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Electronic stopping powers of solids for slow atoms

C. M. Kwei,1,*J. J. Chou,1 J. Yao,1 and C. J. Tung2
1Department of Electronics Engineering, National Chiao Tung University, Hsinchu 300, Taiwan

2Department of Nuclear Science, National Tsing Hua University, Hsinchu 300, Taiwan
~Received 21 February 2001; published 12 September 2001!

Based on the dielectric response theory, electronic stopping powers of solids for slow atoms have been
studied. Using a local-field-correction dielectric function, we have calculated these stopping powers by includ-
ing the correlation and exchange effects. The screening of shellwise electron charge densities of slow atoms by
the conduction electrons in solids was estimated using a Thomas-Fermi screening model. In this model, atomic
shellwise electron densities were constructed by a superposition of several Yukawa potentials. Stopping powers
of Al, Ni, Ag, and Au were calculated for atoms with atomic number between 6 and 18. Calculated results
showed that stopping powers oscillated with atomic number consistent with experimental data. Present results
also indicated that our approach is much improved over other theoretical calculations. A comparison of pres-
ently calculated results with available theoretical and experimental data was made and discussed.
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INTRODUCTION

Previously, many authors@1–3# calculated the stopping
powers of solids for slow atoms based on the dielectric
sponse theory. Brandt and Kitagawa~BK! @1# and Kaneko
@2# used the random-phase-approximation~RPA! dielectric
function and the extremely-low-velocity approximation
their calculations. Since the RPA dielectric function is va
in the weakly coupled limit of electron correlation, it doe
not provide accurate information on stopping powers for
oms in a strongly coupled degenerate electron gas sys
Wang and Ma ~WM! @3# used the local-field-correction
~LFC! dielectric function and the low-frequency and lon
wavelength approximation. Although the LFC dielectr
function includes the exchange and correlation of electr
at short distances from the nucleus, the low-frequency
long-wavelength approximation employed by WM causes
rors in stopping powers for slow atoms. In the calculations
BK and WM, the effect of bound electrons in atoms w
considered by applying a single Yukawa potential to appro
mate the electrostatic potential and assuming no scree
effect due to conduction electrons in solids. Kaneko e
mated the static screening of atomic electrons by conduc
electrons in solids using an electron density distribut
without detailed shell structures. He found that the screen
effect had an influence on the stopping powers of solids
atoms. All authors failed to show the oscillation depende
of stopping powers on the atomic number of atoms.

This paper deals with electronic stopping powers of so
for slow atoms using the LFC dielectric function. Howev
we incorporate several improvements that include~1! the
abandonment of the extremely-low-velocity approximatio
~2! the use of atomic shellwise electron density distributio
and ~3! the consideration of the screening of the outerm
shell electrons by conduction electrons in solids. The ato
shellwise electron densities were constructed by a supe
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sition of several Yukawa potentials. The screening effect w
estimated using a Thomas-Fermi screening model. Stop
powers of Al, Ni, Ag, and Au were calculated for atoms wi
atomic numbers between 6 and 18. Calculated res
showed that stopping powers oscillate with atomic numb
consistent with experimental data. Present results also i
cated that our approach contains many improvements o
other theoretical calculations. A comparison of presently c
culated results with available theoretical and experimen
data was made and discussed.

THEORY

Within the validity of the linear-response theory, stoppi
power,2dE/dx, of a solid for an atom of atomic numberZ1
is given by@1#

2
dE

dx
5

2

pn2 E
0

` dk

k
urne~k!u2E

0

kn

dv v ImF 21

«~k,v!G ,
~1!

where«(k,v) is the dielectric response function of the soli
k is the momentum transfer,v is the energy transfer,n is the
velocity of the atom, andrne(kW ) is the Fourier transform of
the charge density of the atom, i.e.,

rne~kW !5E rne~rW !e2 ikW•rWdrW. ~2!

Note that all quantities in this work are expressed in atom
units ~a.u.! unless otherwise specified. The atomic cha
densityrne(rW) may be obtained from an electrostatic pote
tial through a Poisson equation given by@4#

rne~r !5(
i

Zi

4pr 2 d~r !2(
i

r i~r !, ~3!

where thed -function term is contributed from the nucleu
Zi( i 5K,L,M ,...) is theelectron occupation number of th
:
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i th shell, and the radial electron density distribution of t
i th shell corresponding to the superposition of Yukawa
tentials may be given by

r i~r !5(
j 51

ni Zi

4pr
a i j b i j

2 e2b i j r . ~4!

