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Energy loss of slow ions in a nonuniform electron gas
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The energy loss of slow ions scattered off arilAl) surface is explained using a theoretical description
based on scattering theory. The explicit inclusion of gradient corrections to account for a nonuniform electron
density at the surface provides good agreement with the measured data over a wide range of ¢k&tairces
densitie$ for different ions with atomic numbez, < 20.
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[. INTRODUCTION erable relevance concerning a general understanding of stop-
ping phenomena for energetic atomic projectiles.

Stopping phenomena of energetic atomic particles in mat- In this paper we report on quantitative experimental as
ter are of paramount importance in many scientific and techwell as theoretical investigations on this problem. We have
nological applications and a subject of active research. Astudied the energy loss of ions in the density profile of the
important aspect of this topic is the slowing down of ions atélectron selvage in front of a metal surface. A sketch of this
low energy/velocity, i.e., projectile velocities<v, (v, is  Profile is displayed for an AL11) surface by the solid curve
the Bohr velocity=1 atomic unit1a.u.). In this velocity With solid circles in Fig. 1, showing the well-established

regime, the energy loss of projectiles is generally dominate&eature of a saturation to bulk densities close to the surface

by interactions with electrons of the target. The stopping pro&nd an exponential spill out towards vacudmaxis). In a

cess can be considered to be due to scattering of conducti(ﬁ'mple picture, the assumption of an interaction intedval

electrons by the screened potential of the projectile. In rece ta glven_dlstance from the surface reveals an almo_st uni-
L .. form density close to the topmost layer, whereas with an
years, this intricate problem has been treated by derivin

electronic stopping bowers from quantum-mechanical Sca,ﬁ%ncrease in distancgdor smaller electron densitiesonsider-
. ppIng p nq . able gradients are present. In the studies presented here, we
tering theory based on scattering potentials deduced fro

density f ional calculati for i bedded ifuai il outline the effects on electronic stopping of ions in these
ensity functional calculations for ions embedded ifuai- 1,5 gifferent regimes of the electron gas, i.e., the region in

i 1
form) electron gas of density. close vicinity of the surface plane of uniform electron den-

It turns out that this nonlinear approach shows a substarg—ity with bulk values and larger distancésme a.. with
tial improvement in the description of electronic stopping

power in comparison to theories based on linear response
as, e.g., demonstrated by experimental data for the passage o3k LAz
of protons through solid targets with atomic numbers 4 r*'-""“%
<Z,=<833 Furthermore, this approach allows one to under-

stand in a straightforward manner the so-calldoscilla-
tions, an experimentally observed oscillatory behavior of
stopping power with increasing projectile atomic number
Z,.*7% Aside from considerable success of the theoretical
approach to describe electronic stopping power of slow ions,
comparison with experiments on a quantitative level was
lacking defined conditions. For penetration of thin monoc- |
rystalline foils under channeling conditiof§ elastic scatter- é 45
ing (“nuclear energy lossJ is negligible; however, the elec- 0 Py 1
tron density in a crystal channel is not uniform and is 0
generally approximated by a mean valtfzurthermore, it is

an open question: What effect does the gradient of electron g 1, schematic representation of electron density profis
density in anonuniformelectron gas have on projectile en- 4t A|(111) surface(Ref. 9. Origin of distance from surface is
ergy loss? This particular aspect on energy dissipation Ofhosen at topmost layer of surface atoms, whef®)=n,. We
atomic projectiles traversing solid matter has not been addenote three different characteristic distances as gto2t a.u),
dressed so far. Since in general “realistic” targets are charintermediatg2.4 a.u), and long ¢=3.7 a.u.) and typical uncertain-
acterized by pronounced gradients in the spatial distributiomies of Az in determination ofz, originating from trajectory and
of electrons, this specific problem turns out to be of consid-density profile calculations.

rs (a.u.)
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reduced electron densities and considerable gradients ¢ 3000 —— ———— , 8
these densities.

