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Electronic stopping powers of solids for slow atoms
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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 sition of several Yukawa potentials. The screening effect was
estimated using a Thomas-Fermi screening model. Stopping
Previously, many authorgl—3] calculated the stopping powers of Al, Ni, Ag, and Au were calculated for atoms with
powers of solids for slow atoms based on the dielectric reatomic numbers between 6 and 18. Calculated results
sponse theory. Brandt and KitagawWBK) [1] and Kaneko showed that stopping powers oscillate with atomic number,
[2] used the random-phase-approximati®PA) dielectric consistent with experimental data. Present results also indi-
function and the extremely-low-velocity approximation in cated that our approach contains many improvements over
their calculations. Since the RPA dielectric function is valid other theoretical calculations. A comparison of presently cal-
in the weakly coupled limit of electron correlation, it does culated results with available theoretical and experimental
not provide accurate information on stopping powers for atdata was made and discussed.
oms in a strongly coupled degenerate electron gas system.
Wang and Ma(WM) [3] used the local-field-correction THEORY
(LFC) dielectric function and the low-frequency and long- o o _ _
wavelength approximation. Although the LFC dielectric ~ Within the validity of the linear-response theory, stopping
function includes the exchange and correlation of electronfower,—dE/dx, of a solid for an atom of atomic numbzj
at short distances from the nucleus, the low-frequency antf given by[1]
long-wavelength approximation employed by WM causes er-

rors in stopping powers for slow atoms. In the calculations of d_E _ 2 ”ﬂ‘| (k)|2jkydw o lml— 1
BK and WM, the effect of bound electrons in atoms was dx @v? )y k Pné 0 e(k,w)|’
considered by applying a single Yukawa potential to approxi- (1)

mate the electrostatic potential and assuming no screening

effect due to conduction electrons in solids. Kaneko estiwheree(k,w) is the dielectric response function of the solid,

mated the static screening of atomic electrons by conductiok is the momentum transfes; is the energy transfer; is the

electrons in solids using an electron density distribution,e|qcity of the atom, ang,{K) is the Fourier transform of

without detailed shell structures. He found that the screeningye charge density of the atom, i.e.,

effect had an influence on the stopping powers of solids for

atoms. All authors failed to show the oscillation dependence . .

of stopping powers on the atomic number of atoms. pne(k)zf prdF)e  TdF. 2
This paper deals with electronic stopping powers of solids

for slow atoms using the LFC dielectric function. However, Note that all quantities in this work are expressed in atomic

we incorporate several improvements that includp the units (a.u) unless otherwise specified. The atomic charge

abandonment of the extremely-low-velocity approximation, . ~ . .
: . o 'density p,) may be obtained from an electrostatic poten-
(2) the use of atomic shellwise electron density distribution,,. ; ) X
Pal through a Poisson equation given g}

and (3) the consideration of the screening of the outermos
shell electrons by conduction electrons in solids. The atomic
shellwise electron densities were constructed by a superpo- Z

y @ superp prd1) =2 72 3(0)= 2 pi(n), )

* Author to whom correspondence should be addressed. FAXwhere thes-function term is contributed from the nucleus,
(886-3 5727300. Email address: cmkwei@cc.nctu.edu.tw Z(i=K,L,M,...) is theelectron occupation number of the

1050-2947/2001/64)/0429015)/$20.00 64 042901-1 ©2001 The American Physical Society



C. M. KWEI, J. J. CHOU, J. YAO, AND C. J. TUNG PHYSICAL REVIEW A4 042901

ith shell, and the radial electron density distribution of the . ni a’ijﬁizj
ith shell corresponding to the superposition of Yukawa po- prdk=2 Zi— 2 Zigg 12

