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Abstract

Interatomic potentials that are relevant for noble gas bombardment of Cu and Ni targets have been calculated in the energy region
below 10 keV. Potentials are calculated for the diatomic species: NeCu, ArCu, KrCu, Cu,, ArNi, Ni, and NiCu. The calculations pri-
marily employ density functional theory (with the B3LYP exchange—correlation functional). Potential curves derived from Hartree—Fock
theory calculations are also discussed. Scalar relativistic effects have been included via the second-order Douglas—Kroll-Hess (DKH2)
method. On the basis of a variational argument, it can be shown that the predicted potential curves represent an upper limit to the true
potential curves. The potentials provide a basis for assessing corrections required to the ZBL and Moliére screened Coulombic potentials,
which are typically found to be too repulsive below 1-2 keV. These corrections significantly improve the accuracy of the sputter yield
predicted by molecular dynamics for Ni(100), whereas the sputter yield predicted for Cu(100) is negligibly affected. The validity of
the pair potential approximation in the repulsive region of the potential is tested by direct calculation of the potentials arising from
the interaction of either an Ar or Cu atom with a Cuj cluster. The pairwise approximation represents the Ar—Cus potential energy func-
tion with an error <3 eV at all Ar—Cu; separations. For Cu—Cus, the pairwise approximation underestimates the potential by ca. 10 eV
when the interstitial atom is located near the centre of the cluster.
© 2005 Published by Elsevier B.V.

PACS: 31.15.Ew; 31.50.Bc; 79.20.Ap; 79.20.Rf
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1. Introduction the product of the Coulombic potential and a screening

function, ¢(R), whose effect is to attenuate the internuclear

Molecular dynamics (MD) simulations provide a  repulsion

description of atomic collisions in solids within the frame-
work of classical dynamics. In MD, atomic interactions are
typically described by means of composite interatomic
potentials. These consist of a repulsive screened Coulombic
potential at short internuclear distances (R), which is inter-

V(R) = (Z,Z,€* /4meoR) p(R). (1)

For the most commonly used screened Coulombic
potentials, the screening function is expressed as

polated to an attractive potential at internuclear distances N

that are shorter than chemical bond lengths. P(R) = ch exp(—biR/a). (2)
For a pair of interacting atoms with atomic numbers Z, k=1

Z, respectively, the repulsive potential may be expressed as For the Bohr potential, N = 1; for the Moliére potential,

N =3; and for the Ziegler-Biersack-Littmark (ZBL) po-

_ tential, N =4 [1]. Standard values for the parameters cy,
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by are defined for each potential. The definition of the
screening length a involves Z; and Z,, e.g. for the ZBL
potential

a=0468520% + 233" (A). (3)

Experimental determinations of repulsive interatomic
potentials in condensed matter rely on fits to data obtained
from scattering experiments. Low-energy ion scattering
spectrometry (ISS) can be used to fit effective screening
lengths up to several keV, but ISS data are mainly confined
to light projectiles such as He™ [2]. Schiiller et al. made use
of rainbow structures in the angular distributions of sur-
face-channelled projectiles to test different functional forms
of the repulsive projectile-target potential (up to ~40eV)
[3]. MD simulations of the Doppler broadening of gamma
radiation produced during nuclear recoil de-excitation [4,5]
or nuclear beta decay [6] can be used to evaluate potential
functional forms in the approximate energy range 50—
500 eV. For example, gamma ray induced Doppler shift
data obtained for recoiling nuclei in Ni, Fe and Cr crystals
have been used to fit the screening length for the ZBL po-
tential [5]. ZBL screening length correction factors inferred
in [5] were ca. 0.91 for the Fe-Fe and Ni—Ni potentials and
ca. 0.78 for the Cr—Cr potential. Similarly, measured range
parameters for heavy ions in amorphous solids can be com-
pared with ranges simulated on the basis of an assumed po-
tential function [7].