Be' 54 keV - Al(111) 1

2500 -

Il. EXPERIMENT AND EVALUATION OF DATA
< 2000

In order to derive position-dependent stopping powers, wefv,
made use of a concept proposed by Kimura, Hasegawa, ang gy
Mannamt® for grazing incidence scattering of ions from a 2
clean and flat surface. In this collision regime, projectiles are §

steered on well-defined trajectories by lattice atoms of the 2 oer T )
topmost surface layer in a sequence of small angle scatterin ®

events, i.e.(surface “channeling.”! Then the total projec- o E
tile energy losAE results from the integration of a position- . 1 ' ‘ .
dependent stopping powdE/dx(z) over complete trajecto- % o2z o0s 06 s 10
ries (coordinatex andz are chosen parallel and normal with incidence angle (deg)

respect to surface plaphe
FIG. 2. Energy loss of 54-keV Beions scattered from A111)
dE as function of angle of incidence. The curves represent results of
AE= f ——(2) dx (1) best fits to trajectory calculations for different assumptions on the
! scattering potentials and the functional form of the position-
gependent stopping poweésolid curve: ZBL potential and expo-
nential decay; dotted curve: modified Moliere potential and expo-

(dE/dX)(2) can be derived from the resulting variation of n>e<ngilenng?eﬁcadssg?gregu{ﬁiSéBL¢ E’r(r)]t:r\‘/tﬁiic;ngar:'ler?nt
AE(®;,). Recently, we have reported on measurements o‘f P Y 15 P

.. ; ) esent intervals between distances of closest approach to surface
the energy lossAE for projectiles with atomic number 1 Pp

Lo plane and distance where 90% of total energy loss is accumulated.
=Z,=20 and velocity = 0.5, scattered off an AL11) sur-  paqhed-dotted curve: Energy loss derived from theoretical stopping

face as a function ob;, 12 The data obtained in these stud- powers(full circles in Fig. 3.

ies were evaluated in terms of E(}) by making use of an

analytical approximation for the projectile trajectdfy. different approximations for the scattering potentials and
Assuming a functional dependence of the stopping powetdE/dx)(z). The solid curve represents a best fit using the
in terms of a simple exponential decaydE/dx)(z) ~ ‘universal’ potential proposed by Ziegler, Biersack, and
=(dE/dX)(0)exp(~2Zz), the integral in Eq.(1) can be Littmark (ZBL potentia)™ and a simple exponential decay of

solved analytically, and the parameteds£(dx)(0) andz, (dE/dX)(2). The dotted curve is obtained in a similar man-
are obtained from a best fit to the experimental energy loss &7 With the Moliere potential us%wg a screening function
function of angle of incidenceAE(®,). The position- proposed by O’Connor and Biersdfland the dashed curve

dependent stopping powers derived by this procédure represents an analysis with the ZBL potential aritlidx(z)

showed agreement with the predictions of the uniform eIeC_descnbed by two single exponential functions with different

; : idA o decay constants below and above a distayceThe vertical
;c(ra(\)/réldensny stopping power calculationon a qualitative bars in Fig. 2 represent intervals of distanzesarting from

h K ‘ d lab distances of closest approach to the surface ppeand
In the present work we performed a more elaborate Nug,anqing to distances where 90% of the total energy loss is

merical analysis of our experimental data with trajectories,ccymulated. This plot of intervals illustrates the spatial sen-
derived for different approximations of the scattering poten-sjivity of our analysis with respect to position dependent
tials including image charge effects.Position-dependent stopping powers.
stopping powersdE/dx)(z) are described by different func-  |n Fig. 3 we show the resulting stopping powers as func-
tional forms[single exponential, combination of exponen- tion of distancez from the topmost layer of the surface plane.
tials that merges to the dependence of the electron densityithin the uncertainties inherent in the experimental data
n(z)]. This type of analysis of data was performed for all and their evaluation we find no significant deviation among
sorts of projectiles withZ,<20 atv=0.%,, and from a the different approaches. The analysis of projectile trajecto-
critical judgement of resultsdE/dx) (z) is obtained with an ries reveals that the projectiles reach distances of closest ap-
estimated absolute uncertainty of less than 20%. proach between about 1 and 3 a.u. so tlHE/EX)(2) is