In this work, the parametersa i j andb i j are derived by fitting
Eq. ~4! to the Hartree-Fock-Slater~HFS! electron density
distribution data@5#. For a best fit, we chooseni52, 3, and 5
for i 5K, L, andM shells, respectively. Therefore, the tot
electron density distribution of the atom may be determin
from

re~r !5(
i

r i~r !. ~5!

Taking the Fourier transform of Eqs.~3! and ~4!, we ob-
tain

rne~k!5(
i

Zi2(
i

(
j 51

ni

Zi

a i j b i j
2

b i j
2 1k2 . ~6!

This is the momentum charge density distribution of t
atom in free space. For an atom in a solid, conduction e
trons of the solid screen the electric field of the atom ow
to the dielectric response of the solid. The electron densit
the atom is then redistributed. Using a Thomas-Fermi scre
ing model to describe the screening of outermost shell e
trons of the atom by conduction electrons of the solid,
obtain the screened charge density as

rne
s ~r !5(

i

Zi

4pr 2 d~r !2re
s~r !, ~7!

where the screened electron density is given by

re
s~r !5 (

i 5 inner shells
(
j 51

ni Zi

4pr
a i j b i j

2 e2b i j r

1 (
j 51

~ i 5outermost shell!

ni Zi

4pr
a i j ~b i j 1kTF!2e2~b i j 1kTF!r .

~8!

Here the Thomas-Fermi screen wave number is given by

kTF5S 4kF

p D 1/2

5
1.564

Ar s

, ~9!

wherekF denotes the Fermi wave number connected to
number densityn of conduction electrons or to the so-calle
r s value through

kF5~3p2n!1/35
1

r s
S 9p

4 D 1/3

. ~10!

Taking the Fourier transform of Eq.~7!, we obtain the
screened momentum charge density as
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rne
s ~k!5(

i
Zi2 (

i 5 inner shells
(
j 51

ni

Zi

a i j b i j
2

b i j
2 1k2

2 (
i 51

~ i 5outermost shell!

ni

Zi

a i j ~b i j 1kTF!2

~b i j 1kTF!21k2 . ~11!

Thus we replacerne(k) in Eq. ~1! by rne
s (k) for stopping

power calculations.
To take into account the correlation and exchange effe

we use the LFC dielectric function as given by@6,7#

«~k,v!512
P~k,v!

11G~k!P~k,v!
, ~12!

whereP(k,v) is the Lindhard polarizability andG(k) is the
LFC function to the RPA dielectric function. Introducing th
dimensionless variablesq5k/2kF andu5v/(knF), P(k,v)
can be expressed as

P~q,u!52
x2

q2 @ f 1~q,u!1 i f 2~q,u!#, ~13!

wherex250.166r s* ; kF andnF are the Fermi wave numbe
and the Fermi velocity~kF5nF in atomic units!, respec-
tively,

f 1~q,u!5
1

2
1

12A1
2

8q
lnUA111

A121U1 12B1
2

8q
lnUB111

B121U;
~14!

f 2~q,u!55
pu

2
, B1,1

p

8q
~12A1

2!, uA1u,1,B1 ,

0, uA1u.;

~15!

and A15q2u and B15q1u. Let B1,1 be region I,uA1u
,1,B1 be region II anduA1u.1 be region III. Figure 1
shows the boundaries of regions I, II, and III in theq-u plane.
Regions I and II are the single particle-hole excitation
gions in which Im@21/«(q,u)#Þ0. For atoms of low veloc-
ity, only single particle-hole excitations contribute to th
energy-loss function@8#. The parametrized expression for th
LFC function is given by@6,7#

G~q!516Aq414Bq21C1
12q2

2q F16Aq414q2S B1
8A

3 D
2CG lnU11q

12qU, ~16!

whereA50.029,

B5
9

16
g02

3

64
@12g~0!#2

16

15
A, ~17!

and
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C52
3

4
g01

9

16
@12g~0!#2

16

5
A. ~18!

Here g(0)5(1/8)@z/I 1(z)#2 is the radial distribution func-
tion at r 50, I 1(z) is the first-order modified Bessel function
z54(ars /p)1/2, a5(4/9p)1/3, and g0 is connected to the
correlation energy of the electron gasEc(r s) by

g05
1

4
2

apr s
5

24

d

drs
F 1

r s
2

dEc~r s!

drs
G , ~19!

where

r s

dEc~r s!

drs
5

b0~11b1x!

11b1x1b2x21b3x3 , ~20!

x5Ar s, b050.062 181 4,b159.813 79,b252.822 24, and
b350.736 411. For atoms of very low velocity, i.e.,n!nF ,
f 1(q,u), and f 2(q,u) can be further approximated in th
long-wavelength limit@8,9#.