Repulsive interatomic potentials can be calculated via
ab initio (first principles) quantum mechanical methods.
For an isolated diatomic species (molecule or collision
complex), the potential energy can be expressed in terms
of the total electronic energy, E.(R) and the Coulombic
internuclear repulsion, U, (R), as follows:

V(R) = U,(R) + Eo(R) — Eo(00). 4)

The final term in Eq. (4) arises because the potential en-
ergy is referenced to the energy of the separated atoms, i.e.
V(o0) =0 by convention. Broomfield et al. calculated the
ArCu™, ArSi and Si, potentials [8,9], while Kuwata et al.
calculated potentials for ArCu and ArAl[10]. Other groups
have calculated repulsive potentials for a range of homonu-
clear diatomics (predominately of light atoms) [11-14]. Er-
rors on the order of 10% in the ZBL potential have been
inferred from most of these studies.

In this paper, repulsive interatomic potentials have been
calculated using ab initio methods for a number of heavy-
atom diatomic species that are relevant for noble gas bom-
bardment of Cu and Ni targets: NeCu, ArCu. KrCu. Cu,,
ArNi, Nip, NiCu. Sputter yield predictions for Cu(100)
and Ni(100) targets from MD simulations based on the
ZBL and the ab initio potentials respectively, are then
compared.

Several sources of errors in calculated potentials can be
identified, including basis set limitations and neglect of cor-
relation and relativistic effects. Errors due to basis set lim-

itations are expected to increase at small internuclear
separations [12]. There is no reliable database of potentials
against which the accuracy of theoretical repulsive poten-
tials can be tested. However, it will be shown in Section
4.1 that variational arguments can be used to identify re-
gions in which an assumed analytic potential function is
too repulsive. This method of evaluation provides a lower
limit to the correction required for a particular form of
analytic potential (e.g. the ZBL potential).

2. Computational methods
2.1. Interatomic potentials

Interatomic potentials were calculated using the Gauss-
ian 03 suite of programs (revision B.05) [15]. A variety of
theoretical methods and basis sets was employed. The cal-
culations are primarily distinguished according to whether
they employed the Hartree-Fock (HF) theory or the den-
sity functional theory (DFT). The hybrid B3LYP ex-
change—correlation functional was used for all of the
DFT calculations reported here [16,17]. Both relativistic
and non-relativistic HF and DFT calculations were carried
out. Scalar (spin-independent) relativistic effects were taken
into account using the second-order Douglas—Kroll-Hess
(DKH2) method [18]. The relativistic calculations will be
indicated in this paper using the notation HF-DKH2 and
DFT-DKH2, while the unqualified designations of HF
and DFT will be used for non-relativistic calculations.

The majority of calculations discussed in this paper em-
ployed the large all-electron basis set designated as 6-
311 + G(3df), as implemented in Gaussian 03. This is a tri-
ple-zeta basis set (available for elements up to Kr) that is
supplemented by polarization and diffuse functions. In Sec-
tion 3.1 a number of calculations are reported that used the
smaller all-electron 3-21 G and 6-31 G basis sets that lack
polarization and diffuse functions. The Cu, DFT calcula-
tions from Gaussian were also compared with (non-relativ-
istic) DFT calculations performed using the DMol3
quantum chemical package [19,20]. The DMol3 calcula-
tions used the hybrid BYLP exchange—correlation func-
tional and the all-electron, double-numeric precision
(DNP) basis set, which is comparable to the Gaussian 6-
31 G(d) basis set.