As a first representative example we display in Fig. 2 theprobed by our method within an interval of distances ranging
energy loss of 54-keV Beions (v=0.5 a.u.) scattered from from about 1 to 4 a.u(cf. Fig. 2. The solid circles represent
an atomically clean and flat Al11) target as function of the calculations using a scattering approach for an electron gas
grazing angle of incidenc®;,. The data show a slight de- of uniform density as outlined in the following section. We
crease with increasing angle. The curves represent best fits fimd good agreement between these calculations and the ex-
the data comprising different assumptions of the interactiongderimental analysis for distances<2 a.u., whereas for
potentials for the projectile trajectories and the functionallargerz the calculations yield smaller values than the experi-
form of (dE/dx)(z). We reveal for the angular range of ment. In order to demonstrate the effect of this deviation on
available data an excellent description which holds for thehe energy loss, we fit the theoreticalE/dx)(z) by a func-

rajectoryd X

Since projectile trajectories can be changed in a well-define
manner by varying the glancing angle of incidend®s,,
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FIG. 3. Position-dependent stopping powers for 54-keV' Be
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FIG. 5. Same as Fig. 3, but for 72-keV*Gons.

ions in front of Al(111) surface as obtained from fit to data in Fig. 2.
Solid curve, single exponential decay for scattering in planar potenwell fitted by the approaches discussed already for Be pro-
tial with ZBL screening; dotted curve, single exponential decay forjectiles (Fig. 4). The resulting stopping powers agree quite
Moliere screening; short dashed curve, decay with different expowell with calculations using the scattering approach for an
nential sections for ZBL screening; full Circles, calculations with electron gas of uniform density. This agreement holds in par-
scattering approach for electron gas with uniform electron densityticular also for larger distances
long dashed curve, fit to calculations with function describing elec- aAs g further example we display in Figs. 6 and 7 data
tron density in front of the free electron gas metal. obtained with 240-keV A" ions (=0.5a.u.). Here the
agreement of the position-dependent stopping powers with
tion that approximates the functional dependence of the elegheory is good for small distances, i.e., o2 a.u.; how-
tron density in front of a free-electron metal surfd€dhe  ever, for larger distances we reveal a sheer discrepancy be-
plot of the resulting energy loss as function of angle in Fig. 2tween theory and experiment. In the analysis of data per-
(dashed dotted curyeshows a substantial difference in the formed in this work for the first 20 elements of the periodic
measurements and demonstrates good resolution of our datble, we found partially good agreement between theory for
with respect to the analysis of position-dependent stopping uniform electron gas and experiment as demonstrated for
powers. The discrepancy between theory and experiment &. However, for noble gas ions and in particular for ions with
larger distances is attributed to the gradient of conductiomtomic numbersZ;=15 we find substantial differences for

electron densities in front of the metal surface and will be|argerz between theory and experiment. From the analysis of
discussed in detail below.

data for the scattering of 72-keV'Qons v=0.5a.u.). The

. o ~ the experimental data we deduce the stopping powers for
In Figs. 4 and 5 we show similar results and analysis ofgistancesz=1.2, 2.4, and 3.7 a.u. Corresponding plots of

those stopping powers as function 6f will be presented

experimental energy loss as function of angle of incidence igelow and compared with theory. We will show that overall
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FIG. 4. Same as Fig. 2, but for 72-keV' Gons.
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FIG. 6. Same as Fig. 2, but for 240-keV%rions.
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FIG. 8. Stopping power of ions with=0.5 a.u. as function of
atomic numbefZ; at distancez=1.2 a.u. from an AlL11) surface.
The full circles denote experimental data and open circles results
good agreement of these data with theory is achieved if thebtained forr ;=2.2 a.u. with Eq(2).
gradient of the electron density in the selvage of the Al SUshort distances where the density saturates to bulk values
.fac‘? IS taken into account in the theoretical treatment of proZaboutno) and is rather uniform(ii) regions of intermediate
jectile stopping. densities aroundhy/2, and (iii) regions of low densities
<ny/8. In the latter two cases, there are significant gradients
in the density profile. For specifically chosen values,
=1.2a.u., z=2.4a.u., andz=3.7 a.u. from the topmost