In terms of the dimensionless variablesq andu and sub-
stituting rne

s (k) for rne(k), Eq. ~1! becomes

2
dE

dx
5

8nF
4

nn2 E
0

n/nF
u duE

0

`

qurne
s ~2kFq!u2 ImF 21

«~q,u!Gdq.

~21!

For the case of low velocity atoms withn,nF , the allowed
excitation region is indicated in Fig. 1 as the shadow ar
Equation~21! can be rewritten as

FIG. 1. Boundaries of regions inq-u space. The shadowed re
gion represents the allowed excitation region for slow atoms w
velocity n in the calculation of stopping powers. In this work, w
consider values ofn smaller than the Fermi velocitynF of the
electron-gas system.
04290
a.

2
dE

dx
5

8nF
4

pn2 E
0

n/nF
u duH E

0

12u

qurne
s ~2kFq!u2

3ImF 21

«~q,u!G
I

dq1E
12u

11u

qurne
s ~2kFq!u2

3ImF 21

«~q,u!G
II

dqJ , ~22!

where Im@21/«(q,u)# I and Im@21/«(q,u)# II are the energy-
loss functions in regions I and II, respectively. In the case
very low-velocity atoms withn!nF , the stopping power
reduces to

2
dE

dx
5

8nF
4

pn2 E
0

n/nF
u duE

0

1

qurne
s ~2kFq!u2 ImF 21

«~q,u!G
I

dq,

~23!

which was employed by WM@3#, BK @1#, and Kaneko@2#
with further approximations onrne

s and Im@21/«(q,u)# I .

RESULTS AND DISCUSSION

Using Eqs.~4! and~5!, we have calculated the total elec
tron density distribution for atoms with 6<Z1<18. Figure 2
shows a comparison of this distribution for an Ar atom c
culated here~solid curve!, by BK ~dotted curve!, and by the
HFS method~chain curve!. It is seen that our results are i
good agreement with the HFS data. However, the result
BK revealed only an overall structure without detailed sh
peaks. Using Eqs.~8! and ~9!, we calculated the screene
electron density distribution for atoms with 6<Z1<18 in Al,
Ni, Ag, and Au. Note that we took@10# r s52.07, 1.6, 1.53,
and 1.49 for Al, Ni, Ag, and Au, respectively. Figure 3 show
a comparison of this distribution for an Ar atom in Al calcu
lated here~solid curve! and by Kaneko~dashed curve!.
Again, our results reveal shell structures but Kaneko’s res
do not. A comparison of Figs. 2 and 3 indicates that elect
densities with screening effects are larger than those with
screening effects at small radial distances. In fact, the scr
ing effect squeezes the outermost electrons to a smalle

h

FIG. 2. A plot of the total electron density distribution for an A
atom as a function of the radial distance from the nucleus. T
solid, chain, and dotted curves are results calculated in this work
the HFS method@5# and by BK @1#, respectively.
1-3



um
si
ge

li
es

r

o

-

r

t

y
he
rom
lts
t in
ting
his
Ag

en-
rmi
C

cy
eld
nd
the
ns

r
th
a

or
rv
r th

u
c
ed
peri-

C. M. KWEI, J. J. CHOU, J. YAO, AND C. J. TUNG PHYSICAL REVIEW A64 042901
gion near the nucleus. In Fig. 4 we plot the moment
charge densities of an Ar atom in free space calculated u
Eq. ~6! ~dashed curve! and the screened momentum char
densities of an Ar atom in Al calculated using Eq.~11! ~solid
curve!. The corresponding results of BK~dotted curve!, WM
~chain curve! and Kaneko~triangle curve! are also included
in this figure for comparisons. The difference between so
and triangle curves or between dashed and dotted curv
due to the effects of shell structures and screening. The
sults of WM increase rapidly at large-k values due to the
long-wavelength approximation used.

Ward et al. @11# measured electronic stopping powers
several solids for different atoms with a velocityn
50.82n0 , wheren0 is the Bohr velocity. A comparison be
tween calculated results using Eq.~22! ~solid circles! and
measured data~open circles! is shown in Fig. 5 for different
solids. Note that the target-atom mass densities arer0
52.7, 8.89, 10.47, and 19.31 g cm3 for Al, Ni, Ag, and Au,
respectively. Other theoretical results plotted in this figu
are from WM ~dotted curves!, Kaneko~dashed curves!, and
BK ~chain curves!. Since @10# nF50.9n0 , 1.2n0 , 1.25n0 ,
and 1.28n0 for Al, Ni, Ag, and Au, respectively,n/nF50.9,
0.7, 0.66, and 0.64, correspondingly. Therefore, a neglec

FIG. 3. A plot of the total electron density distribution for an A
atom screened by conduction electrons in Al as a function of
radial distance from the nucleus. The solid and dashed curves
results calculated in this work and by Kaneko@2#, respectively.

