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Interatomic potential for the Au-B system have been calculated with density-functional theory (DFT) in order to clarify the 
origins of discrepancies between available experimental data and the values predicted by Ziegler, Biersack and Littmark (ZBL) 
theory for range parameters of heavy ions in light targets at energies of about 1-1000 keV. Relativistic effects were taken into 
account in the evaluations of the potential. Range parameters have been obtained within the framework of the standard trans-
port theory. Good agreement between the calculated projected range and the available experimental data gives use in the 
range-projection equations the nuclear stopping power, determined with the DFT potential, and the velocity-proportional elec-
tronic stopping powers by Lindhard, Scharff and S c h i 0 t t (LSS). Considerable improvement has also been achieved in the de-
scription of the projected range straggling. It is concluded that correlations between the nuclear and electronic energy losses 
can be neglected in the studied energy range. 

Introduction 
The rapid shrinking of dimensions of interest in 

technologies using ion beann techniques makes in-
creasing demands on the accuracy of underlying 
theory. As properties of a modified layer in many 
respects depend on distributions of energy losses 
and ranges of stopped ions, it is very important to be 
able correctly predict these quantities. Based on the 
binary collision approximation (BCA), the semi-
empirical approach developed by Ziegler, Biersack 
and Littmark (ZBL) [1] is perhaps the most widely 
used for calculation of stopping powers and ranges 
of energetic ions in matter. The overall accuracy of 
stopping power calculations with the newest imple-
mentation of the ZBL [2] is of order 5%. For projected 
range (Rp) and projected range straggling (ARp) an 
overall agreement of ZBL predictions is of the order 
of 10% for a wide range of implantation energies and 
for a large set of ion-target combinations [1]. How-
ever, up to 40% higher ranges in comparison with 
SRIM simulations have been revealed for medium-
heavy ions (29 s Z < 83) implanted into low-Z target 
materials at energies between 10 and 300 keV [3-7]. 
Friediand et al. [8] observed excess more than 50% 
in ranges of gold and lead ions in carbon at energies 
of about 1-1000 keV. Considerable differences be-
tween measured ranges and corresponding results 
from ZBL calculations also discussed in Refs. [9-10]. 

These discrepancies were explained in Refs. [5-
7] by a correlation between the nuclear and elec-
tronic energy losses. In addition to the quasielastic 
description of atomic scattering [11] it was proposed 
to transform the universal ZBL potential with the ZBL 
electronic stopping power for an outgoing part of the 
path [5-7]. This model allowed to improve a descrip-
tion of a part of experimental results in Ref. [9] Also, 
the same treatment of a scattering angle was also 
successfully utilized in Ref. [12] to describe range 
parameters of bismuth ions in polystyrene In the 
framework of the transport theory. 

It should be noted that the universal ZBL potential 
is an average of a large number of repulsive poten-
tials, calculated with an approximate method [13]. 
Therefore, the large discrepancies between the ex-
perimental and theoretical values for range parame-
ters can indicate the lack of accuracy of the ZBL po-
tential and/or the ZBL electronic stopping for the ion-
target combinations in question. 

Previous calculations of range parameters of 
heavy ions in carbon [14-16] showed that quite a 
good description of available experimental data [6,8] 
can be obtained without assumption on a correlation 
between the nuclear and electronic energy losses. It 
was concluded that the reasons for the discrepancies 
were inaccuracies of interatomic potentials and elec-
tronic stopping powers of the ZBL theory for consid-
ered ion-target combinations. 

In order to further study the problem of correct 
description of interaction of heavy ions with low-Z 
materials we extend the approach, developed in ear-
lier works [14-16], for boron target. In the present 
work an interatomic potential for the A u - B system 
has been calculated with density-functional theory 
(DFT) and compared with the universal ZBL poten-
tial. Relativistic corrections were taken into account 
in the evaluation of the potential. Range parameters 
of Au ions in boron have been computed in the 
framework of the standard transport theory. Coeffi-
cients of the range-projection equations have been 
determined using the first-principles potential. Con-
clusion on the importance of correlation effects be-
tween the nuclear and electronic energy losses are 
made after a comparison of the calculated range 
parameters with available experimental data [6]. 

Interatomic potentials 
DFT potential calculations, using the local-spin-

density approximation (LSDA) for exchange-
correlation functional, were performed with the com-
monly available quantum chemistry program pack-
age GAMESS(US) [17] relying on the finite basis 
sets approach. In the package, Gaussian-type func-
tion basis sets are used to expand molecular orbitals. 
As conventional problems of quantum chemistry are 
bounded by consideration of molecular systems near 
to an equilibrium state, one should take great care 
regarding the choice of basis sets used in such cal-
culations. The present calculations were performed 
with recently reported basis sets constructed using 
the relativistic 3rd order Douglas-Kroll (DK3) trans-
formation [18]. The basis sets were decontracted and 
augmented with polarization and diffusion functions 
to improve their flexibility and completeness. The 
ground states of neutral A u - B diatomic were con-
sidered in the DFT calculations. 
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The results of the calculations for the screening 
function with relativistic corrections included by the 
DK3 method are shown in Fig. 1. Also given for 
comparison are those for the ZBL and the Moliere 
potentials. One can see that for the Au - В system 
the Moliere potential much better corresponds to the 
DFT one at interatomic distances of most importance 
for studied here ion energies of about 1 0 - 1 ООО keV. 
Similar situation was observed before for the Au - С 
system [14]. It is worth noting that the average of the 
relative errors squared for the Moliere potential is 
237% whereas for the ZBL potential that is only of 
about 5% [1]. Using the DK3 method at HF level of 
theory it was found that relativistic corrections de-
crease screening functions by approximately 1% for r 
= 0.1 A, and ~ 4% for r = 1 Bohr. At separation 1.2 A 
the value is about 20% too low. 