Potential energy curves V(R) for the diatomic species
NeCu, ArCu, KrCu, Cu, and NiCu were calculated at
0.05 A intervals of R for electronic states of the lowest spin
multiplicity. For ArNi and Ni,, both singlet and triplet
state potential energy curves were obtained. Calculations
were performed for a range of R down to 0.3 A, such that
typically V(R)<5-8 keV. The potential energy scale is refer-
enced either to the sum of free atom energies (the normal
case, when the diatomic ground state dissociates into
ground state atoms), or (for Cuy, Ni, and NiCu) to the dia-
tomic energies at R = 100 A.
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2.2. Molecular dynamics

MD sputtering simulations were carried out using the
Kalypso package (version 2.0) [21]. The projectile species
was 3 keV Ar, incident from the normal direction. The
Cu(100) and Ni(100) targets consisted of 13 atomic layers
with 729 atoms per layer. Random Debye—Waller displace-
ments were applied to target atoms, assuming a tempera-
ture of 300 K. The attractive parts of the Cu, and Ni,
potentials were described using many-body tight-binding
(TB) potentials smoothly cut off at 4.43 A (Cu) and
4.32 A (Ni) [22]. These potentials were interpolated to
repulsive screened Coulombic potentials in the manner de-
scribed in [21] in the regions 1.35-1.86 A (Cu) and 1.05—
1.85A (Ni). Purely repulsive potentials were used for ArCu
and ArNi. Two types of repulsive potentials were used in
the simulations: Bohr potentials fitted to the calculated
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DFT-DKH?2 data, and uncorrected ZBL potentials (fur-
ther details are given in Section 4.2). Electronic energy loss
effects were taken into account by using the Lindhard-
Scharff-Schigtt (LSS) model [23]. Each simulation con-
sisted of 325 projectile impact events directed into a zone
of irreducible symmetry. Trajectories were followed for
10 ps. Atoms were considered to be sputtered if they were
situated more than 10 A above the surface layer at termina-
tion. Atoms that exit from the edge faces of the target
(~5% of the sputter yield) are not included in the sputter
yield estimates [24].

3. Results
3.1. Comparison of methods

A series of preliminary calculations of the Cu, potential
was carried out in order to explore the sensitivity of the cal-
culated potential energy curves to the choice of basis set.
Fig. 1 compares potential energy curves for Cu, that were
calculated with Gaussian and DMol3 using non-relativistic
HF and DFT methods with a range of basis sets. The larg-
est Gaussian basis set, 6-311 + G(3df), typically predicts
the lowest potential energy at a given internuclear separa-
tion. Among the Gaussian calculations, the HF/3-21 G
method, which involves the smallest basis set, gives rise
to the highest potential energy. The potential energy curves
calculated using the HF/3-21 G and HF/6-31 G methods
lie above that calculated using the HF/6-311 + G(3df)
method for R < 0.85 A by 10-20%. There is good agree-
ment between the potential curves calculated by the HF/
6-311 + G(3df) and DFT/6-311 + G(3df) methods at the
shorter internuclear distances (the mean deviation is 0.5%
for R<1.1A). The DMol3 DFT calculations predict a
more repulsive potential for R <0.6 A than any of the
Gaussian calculations, but for R >0.6 A the DMol3 pre-
dictions are comparable to those of the Gaussian HF/6-
31 G method.

Fig. 2 compares Ar—Cu screening functions calculated
using a variety of theoretical methods with the 6-

Fig. 1. Repulsive interatomic potentials for the Cu-Cu interaction
calculated with non-relativistic Hartree-Fock (HF) and density functional
theory (DFT) methods, and with various basis sets (see text).
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Fig. 2. Screening functions for the Ar-Cu interaction calculated with
various theoretical methods. HF: Hartree-Fock theory; DFT: Density
functional theory; HF-DKH2, DFT-DKH?2: HF and DFT calculations
that include second-order Douglas—Kroll-Hess scalar relativistic correc-
tions. The ZBL potential is also illustrated.