. . . atomic layer, the corresponding(z)=3/3/4mwny(z) for an
In our theoretical studies, a scattering approach has bee surface are .= 2.2, 3, and 5, respectivelA conservative

used for the calculations of stopping powers for slow ions in

. i ) ) 3 estimate on the uncertainty in the determinatiorz aff the
metals with scattering potentials obtained from density funcq,ger of 0.25 a.u. for the short and intermediate distances and
tional theory for a static ion embedded in a free electro

18,19 ClIONy 5 a.u. for the large distance gives a range ofalues of
gas.”""The dependence of the energy loss on the projectilghe order of 2.%r.<2.3, 2.%<r.<3.3, and 4&r.<6 for
Chal’ge iS Weak fOI’ ionS Of IOW Char@mnd will aﬁect the each distance, respective'y.
energy loss only for periods of timeshort compared to the  |n Fig. 8 we show a comparison of stopping powers cal-
total interaction time I(/v), wheret is a characteristic neu- cylated forz=1.2 a.u. ts=2.2) (open circley with those
tralization time(typically a few femtosecongisMore specifi-  derived from the energy loss measureméhili circles) as a
cally, the stopping power is given 5}/3 function of the projectile atomic number . We find for this
case excellent quantitative agreement with the experiments
dE for our theoretical treatment free from adjustable parameters.
axNov vEoy(vE), @ This shows the adequacy of the local density picture for high
electron densities and small gradients. Therefore it can be
whereny is the electronic density,- the Fermi velocity, and considered the most detailed and stringent test of this theory
oy(vg) the momentum transfer cross section at the Fermsgo far.
level. The producb o (vg) is the integrated scattering rate  However, when we compare the experimental data with
for momentum transfer, which governs the dissipative prothe results obtained from E(R) for the stopping power at an
cesses. Therefore, one can interpret the stopping powémtermediate distancez&2.4a.u.) and large distancez (
described by this formula as the result of the momentum=3.7 a.u.), the agreement is po@pen circles and dashed
transfer per unit time to a uniform current of indepen-curves in Figs. 9 and 20A deviation in amplitude and phase
dent electronsr{gv), scattered by a fixed screened potential.of the Z, oscillations appears as the density decreases, par-
For auniform electron gas, there is a one-to-one corresponticularly evident by the pronounced minima =2 and
dence between the density, and the Fermi velocity Z,=18 forr,=5 predicted by theory. Furthermore, we can-
ve=3372n,=39m/4Ir ~1.92k¢ with r, being the one- notinvoke the uncertainty in the determinatiorr gfz) men-
electron radius. tioned above, since there is mg value that reproduces the
In case of anonuniformelectronic densityy(z), as, e.g., amplitude and phase of the data.
in front of a metal surfacésee Fig. 1, one would proceed to This indicates the nontrivial role of gradient corrections in
define a local Fermi velocity in order to derive position- the kinetic energy functional fanonuniformelectron densi-
dependent stopping powers from Eg) and thenAE(®;,) ties. Therefore, the stopping power given by E).requires
from Eq. (1). In the electronic density profile of a metal that it be modified to account for this effect. We define two
surface, we distinguish three different rangek Fig. 1): (i) density parametens;; andrg, related to the current density

FIG. 7. Same as Fig. 3, but for 240-keV%rions.

IIl. THEORETICAL DESCRIPTION OF STOPPING
IN A NONUNIFORM ELECTRON GAS
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&:[noﬂ)][vlrz op (VE2)], (4)
0.2 |

wherevg, oy (vgy) IS the scattering rate anghv has al-
ready been defined as current density.

