plus Eqs.~16!–~18! in Eq. ~15! to yield

S~k,z,v!5S0~k,z,v!1E dz8g~k,z,z8!S0~k,z8,v!

3
d

dz8
ln e~z8,v!. ~20!

Here

g~k,z,z8,v!52
1

2
sgn~z2z8!e2kuz2z8u ~21!

and sgn(z) is 1 (21) whenz is positive~negative!. e(z,v) is
the aforementioned local dielectric function, whileg(k,z,z8)
arises from the gradient of the Fourier-transformed Coulo
interaction. Furthermore we have defined

S0~k,z,v![
e2

ve0
E dz8g~k,z,z8!eivz8/v@e21~z8,v!21#.

~22!

Equations~19!–~22! form the basis for the remainin
treatment. It is now straightforward to show that the fi
term of Eq.~20! gives the contribution from a bounded bu
while the second gives a surface contribution. Evaluation
Eq. ~22! with e(z,v)512 (vp

2/v2) n0(z) @recall thatn0(z)
is the electron densityn(z), normalized to unity in the bulk#,
yields the following generalization of Eq.~9!, viz.;

SB~z!/s05
n0~z!

v2 ln
2v2

vpAn0~z!
, ~23!
f

-

b

t

f

as might have been anticipated by letting the electron den
in Eqs. ~2! and ~9! be replaced byn(z). Equation~23! was
derived earlier by Kitigawa@30# and a surface term wa
added in@31#, but no explicit results were given.

The simple fact of a density profile causes Eq.~23! to split
into two terms, hence to yield SB Eq. ~4! explicitly, as fol-
lows. Consider the total energy lossDE5*dzSB(z) for a
slab of inhomogeneous electron gas with jellium thicknest
given in terms ofN-layer parameters as

t5L2d5~N21!ae12
1

2
ae5Nae , ~24!

whereae is the mean equilibrium interplanar distance for t
N layer and the second term is to position the jellium ba
ground edge properly; see the Appendix and Fig. 3. Th
also from the Appendix,

SB5SBP1SBF[SBP1
1

N
SBF8 , ~25!

where

SBP /s05
1

v2 ln
2v2

vp
~26!

and

SBF8 /s05
1

v2

1

2ae
L@n0#, ~27!

where the length functionalL@n0# is defined in the Appen-
dix, Eq.~A5!, asL[2*2`

` dzn0(z)lnn0(z). Observe first that
the SBP term gives the bulk behavior calculated at the me
film density. Second, the integral inSBF is precisely of the
form used in the orbital local plasma approximation, a k
ingredient in the detailed calculations@5–9#.

Note that the model automatically gives SBF as inversely
proportional toN as found in the calculations@22#. In fact
the computedae values depend rather weakly uponN, espe-
cially for largeN. Moreover, even thoughn0(z) can depend
significantly onN, especially for smallN, its integral di-
vided byN is constrained by charge neutrality to be indepe
dent ofN. We may conclude, therefore, that SBF exhibits a
1/N dependence to a high degree of accuracy. We also

FIG. 3. Nomenclature for positions and lengths used in the A
pendix.n0 is the electron density normalized to its bulk value,d is
the position of the jellium edge~one half the mean lattice spacin
outside the outermost lattice plane!, D is the distance at which the
density profile has healed to the bulk value@n0(D)51#, d is the
apparent size of the selvage as experienced by the projectile,
t5L2d is the thickness.
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56 3773SURFACE STOPPING
dict from Eq.~27! that SBF scales as the inverse of the kinet
energy, a behavior which is readily seen as being a pro
nent feature of the full calculations@22# as presented in
Fig. 2.

It is essential to address the actual magnitude ofSBF8 . To
do so requires specification of the density profile. It is bo
convenient and physically realistic to use the universal p
file given by Roseet al. @18#. It represents most metal su
faces if z is scaled with respect to 0.98 times the Thom
Fermi lengthl TF /a05Apar s/4, r s being the electron ga
density parameter. This means that

SBF8 /s05
0.49

v2

l TF

ae
L8@n0#. ~28!

The quantityL8@n0# is scaled toL@n0# by L50.98l TFL8
and has the valueL8@n0#51.273 for the Rose choice o
density profile @18#. With ae,N5454.3 a.u. @2# and
l TF'1.15 a.u. as appropriate for Li (r s53.25 a.u.) we get a
slope for SBF8 /s0 versus 1/v2 which is 0.167 as compare
with the calculated value of 0.189. It thus appears that
main part of the slope for LiN layers is due to the genuin
surface effect. A similar analysis for diamond and graph
shows not surprisingly that in those cases there are la
contributions from relaxation and effects other than the s
face effect.