311 + G(3df) basis set. The ZBL screening function is also
shown for comparison. Relativistic and non-relativistic
methods of calculation give rise to similar screening func-
tions. The HF calculations predict screening functions that
are somewhat more repulsive at large internuclear separa-
tions (R>1.2 A) than the screening functions predicted
by the DFT calculations.
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3.2. Diatomic potential energy curves

The ab initio potential energy curves presented in this
section were obtained using the relativistic DFT-DKH2
method with the 6-311 + G(3df) basis set. All potential
curve calculations were repeated using the HF-DKH?2
method. The differences between relativistic and non-rela-
tivistic calculations were investigated in detail only for
the Ar-Cu and Cu-Cu systems. Depending on whether
correlation and (scalar) relativistic effects are included, dif-
ferent methods of calculation predict a considerable spread
of total energies for the diatomic species. The following
numerical results for the total energies of ArCu with
R=1.0 A and the 6-311 + G(3df) basis set are provided
for illustration  (expressed in  hartrees, where
1 H=27.2114¢V): -2162.84145 (HF), -—2165.35972
(DFT), —2176.66532 (HF-DKH?2), —2179.19814 (DFT-
DKH?2). However, potential energy curves are derived
from total energy differences. Good agreement between
HF-DKH?2 and DFT-DKH?2 potential energy curves was
obtained, except in the low energy region (¥ <30eV). In
this region, the DFT-DKH2 potential energy was typically
found to be similar to, or lower than, the HF-DKH2 po-
tential energy. The ArCu potential is not significantly influ-
enced by relativistic effects, regardless of the calculation
method (HF or DFT). For example, relativistic effects re-
duce the potential energy (~74 eV) predicted for ArCu at
R=10A by 0.7¢V (HF) or by 0.8eV (DFT) (cf.
Fig. 2). However, relativistic effects lower the HF Cu, po-
tential significantly (by 5-10 eV even at large internuclear
separations), but have little effect on the Cu, DFT
potential.

The principal distinction between the HF and DFT
methods of calculation is that the HF theory neglects the
effects of electron correlation between electrons with
opposing spins, while the latter includes it. Neglect of cor-
relation in HF calculations leads to predictions of molecu-
lar dissociation energies that may be in error by 10 eV or
more for transition metal systems. Although the HF theory
cannot be used reliably for thermochemical calculations
that involve transition metals, a discrepancy of this magni-
tude is acceptable in calculations of repulsive potential en-
ergy curves in the more repulsive region of the potential.

Figs. 3-5 display DFT-DKH2 potential energy curves
computed for the following systems: NeCu, KrCu, ArNi,
ArCu, Cu,, Ni,. Table 1 presents a summary of the calcu-
lations in numerical form, and also includes data for the
NiCu potential function that is not shown in the figures.
For Ni, and ArNi, ab initio potential energy curves are
presented for both the singlet and triplet molecular states.
Multiplicity effects in Ni, and ArNi produce modifications
of the potential that become significant at large internu-
clear separations (r > 1.2 A). Figs. 3-5 also compare the
ab initio potential functions with the ZBL and Moliere po-
tential functions. The ZBL potential data are unadjusted.
The Moliere potential data have been computed using the
Lindhard screening length formula, and following common
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Fig. 3. Comparison of calculated (DFT-DKH?2) interatomic potential
functions for NeCu (top) and KrCu (bottom) with the corresponding ZBL
and Moliere potentials.
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Fig. 4. Comparison of calculated (DFT-DKH?2) interatomic potential
functions for ArNi (top) and ArCu (bottom) with the corresponding ZBL
and Moliere potentials.

practice in the ion scattering community, this screening
length has been adjusted by a factor of 0.8; this adjustment
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Fig. 5. Comparison of calculated (DFT-DKH?2) interatomic potential
functions for Ni, (top) and Cu, (bottom) with the corresponding ZBL and
Moliere potentials.

factor is typically used for low-energy ion scattering spec-
troscopy [2]. Unless otherwise stated, the same adjustment
will be applied to the Moliere potential functions discussed
in the following sections.

The ZBL and (adjusted) Moliere potential functions are
consistently more repulsive than the ab initio potentials in
the region where V(R)<1keV. The greatest deviations

arise for diatomic species that exhibit chemical interactions
(Nip, Cu,). The negative curvature of the potential function
in the region that precedes the attractive potential well can-
not be represented using a screening function based on po-
sitive exponential terms. Thus, divergence of any potential
with the mathematical form of Eq. (2) from the downward-
turning part of the ab initio potential is inevitable as R in-
creases. For large internuclear separations the Moliére po-
tential gives slightly better agreement with the ab initio
data for most systems than does the ZBL potential.