In Figs. 9 and 10 we show results for the stopping powers
obtained using Eq(3) for z=2.4 a.u. andz=3.7 a.u. with
rqg=3lau.,rop=25au andg=4au.,ryp=2.7a.u., re-
spectively. The values of the parametg; used for each
distance are within the range of acceptablevalues given
0.0 . . . above in Fig. 1. The values afy, are justified from the

0 5 10 15 20 values ofrg; using Eq.(3) with B=22d, where® is the

Z Al (112 surface work functiong is the inverse decay length
of the electron density profile at the surface. As shown in

atomic numbeZ, atz=2.4 a.u. Full circles are experimental data; Figs. 9 and .10’. we find .a.SImelcant Imprpvement in the
dashed lines connect results obtained with B}, for r.=3a.u overall quantitative description of the experimental data us-
. s u.

(open circle§ solid lines and open squares are results obtained"d Eq-(4) as compareq to Eq2). TheZ, oscillati0n§ of the
using Eq.(4) with rg=3.1 a.u. and ,=2.5 a.u. stopping powers obtained from E¢4) are determined by
oy(vEs). As vg, varies weakly with the distance from the

now =3v/(4mr) and the effective scattering impulses SUrface (from 0.87 au. atz=1.2a.u. to 0.71 au. ar
ve,=1.92f, and ve,=1.92f,. The latter is approxi- =3.7 a.u.) the amplitude and positi¢gshape of the Z; os-

mately given by the modification of the kinetic energy den-Cillations show only a moderate change With incrgasing dis-
sity for nonuniform systems, i.e., the so-called von Weiz-tance. However, we note that the change in magnitude of the
sacker term?t?? which, for an exponential decay exp@z) stopping power with distance to the surface is mainly given

of the density, leads to an increase from,/2 to® by the factorngy(z), i.e., the effective number of scattering
centers.

We mention that the stronger effects for the energy loss of
ions in nonuniform systems aroud =18 is caused by the
(3) strongerr ¢ dependence of the transport cross section. At high
rs the screening cloud approaches the free atom electronic

The von Weizseker term accounts for the increase in kinetic structure with minima aroundl=2, 10, and 18, while at
w rg the 3p and 3 scattering resonances overlap around

. : . |
energy due to gradients in the electron density. Therefore, g S X
proper modification of Eq(2) for the case of nonuniform 51_18 and the minimum disappefs.
density, based on the previous statements, is given by

01

dE/dx (arb .units)

FIG. 9. Stopping power of ions with=0.5 a.u. as function of

2 2 2
Ur2 Vr1 B
g

272

IV. CONCLUSIONS

In summary, the description of the stopping power of ions
01 r z=3.7a.u. . in the electron selvage of a metal surface based on scattering
theory gives a remarkable quantitative agreement with ex-
periments forz=1.2 a.u., where the projectile interacts in
good approximation with an uniform electron gas with
=2.2. At larger distances from the surface, we clearly reveal
the important role played by thenuniformelectron density.
This nonuniformity implies an enhancement of the effective
scattering energy as compared to the uniform case and makes
necessary specific modifications in the scattering approach in
order to find agreement with the experiments. We hope that

dE/dx (a.u.)

s these studies on the new aspect concerning the energy loss of
0.0 5 5 10 5 20 ions will stimulate first principle treatments of this problem,
7 which are of substantial relevance for a general understand-
1

ing of stopping phenomena in solid matter. In this respect,
FIG. 10. Stopping power of ions with=0.5 a.u. as function of Other systems as, e.g., alkali-covered metal surfdims
atomic numbeiZ; atz=3.7 a.u. Full circles are experimental data; WOrk function and ionic crystals as, e.g., Lifhigh “work
dashed lines connect results obtained with &j.for re=5a.u.  function”) could provide deeper insights into the mecha-
(open circlek solid lines and open squares are results obtainediisms of gradient corrections foonuniformdistributions of
using Eq.(4) with r;=4 a.u. and (,=2.7 a.u. target electrons.
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