Alternatively, as shown in the Appendix, the width of th
selvaged ~see Fig. 3! necessary to compensate for theSBF
term may be calculated. Note thatd is the extent to which the
effective surface plane seen by the projectile moves outw
as a function of incident velocity. That is,d is the apparent
surface position in that it corresponds to the position wh
would be assigned to the surface if all the stopping w
attributed to the bulk.d is the analog of the image plane fo
a charged particle outside a solid surface; the position of
image plane also depends on the energy of the particl
question, as shown by Ray and Mahan@32#. With the Rose
et al. profile and r s53.25 a.u.,d from the Appendix, Eq.
~A11!, is 0.38 a.u., 0.22 a.u., and 0.18 a.u. forv51,2,3 a.u.
respectively. The shift outward from the nuclear surface
clines smoothly with projectile velocity; see Fig. 4.

What about the explicit surface presence term in Eq.~5!?
It comes from the second term in Eq.~20!, which contains
surface information, throughude(z)/dzu}dn0 /dz, since
dn0 /dzÞ0 only in the surface region. By evaluating th
term for a sharp interface and a sufficiently thick film, w
find that withSSP5(1/N)SSP8 ,

SSP8 /s05
p

4
~&21!

1

vaevp
. ~29!

Notice several features. First, as long as the bulk plasm
frequency andae are independent ofN, SSP8 is independent
of N itself. It also shows thebegrenzungeffect @25# men-
tioned above. The introduction of a surface having char
teristic loss energies atvs5vp /& is at the expense of a
reduced bulk loss~the term proportional to&21! above,
i.e., (vs2vp/2) @33#. See Ref.@34# for calculations of the
position-dependent stopping and its contributions from b
and surface modes, respectively, for a sharp surface. We
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see that the surface term scales as 1/v compared to the sur
face term discussed earlier in this section; the latter term
a 1/v2 dependence.

Finally we compare the surface presence term dire
with the bulk form contribution in Eq.~26!; the surface cor-
rection to the bulk stopping. Formation of the ratio betwe
the two gives

SSP/SBF5v/vc . ~30!

vc is given as

vc /v0.
2l TFvp

v0
5

2

)

1

ar s
'0.67 ~31!

for Li. This means that in the range of interest, wherev>v0
~v0 is the Bohr velocitye2/4pe0\!, SSP dominates clearly
overSBF . Thus the excitation of surface modes is more c
cial to incorporate than the true surface profile whenv is
larger than a few atomic units. In this respect we will n
calculateSSF here sinceSSP itself contains already so muc
that it dominates overSBF .

Notice that throughout we have assumed the two surfa
to be independent of each other. In the ultrathin films t
assumption is not fulfilled. For such systems the modes at
opposite surfaces couple to each other, hence change
surface loss frequencies. However, that coupling merely
change the numerical value ofvc , not its scaling withvp .

IV. DISCUSSION AND CONCLUSIONS

Detailed calculations of proton stopping in ultrathin film
have shown a clear scaling with the inverse number of l
ers. Within a simple jelliumlike framework we have repr
duced that behavior when it comes to the influence of
true surface on the bulk contribution. Not only does the c
rect velocity dependence emerge but also the absolute m
nitude in the sense that the model accounts for the major
of the surface term for Lithium. Apparently the good agre
ment with small-N linearity arises because a bulk-like de
sity is established at relatively lowN, at least insofar as

FIG. 4. Velocity dependence of the selvaged, i.e., the effective
position of the surface plane as probed by the incident proton.
classical surface position for a sharp interface~and the position of
the jellium edge also! is d50. For high velocities, all media tend
toward classical response, henced→0. For allv.1 a.u.~the valid-
ity limit on this calculation!, the apparent surface is outside th
classical surface.



uc
o

em

ro
e
g

th

e
in

io
ro
th
in
e

ile
t
m
lu
s

po
f

up
ce
c
W
r

th
lc
d

in
th

f

es

b
a

ce
ll

s
ng
ct

r
ou
S
th
t
a

of

ity

nd

ibu-
di-

ity

an
e-
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integrals over the density are concerned. Chemically s
behavior is consistent with the pervasive manifestation
different types of bonding down to remarkably small syst
sizes.

As an aside, the present result extends the range of p
erties for which periodically ordered Li exhibits jelliumlik
behavior. From a textbook perspective that is a seemin
trivial statement. For certain properties, most notably
equation of state, there are large deviations~qualitative and
quantitative! from free-electron-like~Thomas-Fermi-Dirac!
behavior however@35#. It is therefore important to delineat
the actual behavior of condensed phases of Li as dist
from the conventional wisdom about those phases.