; ; i i=inner shelisj=1 i k
tentials may be given by

aij(Bij + k)
_ ij ij TF
pir)= E 2o cnBie (@) 2 gkt @
(i=outermost shell

In this work, the parameteks; and3;; are derived by fitting  Thus we replacep,(k) in Eq. (1) by prdk) for stopping
Eq. (4) to the Hartree-Fock-SlatefHFS) electron density power calculations.
distribution datd5]. For a best fit, we choosge=2, 3, and 5 To take into account the correlation and exchange effects,
for i=K, L, andM shells, respectively. Therefore, the total we use the LFC dielectric function as given [87]
electron density distribution of the atom may be determined
from o) =1 — @) (12
' 1+G(k)P(k,w)’
pe(r)=2 pi(r). 5 \WhereP(k, ) is the Lindhard polarizability an@(k) is the
LFC function to the RPA dielectric function. Introducing the
Taking the Fourier transform of Eqé3) and (4), we ob-  dimensionless variables=k/2kg andu= w/(kvg), P(k,w)
tain can be expressed as

2

pd =3 23 2 Z.Ba"ﬁ” ©) P(q,u)=—%[fl(q,u)ﬂfz(q,u)], (13
ij

This is the momentum charge density distribution of thewherex?=0.166% ; ke and v¢ are the Fermi wave number
atom in free space. For an atom in a solid, conduction elecand the Fermi velocitykg=»¢ in atomic unit$, respec-
trons of the solid screen the electric field of the atom owingtively,

to the dielectric response of the solid. The electron density of

the atom is then redistributed. Using a Thomas-Fermi screen- 1 1-A At 1 1- 51 o Bt 1,
ing model to describe the screening of outermost shell elec- 1(q,u) = §+ 8q Al 1\ + Bl 1|
trons of the atom by conduction electrons of the solid, we (14)
obtain the screened charge density as
7 m B,<1
i A 1
Prd1) =2 77 (1) = pi(r), (@) 2
o f(q,0) 15
AQW=Y T a2 |Al<1<B
where the screened electron density is given by 8 (1-AD, [Adl b
N Ov |Al|>’
()= —a
pell) = i~ inner shellsj—1 47-rr iBie andA;=q—u andB;=q+u. Let B;<1 be region I,|A,|
n . <1<B; be region Il and|A;|>1 be region lll. Figure 1
S 20— (B +kp)r shows the boundaries of regions I, Il, and Il in tipel plane.
* ,21 oy i (B Fkrp)Te T ' Regions | and Il are the single particle-hole excitation re-

(i=outermost shell gions in which Ini—1/e(q,u)]# 0. For atoms of low veloc-
(8) ity, only single particle-hole excitations contribute to the

energy-loss functiofi8]. The parametrized expression for the
Here the Thomas-Fermi screen wave number is given by | £ function is given by[6,7]

) (4kF)1’2 1.564 © br gy s Oy oo BA
=\l—] = , = + +C+ + + =
TF - T G(gq)=16Aq*+4Bg-+C 24 16AQ*+4q (B 3
wherekg denotes the Fermi wave number connected to the _clin=—4 1+q (16)
number densityn of conduction electrons or to the so-called 1-q/’
rs value through
whereA=0.029,
1/(97
ke=(3m2n)P=—| o] . (10 9 3 16
S = — _— — [

Taking the Fourier transform of Eq.7), we obtain the
screened momentum charge density as and
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FIG. 1. Boundaries of regions ig-u space. The shadowed re-
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FIG. 2. Aplot of the total electron density distribution for an Ar
atom as a function of the radial distance from the nucleus. The
solid, chain, and dotted curves are results calculated in this work, by

gion represents the allowed excitation region for slow atoms withy,o HEg method5] and by BK[1], respectively.

velocity v in the calculation of stopping powers. In this work, we
consider values ofv smaller than the Fermi velocitye of the
electron-gas system.

C= 3 o 1 0 16A 18
=~ 2 Yot 7[1-9(0)] - TA (18

Here g(0)=(1/8)[z/1,(2)]? is the radial distribution func-

tion atr =0, 1,(2) is the first-order modified Bessel function,
z=4(arg/m)Y? a=(4/97)*3, and y, is connected to the

correlation energy of the electron gg(rs) by

1 anmrd d [1 dEJ(r)
VO—Z‘Wd—rS[zd—rs ’ 19
where
dEq(ry) bo(1+b;X)
s = 2 3 (20)
drg 1+byx+byx“+bsx

x=1rs, bg=0.0621814,b;=9.81379,b,=2.82224, and
b;=0.736411. For atoms of very low velocity, i.e:<vg,
f1(q,u), and f,(q,u) can be further approximated in the
long-wavelength limif8,9].