FIG. 4. A plot of the momentum charge density distribution f
an Ar atom. The solid, dashed, dotted, chain, and triangular cu
are results of present calculations for the screened atom in Al fo
unscreened atom in free space, of BK@1#, WM @3#, and Kaneko@2#.
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the contribution from region II for allowed excitations b
assuming n!nF by other authors is unreasonable. T
present approach, however, includes both contributions f
regions I and II for allowed excitations and thus gives resu
in good agreement with experimental data. It is seen tha
all cases present results indicate stopping powers oscilla
with atomic number consistent with experimental data. T
oscillation behavior is absent in all other calculations. For
and Au, present results are somewhat higher than experim
tal data. This might be due to the use of the Thomas-Fe
screening model and the LFC dielectric function. The LF
dielectric function is derived by a neglect of the frequen
dependence of the local-field correction. The static local-fi
correction is not adequate for solids with complex ba
structures supporting interband transitions. In such solids,
ion core has a significant effect on conduction electro

e
re

es
e

FIG. 5. Electronic stopping cross sections of Al, Ni, Ag, and A
for slow atoms with velocityn50.82 a.u. as a function of atomi
numberZ1 . The solid circles, open circles, dotted curves, dash
curves, and chain curves are results of present calculations, ex
mental data, and results of WM@3#, Kaneko@2# and BK @1#.
1-4
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ELECTRONIC STOPPING POWERS OF SOLIDS FOR . . . PHYSICAL REVIEW A 64 042901
causing the complexity in energy-loss peaks.
In Fig. 6, we show the velocity dependence of the st

ping cross section for an Ar atom in Al. Present results~solid
curve! are greater than the results of WA~dotted curve!,
Kaneko~dashed curve!, and BK~chain curve!. This is due to
the neglect of a contribution from region II for allowed e
citations by other authors. Our approach includes both c
tributions from regions I and II for allowed excitations, an
thus gives results in better agreement with experimental d
In all theoretical predications, the stopping cross section
creases with velocity of the atom.

CONCLUSIONS

Electronic stopping powers of solids for slow atoms w
velocities smaller than the Fermi velocity have been cal
lated using the LFC dielectric function and the shellw
electron densities screened by conduction electrons in so
At such velocities, no plasmon excitation contributes to
energy loss, so that only single particle-hole excitations w

FIG. 6. A comparison of stopping cross sections calculated p
ently ~solid curve!, by WM ~dotted curve! @3#, Kaneko ~dashed
curve! @2# and BK ~chain curve! @1# for an Ar atom in Al as a
function of the velocity of the Ar atom.
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considered. Stopping powers of Al, Ni, Ag, and Au we
calculated for atoms with an atomic number between 6
18. Results exhibited aZ1-oscillation dependence in stoppin
powers, a phenomenon clearly demonstrated by experime
The present results were in much better agreement with
perimental data than other theoretical calculations.

Of the three improvements considered in the pres
work, an atomic shellwise electron density distribution w
responsible for the oscillation of stopping power with proje
tile charges. The other two improvements, i.e., the aband
ment of the extremely low-velocity approximation and t
consideration of the screening effect, influenced the mag
tude of the stopping power. It could be just a coinciden
that the results of WM agreed better in magnitude th
present work with experimental data for Ag and Au. As i
dicated in Eq.~21!, the stopping power was proportional t
the square of the momentum charge-density distribution. F
ure 4 further indicated that the momentum charge-den
distribution of WM was unreasonably higher than other th
oretical values at largek. In the calculation of the stopping
power, however, WM did not include the contribution fro
region II in Fig. 1. These two effects, one an overestim
and one an underestimate, together made the stopping p
of WM in better agreement in magnitude compared with e
perimental data. As shown in Fig. 4, the momentum cha
density distribution without screening effect was higher th
with screening effect at allk. Hence the screening effec
reduced the stopping power to attain better agreement
experimental data.

For Ag and Au, our results were somewhat higher than
experimental data. This might be due to the use of
Thomas-Fermi screening model and the LFC dielectric fu
tion. The LFC dielectric function was derived by a neglect
the frequency dependence of the local-field correction. T
static local-field correction was not adequate for Ag and A
with complex band structures supporting interband tran
tions. In such solids, the ion core had a significant effect
conduction electrons, causing the complexity in energy-l
peaks.
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