3.3. Atom-cluster potential energy curves

In practical applications of interatomic potentials (e.g.
MD) the repulsive part of the diatomic potential is gener-
ally assumed to be transferable to the solid state environ-
ment. In order to test the validity of this assumption,
potential functions were computed for the approach of
an ‘interstitial’ atom X (where X =Cu or Ar) towards
one vertex of a rigid Ds, Cus cluster, using the DFT-
DKH2 method (this cluster is a structural unit of
Cu(111) planes). The geometry of the arrangement is
shown in Fig. 6. In Table 2, the 4-atom potential energy
calculations are compared with potential energies that are
computed using a summation of terms from the corre-
sponding diatomic (X—Cu) pair potentials (Figs. 4 and 95).
Table 2 indicates that the pair potential sum produces a
good representation of the Ar—Cu; potential energy func-
tion, even at large Ar—Cu separations (error <3 e¢V). How-
ever, for the Cu-Cujz system, the pair potential sum
underestimates the potential by as much as 10eV. This
happens because the mean cluster binding energy becomes
less attractive as the coordination number increases. Thus,
using the Cu + Cuj; asymptote as the potential zero, the

Table 1
Ab initio diatomic potential energy functions V(R) calculated using the DFT-DKH2 method
R(A) (R) (eV)

Ne—Cu Ar—Cu Kr—Cu Cu—Cu Ar-Ni Ni—Ni Ni—Cu
0.30 23954 4071.2 7249.0 5880.8 3977.1 5538.0 5702.8
0.35 1604.1 2734.5 4785.5 3991.2 2663.7 3766.1 3885.9
0.40 1100.4 1913.5 3305.9 2668.1 1853.6 2566.0 2616.5
0.45 776.8 1391.3 2364.6 1825.2 1339.0 1744.4 1783.9
0.50 563.5 1034.4 1717.6 1285.8 994.8 1213.3 1248.6
0.55 418.5 762.4 1272.5 933.1 738.4 864.8 898.2
0.60 317.3 558.1 962.8 696.8 540.4 631.5 663.6
0.65 244.6 4114 737.5 533.7 396.5 471.6 502.2
0.70 191.0 307.6 555.7 416.1 294.1 358.9 387.8
0.75 150.3 233.5 415.3 322.8 221.0 277.1 303.0
0.80 118.7 180.0 312.8 249.9 168.5 216.3 236.3
0.90 72.9 112.4 183.6 148.7 101.8 1359 141.6
1.00 44.0 71.8 112.6 90.3 63.8 75.8 84.2
1.10 26.4 46.8 71.2 54.4 40.5 43.1 50.6
1.20 15.9 30.5 459 32.7 25.4 24.0 30.7
1.30 9.7 19.7 29.8 19.1 15.6 12.8 18.3
1.40 6.0 12.7 19.3 10.7 9.3 6.2 10.6
1.50 3.8 8.1 12.5 5.4 5.3 2.1 5.8

Data refer to the diatomic state of the lowest spin multiplicity. The calculated potentials represent upper estimates to the true potentials (see text).
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Fig. 6. Structure used for calculation of the 4-body Ar—Cuj cluster
potential, V(R). The Cu atom positions remain fixed as the internuclear
separation parameter, R, is varied. A similar structure, with replacement
of Ar by Cu, was used for the Cu—Cuj; calculations. The zero level of the
potential energy scale corresponds to the limit R — oo.