Stopping powers and range parameters 
The classical treatment of the scattering problem 

(see, for example, [19]) has been used to compute 
the nuclear stopping power. The results of the calcu-
lations are depicted in Fig. 2 along with the ZBL nu-
clear stopping power. Also shown are the ZBL and 
LSS [20] electronic stopping powers for comparison. 
At 20 keV the nuclear stopping power determined by 
the ZBL potential are about 10% larger than DFT 
counterpart, increasing with energy up to 15% at 300 
keV. Seems, this value are not large enough to ex-
plain the existing discrepancies in a description of 
the ranges. Therefore, we also consider a possible 
alternative to the ZBL electronic stopping power. At 
20 keV the ZBL electronic stopping power is about 
15% of the ZBL nuclear stopping power, reaching 
nearly 40% at 300 keV. So, knowing of an accurate 
value of the electronic stopping power is very impor-
tant for the energies of interest. Unfortunately, avail-
able experimental data relevant to the studied ion-
target combinations and energy range are very lim-
ited. Choice of well-known electronic stopping power 
by Lindhard, Scharff and Schiott (LSS) [20] for the 
present calculations is explained an attempt to bring 
theoretical data In correspondence with 

experimental one. Fig. 2 demonstrate that the ZBL 
electronic stopping considerably surpass the LSS 
one in our case. At 300 keV the ZBL electronic stop-
ping power is approximately twice as large the LSS. 

The standard transport theory [20] was employed 
in order to evaluate projected range and projected 
range straggling. The general scheme of deducing 
range-projection equations can be found elsewhere 
(see, for example, [21] and references therein). Sec-
ond-order coupled differential range-projection equa-
tions were solved by the computer code ID03 [22]. 
Using second-order equations is crucial in order to 
obtain correct value for projected range straggling. 
The second moment of the electronic energy loss 
was neglected in the present calculations. The val-
ues for the projected range and projected range 
straggling differ from those of SRIM by less than 1% 
and 3% respectively if the universal ZBL potential 
and the ZBL electronic stopping power are taken as 
Input quantities for the ID03. 

The Rp and ARp values calculated with the LSS 
electronic stopping power and the nuclear stopping 
power as determined by the DFT potential were 
compared to the values of these parameters meas-
ured in [6]. The results of the calculations for the Au 
- В system are presented in Fig. 3 along with those 
computed with SRIM-2006 computer code and data 
reported in Ref. [6]. One can see that the calcula-
tions using the DFT potential and LSS electronic 
stopping give quite a good description of the experi-
mental data for the projected ranges of Ref. [6]. 
Maximum deviation is about 5% (average ~ 4%). The 
corresponding SRIM-2006 calculations deviate from 
experimental values by about of 27% (average ~ 
24%). Also, as seen in Fig. 3 considerable improve-
ments are observed in the predictions of Д/?р using 
the DFT potential: average deviation is about 27% 
against 48% by SRIM-2006. 

Conclusions 
In this paper the interatomic potential for the Au -

В system have been calculated with DFT including 
relativistic corrections by DK3 method. The 

7-Я ме.нсдународная конференция «Взаимодействие из.пучений с твердым те.чом», 26-28 сентября 2007 г., Минск. Беларусь 
7-th International Conference «Interaction of Radiation with Solids», September 26-28, 2007. Minsk, Belarus 



17 

Секция I. "Процессы взаимодействия излучений и плазмы с твердым телом " 

Fig. 3. Ranges parameters Rp and ARp of Au ions in В as 
calculated by the DFT potential with the LSS electronic 
stopping and by ZBL (SR1M'06). The calculations are com-
pared to the experimental data of GZFB [6]. 

reiativistic effects lead to notable decrease of poten-
tials at large distances. The use in the range-
projection equations of the nuclear stopping power, 
determined with the DFT potential, and the LSS elec-
tronic stopping power leads to close correspondence 
between predicted values of the range parameters 
and experimental data of Ref. [6]. Considerable im-
provement has also been achieved in the description 
of the projected range straggling. The present result 
is an additional evidence of quite a good accuracy of 
the LSS theory in a description of the electronic 
stopping of low energy heavy ions. Finally, it is con-
cluded that correlations between nuclear and elec-
tronic energy losses can be neglected in the studied 
energy range. 
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