In terms of the dimensionless variablgandu and sub-
stituting p;«(k) for pdk), Eg. (1) becomes

V/VF

)

e(q,u)

dE 8vf
Cdx n?

dg.
(21

wau [ alpsg2kal Im[

For the case of low velocity atoms with< v, the allowed

dE 8yg vlvg

T

my

1—-u
u du{ | oz

-1 }d f1+u S (oK )
———|dg+ 2
et | 497, Alprd 2keq)]

—u
dq],
I

where Inj—1/e(q,u)], and Inf—1/e(q,u) ], are the energy-
loss functions in regions | and Il, respectively. In the case of
very low-velocity atoms withv<wvg, the stopping power
reduces to

XIm

X1m 2(q.0)

(22

e(q,u)

oot

dx @

da,
(23

which was employed by WM3], BK [1], and Kanekd 2]
with further approximations op;, and Inf—1/s(q,u)];.

vlvg 1 s 5
| uau[ dlorsakarzm

RESULTS AND DISCUSSION

Using Egs.(4) and(5), we have calculated the total elec-
tron density distribution for atoms with6Z,=<18. Figure 2
shows a comparison of this distribution for an Ar atom cal-
culated herdsolid curve, by BK (dotted curve and by the
HFS method(chain curvé. It is seen that our results are in
good agreement with the HFS data. However, the results of
BK revealed only an overall structure without detailed shell
peaks. Using Eqs@8) and (9), we calculated the screened
electron density distribution for atoms with<6Z; <18 in Al,

Ni, Ag, and Au. Note that we tookl0Q] r,=2.07, 1.6, 1.53,
and 1.49 for Al, Ni, Ag, and Au, respectively. Figure 3 shows
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 results
do not. A comparison of Figs. 2 and 3 indicates that electron
densities with screening effects are larger than those without

excitation region is indicated in Fig. 1 as the shadow areascreening effects at small radial distances. In fact, the screen-

Equation(21) can be rewritten as

ing effect squeezes the outermost electrons to a smaller re-
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FIG. 3. A plot of the total electron density distribution for an Ar 10g o ° ]
atom screened by conduction electrons in Al as a function of the &b [ e
radial distance from the nucleus. The solid and dashed curves are N\i 05 .. =
results calculated in this work and by Kanel&, respectively. g e

I —
gion near the nucleus. In Fig. 4 we plot the momentum :{* FA o« °
charge densities of an Ar atom in free space calculated using 12+ & . o
Eq. (6) (dashed curveand the screened momentum charge A N T
densities of an Ar atom in Al calculated using Eg1) (solid 08¢ 6 0 0 g o g |
curve. The corresponding results of Bidotted curve WM > NUREEAA
(chain curve and Kaneka(triangle curve are also included 0.4 e T
in this figure for comparisons. The difference between solid e
and triangle curves or between dashed and dotted curves is 0.0 be—m— : '
due to the effects of shell structures and screening. The re- 1O ' ' ]
sults of WM increase rapidly at lardevalues due to the 0g | Au .
long-wavelength approximation used. . .

Ward et al. [11] measured electronic stopping powers of 06 « * ° et o ° ]
several solids for different atoms with a velocity 0.4 L 6 o o o p e ]
=0.82vy, wherevy is the Bohr velocity. A comparison be- ¢ ..o ¢ N
tween calculated results using E@2) (solid circles and 02r = —_— =
measured datéopen circlegis shown in Fig. 5 for different T

' " 0.0 — - -
solids. Note that the target-atom mass densities @ye 6 9 12 15 18
=2.7, 8.89, 10.47, and 19.31 g &ror Al, Ni, Ag, and Au, z

respectively. Other theoretical results plotted in this figure
are from WM (dotted curves Kaneko(dashed curvgsand
BK (chain curves Since[10] vg=0.9v,, 1.2vy, 1.25,
and 1.28 for Al, Ni, Ag, and Au, respectivelyp/v:=0.9,
0.7, 0.66, and 0.64, correspondingly. Therefore, a neglect

FIG. 5. Electronic stopping cross sections of Al, Ni, Ag, and Au
for slow atoms with velocityy=0.82 a.u. as a function of atomic
d}umberzl. The solid circles, open circles, dotted curves, dashed