Table 2

Ab initio 4-atom (X-Cus) potential energies for the approach of an atom
X (where X =Cu or Ar) towards one vertex of a D3, Cuj cluster (see
Fig. 6 for definition of the internuclear separation, R)

R(A) X=Cu X =Ar
4-Atom (eV) Pair (eV) 4-Atom (eV) Pair (eV)

0.50 1290.2 1280.7 1037.7 1036.2
0.70 415.2 411.1 310.6 309.9
0.80 250.9 2459 184.0 183.4
0.90 151.1 145.4 116.9 116.1
1.00 94.0 88.4 78.8 77.1
1.48 28.6 19.6 30.2 27.4

The 4-atom potential energy calculations are compared with potential
energies based on a summation of terms from the corresponding ab initio
diatomic (X-Cu) pair potentials.

binding energy of the interstitial to the 3-atom cluster is re-
duced relative to the pairwise sum of diatomic binding
energies, which corresponds to a higher potential. The larg-
est error in the pairwise approximation arises near
R=1.5A, when the interstitial atom is at the centre of
the cluster. The difficulty of modelling this region of the po-
tential in MD simulations has long been recognised [25].
The effects of coordination number can be handled in prin-
ciple using many-body potentials, but if the latter are fitted
to properties near the equilibrium bond distance (the usual
case) they may not produce correct behaviour in the repul-
sive region.

4. Discussion
4.1. Significance of potential energy curves

Quantum chemical codes rely on variational methods (in
practice DFT and DKH2 methods are only approximately
variational), which provide an upper limit, E(R) + AE(R),
to the exact electronic energy of the molecular ground
state. The direction of the energy error, AE,(R), is known,
but not its magnitude. The internuclear repulsion, U,(R),
can be calculated precisely. Thus, using Eq. (4), a calcu-
lated (C) potential, V(R), stands in the following relation
to the true potential V(R):

Vc(R) = Uy(R) + Ee(R) + AE.(R) — Ec(00)
— AE.(c0) = V(R) + AV(R), (5)

where the error term AV(R) represents the difference of the
error terms AFE, associated with the diatomic and separated
configurations of the interacting atoms:

AV (R) = AE.(R) — AE.(c0). (6)

The origin and significance of these error terms will de-
pend on the type of calculations involved. For example, a
non-relativistic Hartree-Fock calculation might include er-
rors due to basis set limitations, and to neglect of correla-
tion and relativistic effects. The sign of AV will then be
determined by the extent to which these errors change dur-
ing molecule formation. Errors due to neglect of correla-
tion might be expected to show up in comparisons
between Hartree—Fock calculations (which neglect correla-
tion) and DFT calculations (which include it). Figs. 1 and 2
demonstrate agreement between the HF and DFT poten-
tials, except in the low energy tails of the potentials, and
support the conclusion reached by Nordlund et al. that
the accuracy of repulsive potentials is determined by basis
set limitations rather than by the level of theory [12]. For
the diatomic species and internuclear separations consid-
ered here, relativistic scalar effects appear to be unimpor-
tant in determining the repulsive potential because they
largely cancel out when energy differences are obtained
(Fig. 2). Non-scalar relativistic effects (i.e. spin—orbit inter-
actions), which are neglected in the Gaussian implementa-
tion of the DKH2 method, could conceivably affect the
potentials, but without further specialised calculations it
is difficult to assess their importance.

Basis set exponents and expansion coefficients are nor-
mally optimised so as to minimize the energy of the atomic
ground state at a certain level of theory. For example, the
6-311 + G(3df) basis set minimizes the energy of the atomic
ground state at the MP2 (second-order Moller-Plesset) per-
turbation level, i.e. AE,(oc0). It is reasonable to assume that
any deficiency (error) in the calculation of electronic ener-
gies due to basis set limitations will worsen (or stay the
same) in the repulsive region of the molecular potential.
Therefore in situations where basis set error is the dominat-
ing contribution to AV (i.e. when R is much smaller than
the equilibrium internuclear distance), this assumption is
equivalent to the assertion that AE.(R) = AE.c0), or
AV(R) = 0 (Eq. (6)). It follows from Eq. (5) that under
these conditions the predicted potential energy Vc(R) over-
estimates V(R), so that V(R) represents an upper limit to
the true potential energy. This relationship explains why
potential curves calculated with the 3-21 G and 6-31 G ba-
sis sets (Fig. 1) give rise to potential energy curves that lie
above the curve calculated using the larger 6-311+G(3df)
basis set: as the basis set flexibility improves, the potential
energy curves become more accurate.