As a system gets smaller and smaller, surface excitat
should become more and more important for a charged p
coupling to the system. Our analysis shows that in fact
surface excitations give a larger contribution to the stopp
power than the surface correction to the bulk result. Th
also scale inversely with the velocity of the projectile wh
the surface correction scales with the inverse square of
velocity, meaning that those surface excitations will be co
paratively more important at higher velocities. The conc
sion is that even if bulk terms dominate stopping in thin film
down to a few layers, such calculations do need to incor
rate surface losses if they are to be compared with data
real systems.

For some time to come experiment results for thin uns
ported films will not be commonly available. The influen
of substrates is to change the surface excitation frequen
at the interface and to smooth the surface profile there.
can still analyze experimental results within the framewo
outlined here provided that it is possible to account for
substrate bulk contribution by other measurements or ca
lations and that the genuine surface losses can be treate
a reasonable footing.

Since the focus of this paper is on the physics underly
theN-scaling behavior of stopping, we have not pursued
cohesive energy scaling issue. Note, however, that~1! both
cohesive energy and stopping are related measures o
solid’s excitation spectrum@36#, ~2! similar scaling without
higher order terms in 1/N is present for the cohesive energi
of sodium clusters down to four atoms in size@37–38#, and
~3! there is evidence~in the form of so-calledglue models
@39#! that much of the energetics of metallic cohesion can
accounted for on the basis of coordination. Finally, it is
well-defined procedure from thin film calculations of surfa
energies to extract the bulk cohesive energy from a smaN
calculation, the same way as we inferredS(`,v) above
@23~b!#. Thus we can suggest the analogous procedure a
interesting and efficient way of calculating bulk stoppi
power while at the same time obtaining the surface effe
all from one calculation.
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APPENDIX

Consider the energy loss for depthL>D ~see Fig. 3 for
notation! into a semi-infinite jellium slab system such that

n0~z!51 ;z>D, ~A1!

with the origin sufficiently far from the jellium edge atz5d
that the electron charge density for allz<0 is zero. Let

DE[E dzS~z!/s0 . ~A2!

Add and subtract the jellium background of dens
rBu(z2d), whereu(z) is unity for z positive and zero oth-
erwise. Because of the limiting behavior of the density a
charge neutrality n0(0)50, n0(L)51, *0

Ldz@n0(z)
2u(z2d)#50, we get

DE~L !5
1

v2 E
0

L

dz ln
2v2

vp
u~z2d!

2
1

2v2 E
2`

`

dzn0~z!ln n0~z!. ~A3!

Notice that the second term is the surface-confined contr
tion while the first behaves as a bulk contribution. Imme
ately one has

DE~L !5
1

v2 lnF2v2

vp
G~L2d!2

1

2v2 E
2`

`

dzn0~z!ln n0~z!

5
1

v2 lnF2v2

vp
G~L2d!1

1

2v2 L@n0#, ~A4!

whereL is a length characteristic of the electron dens
profile neutralization, which is given by

L@n0#[2E
2`

`

dzn0~z!lnn0~z!. ~A5!

Two choices for the length scale of energy deposition c
be distinguished readily within the model. One is with r
spect to the jellium edge. Then one has

S~L,v ![DE/~L2d![SBP1SBF , ~A6!

where, from Eq.~9!,

SBP /s05
1

v2 ln
2v2

vp
~A7!

and
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SBF /s05
1

v2

1

2~L2d!
L@n0#, ~A8!

with s0[e2a0 /e05h2/pm as before. If now the electron
profile is of some finite thicknesst, symmetric in its trans-
verse axis, and obeys a corresponding charge neutrality
dition at the center, the same expressions result, except
t5L2d. To connect the model with a UTF of mean inte
planar spacingae , recall that the jellium edge is set a di
tance ae/2 outside each of the UTF faces, when
t5T12(ae/2) with T the distance between the exterior-mo
nuclear planes.

Alternatively, the length scale for energy deposition c
be chosen to include the selvaged explicitly @9#. Since both
it and the term inDE(L) which depends onL@n0# measure
the contribution to stopping caused by the deviation of
profile from a step function,d can be adjusted within the
model to cancelL, hence yield an effective, velocity
dependent jellium edge position. One has
m

ys

cl.

th-

m

m

th-

C.

H

Le

D

P

t
i
o

p-
n-
at

t

n

e

S~L,v ![DE/~L2d1d!5SBP

~L2d!

~L2d1d!

1
1

v2

1

2~L2d1d!
L@n0#. ~A9!

Therefore, to lowest order ind, the fraction ofSBP which
offsets theL term follows from requiring that

dSBP~v !5
L@n0#

2v2 . ~A10!

For SBP(v).0, that is, 2v2/vp.1, this relationship be-
comes

d5
L@n0#

2 ln~2v2/vp!
. ~A11!

Note thatd is used here as a width,d>0.
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