1 5 T T T N T
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curves, and chain curves are results of present calculations, experi-
mental data, and results of W], Kaneko[2] and BK[1].

the contribution from region |l for allowed excitations by
assuming v<wvg by other authors is unreasonable. The
present approach, however, includes both contributions from
regions | and Il for allowed excitations and thus gives results
in good agreement with experimental data. It is seen that in
all cases present results indicate stopping powers oscillating
with atomic number consistent with experimental data. This
oscillation behavior is absent in all other calculations. For Ag
and Au, present results are somewhat higher than experimen-
tal data. This might be due to the use of the Thomas-Fermi
screening model and the LFC dielectric function. The LFC
dielectric function is derived by a neglect of the frequency

FIG. 4. A plot of the momentum charge density distribution for dependence of the local-field correction. The static local-field
an Ar atom. The solid, dashed, dotted, chain, and triangular curvegorrection is not adequate for solids with complex band
are results of present calculations for the screened atom in Al for thetructures supporting interband transitions. In such solids, the

unscreened atom in free space, of BK, WM [3], and Kanekd2].

ion core has a significant effect on conduction electrons
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d— T considered. Stopping powers of Al, Ni, Ag, and Au were
calculated for atoms with an atomic number between 6 and
18. Results exhibited &;-oscillation dependence in stopping
powers, a phenomenon clearly demonstrated by experiments.
Al ] The present results were in much better agreement with ex-
perimental data than other theoretical calculations.

Of the three improvements considered in the present
work, an atomic shellwise electron density distribution was
ctt responsible for the oscillation of stopping power with projec-

S (keVem®/pg)
[\ w
N
1l
o

—_—
T
I

e = tile charges. The other two improvements, i.e., the abandon-

000 02 o4 06 08 10 ment of the extremely low-velocity approximation and the
' ' ' consideration of the screening effect, influenced the magni-

/vy tude of the stopping power. It could be just a coincidence

that the results of WM agreed better in magnitude than
FIG. 6. A comparison of stopping cross sections calculated prespresent work with experimental data for Ag and Au. As in-
ently (solid curve, by WM (dotted curvé [3], Kaneko (dashed dicated in Eq.21), the stopping power was proportional to
curve [2] and BK (chain curve [1] for an Ar atom in Al as a the square of the momentum charge-density distribution. Fig-

function of the velocity of the Ar atom. ure 4 further indicated that the momentum charge-density
distribution of WM was unreasonably higher than other the-
causing the complexity in energy-loss peaks. oretical values at largk. In the calculation of the stopping

In Fig. 6, we show the velocity dependence of the stopfower, however, WM did not include the contribution from
ping cross section for an Ar atom in Al. Present res(dtdid ~ region Il in Fig. 1. These two effects, one an overestimate
curve are greater than the results of Walotted curve, and one an underestimate, together made the stopping power
Kaneko(dashed curve and BK (chain curvé. This is due to  of WM in better agreement in magnitude compared with ex-
the neglect of a contribution from region Il for allowed ex- perimental data. As shown in Fig. 4, the momentum charge
citations by other authors. Our approach includes both cordensity distribution without screening effect was higher that
tributions from regions | and Il for allowed excitations, and With screening effect at alk. Hence the screening effect
thus gives results in better agreement with experimental dat&educed the stopping power to attain better agreement with

In all theoretical predications, the stopping cross section inexperimental data. _
creases with velocity of the atom. For Ag and Au, our results were somewhat higher than the

experimental data. This might be due to the use of the
Thomas-Fermi screening model and the LFC dielectric func-
tion. The LFC dielectric function was derived by a neglect of

Electronic stopping powers of solids for slow atoms with the frequency dependence of the local-field correction. The
velocities smaller than the Fermi velocity have been calcustatic local-field correction was not adequate for Ag and Au,
lated using the LFC dielectric function and the shellwisewith complex band structures supporting interband transi-
electron densities screened by conduction electrons in solidsions. In such solids, the ion core had a significant effect on
At such velocities, no plasmon excitation contributes to theconduction electrons, causing the complexity in energy-loss
energy loss, so that only single particle-hole excitations wer@eaks.

CONCLUSIONS
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