The interpretation of the ab initio potential energy curve
as an upper limit to the true potential energy curve finds a
practical application in situations where the ab initio po-
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tential is lower than an analytical potential. Figs. 3-5 show
that this is generally the case for the Moli¢re and ZBL
potentials in the energy regime below 1-2keV that is
important for sputtering simulations. Thus, it becomes
possible to indicate the direction in which each potential
should be corrected, and to specify the minimum required
correction.

4.2. Application to sputtering

The accuracy required of a repulsive interatomic poten-
tial depends upon the intended application. High-yield
sputtering events are initiated by close encounters between
projectile and target atoms [26]. The maximum attainable
value for the projectile-target potential energy is equal to
the centre of mass (COM) energy of a direct impact colli-
sion, Vyiax [27]

Vmax = my/(my +my)E,, (7)

where E, is the incident projectile energy, and m; and m,
are the masses of the projectile and target atoms respec-
tively. The maximum attainable value of the potential en-
ergy in a collision between a recoiling target atom
(created by the same projectile) can similarly be calculated
from standard energy-transfer formulae [1].

For example, the simulation of Cu sputtering by 3 keV
Ar projectiles will require an ArCu potential that is defined
up to 1842 eV and a Cu, potential that is defined up to
1422 eV. Fig. 4 shows that the ZBL and Moliere ArCu
potentials are in good agreement with the ab initio ArCu
potential from 1842eV (i.e. Vyax) down to about
900 eV, then deviate to more positive values. From the dis-
cussion given in Section 4.1 it can be concluded that the
ZBL and Moliere ArCu potentials are too repulsive in
the region where V(R) <900 eV (i.e. R > 0.52 A). Likewise,
Fig. 5 shows that the ZBL and Moliere Cu, potentials are
more repulsive than the ab initio Cu, potential in the entire
region where V(R)<1422¢V. In the regions where the
ZBL or Moliere potentials are more repulsive than the
ab initio potentials, they require correction, in the form
of a downward adjustment, that at a minimum will bring
them into coincidence with the ab initio potentials.

In order to test the ab initio potential data in sputtering
simulations, Bohr potentials (Eq. (2)) were fitted to the
ab initio DFT-DKH2 ArCu, ArNi, Cu, and Ni, potentials
in the energy regions of interest for 3 keV Ar sputtering of
Cu and Ni targets. The fitting parameters are collected in
Table 3. The fitting procedure involved least squares mini-
misation of the fractional (not absolute) deviation terms.
Fig. 7 shows the composite potentials that were con-
structed for use in the simulations by interpolating the
repulsive Ni, and Cu, potentials to tight-binding potentials
(Section 2.2). The fitted Bohr potentials give better repre-
sentations of the ab initio potentials than do the uncor-
rected ZBL and Moliére potentials. Addition of further
exponential terms to the screening function did not signif-
icantly improve any of the fits.

Table 3

Parameters and fitting ranges of R for the Bohr potential screening
function ¢(R) = Aexp(—bR) derived from fits to the ab initio (DFT—
DKH?2) potential curves for ArNi, ArCu, Ni, and Cu,, where R is the
internuclear separation

A b(ATh R (A)
Ar-Ni 0.54503 4.1735 0.405-1.500
Ar—Cu 0.53120 4.1174 0.405-1.500
Ni-Ni 0.45531 4.2980 0.475-1.200
Cu-Cu 0.37399 3.9357 0.485-1.200
I 1 1 I 1
150 —
100 —
50 —
> 0 —
°
& T
>

R(A)

Fig. 7. Comparison of Bohr-TB and ZBL-TB composite potentials for
Ni, (top) and Cu, (bottom). The calculated (DFT-DKH?2) interatomic
potential functions for the same species are also shown. The horizontal
dashed lines indicate the lengths of the interpolation regions for the
composite potentials.

The energy regions of the potential energy curves that lie
below the sputtering threshold energy (about 10-20 eV) do
not affect the sputtering predictions, but may affect predic-
tions of other types of radiation damage. For example,
interstitial defect atoms in Cu and Ni have neighbours at
1.5-1.8 A, while projectiles with energies below the sputter-
ing threshold may still be capable of producing adatoms
and vacancies. Typically, the same region is used for inter-
polation of the repulsive and attractive potentials. Kalypso
employs a linear combination of the repulsive and attrac-
tive potentials, using weights that depend on R [21]. The
properties of the potential in the interpolation region thus
vary continuously between those of the repulsive and
attractive potentials.

Sputter yields predicted by the MD simulation method
described in Section 2.2 for Cu(100) and Ni(100) under
3keV Ar projectile bombardment are compared with
experimental estimates [28,29] in Table 4. The simulations
differ in terms of the potentials used in the repulsive re-
gions, i.e. either the uncorrected ZBL potential or the Bohr
potential with parameters fitted to ab initio (DFT-DKH?2)
data. The predicted sputter yields for Cu(100) were found
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Table 4

Comparison of sputter yields predicted for Cu(100) and Ni(100) targets
by simulations that employ either Bohr potentials fitted to DFT-DKH?2
data, or ZBL potentials, to model repulsive interactions

System Bohr ZBL Exp.
3keV Ar — Cu(100) 47+0.3 46+0.3 4.0 [28]
3 keV Ar — Ni(100) 3.6+0.3 42+0.2 2.2°

Experimental values (Exp.) are also listed. Quoted uncertainties represent
the standard error.

% Estimated from value for polycrystalline (polyx) Ni [29] and polyx/
(100) ratio for Cu [28].

to be similar, within statistical uncertainties, for the ZBL
and Bohr potentials. The sputter yields predicted for
Ni(100) using the Bohr potentials were about 14% lower
than those predicted using the ZBL potentials, which is sta-
tistically significant, and reduces the discrepancy with
experiment. The ArNi and ArCu potential corrections are
quite similar in absolute and fractional terms. The reduc-
tion in sputter yield predicted for Ni(100) mainly arises be-
cause the ZBL potential overstates the nuclear stopping of
Ni in Ni (the corrections required for the Ni, ZBL poten-
tial are larger than those required for the Cu, ZBL poten-
tial, as indicated in Fig. 6). For example, at R = 1.05 A the
ZBL Ni—Ni potential (106 eV) is some 85% higher than the
Bohr Ni, potential (57 eV), whereas the Cu, ZBL potential
(111 eV) is only 58% higher than the Bohr Cu—Cu potential
(70 eV).

5. Conclusions

Interatomic potentials have been calculated for the fol-
lowing diatomic species in the energy region below
10 keV: NeCu, ArCu, KrCu, Cu,, ArNi, Ni, and NiCu.
On the basis of a variational argument, it can be shown
that the predicted potential curves represent an upper limit
to the true potential curves. The predicted potentials pro-
vide a basis for assessing corrections required to the ZBL
and Moliere screened Coulombic potentials, which are typ-
ically found to be too repulsive below 1-2 keV. These cor-
rections significantly improve the accuracy of the sputter
yield predicted by MD simulations for Ni(100), but the
sputter yield predicted for Cu(100) is negligibly affected.
The validity of the pair potential approximation in the
repulsive region of the potential is tested by direct calcula-
tion of the potentials arising from the interaction of either
an Ar or Cu atom with a Cus cluster. The pairwise approx-
imation provides a fairly good representation of the Ar—
Cuj potential energy function (<3 eV error), at all Ar—
Cu; separations. For the Cu—Cuj system, the pairwise
approximation underestimates the potential by ca. 10 eV

when the interstitial atom is located near the centre of
the cluster.
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