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Long-term trends in the calculation of defect properties in the noble metals are criticezed. On physical grounds it is 
argued that the model potentials ued should allow for many-body.interactions. Results based on potentials which include 
three-body interaction terms are presented for Cu, Ag, and Au. 

The last twenty years have seen many attempts to 
calculate formation energies and formation volumes 
of vacancies and interstitials in facecentred cubic 
metals. (Johnson [l] has given an authoritative review; 
for recent developments see refs. [2,3] .) Judged by 
the effort spent, however, the progress achieved must 
be considered small. The majority of the model calcu- 
lations on point-defects in Cu carried out during the 
above-mentioned period suffer from the following 
principal deficiencies: (i) The model potential is fitted 
either to the cohesive energy and then yields unrealis- 
tic values for the defect formation energies (see, e.g. 
ref. [4]), or to the vacancy formation energy, a quan- 
tity which one would wish to calculate [2-41. (ii) 
Only two-body potentials have been used. This im- 
plies the validity of Cauchy’s relation cl2 = c+, be- 
tween the elastic moduli unless the pair potential is 
noncentral (i.e., angle-dependent) or an external pres- 
sure p = (cl2 - c&/2, called the Cauchy pressure, is 
applied. In Cu and even more so in Ag and Au 
Cauchy’s relation is violated; hence an exact matching 
of the elastic moduli by the usual two-body potentials 
is impossible. Both ways of accounting for the devia- 
tions from Cauchy’s relation in Cu, Ag, and Au with 
pair potentials have been tried [S-7] but did not 
prove successful. (iii) The experimental value of the 
vacancy relaxation volume in CSr [-(0.20 f O.O5)s2 
[8], SZ = atomic volume] could not be reproduced *r . 

The situation can be drastically improved with the 
aid of model potentials developed recently [lo]. The 

basic idea is to expand the cohesive energy per atom 
EC in m-body contributions E,(@ (cf. ref. [ 11 J) ac- 
cording to 

Ec( {Ri)) = Mel EC'") (i = 1 . ..N. M<N), (1) 

with 

E(m)=_!_ 5 N, 

C c E(m)(R1,Rg~,...,Rgm), 
m! g2=2 ‘*’ gm=2 

(2) 

where N denotes the total number of atoms in the 
crystal and Ri their positions. Primes indicate the ex- 
ChSiOn Of temS with gi = gk. It iS understood that 
the m-body contribution E$W cannot be decompos- 
ed into a sum of contributions of order lower than m. 
In spite of the formal appearance of (1) the following 
conclusions pertaining to vacancy formation can be 
drawn from (1) in a straightforward manner. 

The vacancy formation energy in a rigid lattice 
Erv, o, which differs only little from the true vacancy 

*i The early calculations of Seeger and Mann [ 91 giving val- 

ues between -0.1 n and -0.3~2, are ZUI exception in this 

respect as a consequence of the application of Born’s lat- 
tice theory with non-central forces. 
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formation energy E& , can be written as the sum of a 
separation energy Esep - the atom is removed from 
the crystal interior to infinity - and an addition ener- 
gy Eadd - the atom is put back to a surface kink posi- 
tion of the crystal: 

EIFV 0 = Esep + Eadd ’ > (3) 

From (1) follow 

E =- 
w 

rnE:?"), Eadd = E Ecrn) = E 

m=l m=l c 
c ’ (4) 

hence 

Ervo=- 
, m$2 (m - l)E;m) 

= -(EC - Ei’)) - mc3 (m - 2)Eim) . (5) 

If contributions with m > 3 are neglected the vacancy 
formation energy in a rigid lattice is equal to the dif- 
ference between the cohesive energy and the structure- 
independent one-body contribution E,$‘),= Etl’(R1). 
The main physical origin of Ei’) is the delocalization 
of the valence electrons. In Cu, Ag, Au this contribu- 
tion is of the order of magnitude of eV and must 
therefore not be neglected when constructing a model 
potential which fits the cohesive energy E, (E,$‘) is 
contained in E,, but not in E& !) *2. 

The derivative of (5) with respect to the atomic 
volume, 

aE,F, o aEd’) M aE Cm) 
--1=--m~3(m-2)-&-, 

ai2 as2 (6) 

is a measure of the tendency of the vacancy to relax 
(cf. ref. [14]). For Cu, Ag, Au the first term on the 
right-hand side is approximately zero. Hence, as long 
as we consider two-body contributions Ei2) only, we 
expect virtuaIly no vacancy relaxation. In agreement 
with this, pair-potential calculations usually produce 
very small vacancy relaxation volumes (around -0.02 
a), which come mainly from the derivative of the 

*2 The contribution I?(‘) has been considered the first time 
by Foreman and Lidiard [ 121, contributions E trn) with 
m > 3 by Burton [ 131. 

vacancy relaxation energy not contained in (6). In 
view of the experimental value of about -0.2Q we 
must conclude that many-body interactions do in- 
deed play an important role in the noble metals. 

In order to keep the computations within reason- 
able bounds, we neglect in the following mibody con- 
tributions with m > 4. The two- and three-body inter- 
actions are taken to be 

Ec2)(r..) = A 
U BM exp [- r$/Pl - &.&$VdW , (7) 

where rij = IRi - Rj 1 and (Y, 0,~ are the angles in the 
triangle {Ri, Rj, Rk}. The pair contribution EC21 con- 
sists of a Born-Mayer repulsion and a van der Waals 
attraction with the exponent (usually n,dw = 6) kept 
variable. EC31 has the form of an Axilrod-Teller po- 
tential [ 151, again with a variable exponent (usually 
nAT = 3). The physical picture behind these formulae 
is the interaction between neutral polarizable bodies. 
The conduction electrons do not enter the equations 
explicitly. Their main role is to compensate the ion 
charge within a Wigner-Seitz cell. In addition they 
contribute to E,(l) and screen the dipolar interac- 
tions in (7) and (8) at large distances. In the interest 
of simplicity this screening is taken into account by 
means of cut-off radii 

aNN = 1.75 a0/2, a2N = 2.10ao/2, a3N = 2.65 a0/2 , 

(9) 

(a0 = elementary cube edge) separating the nearest 
neighbours (NN) from the next-nearest neighbours 
(2N), the 2N from the 3N, or the 3N from the more 
distant neighbours in the perfect lattice. The numer- 
ical values in (9) are chosen such that when applied 
to an interstitial site, a similar number of atoms are 
cut off as for a lattice site. This is reasonable since 
the local relaxation volume for an interstitial is about 
one atomic volume, hence the density of atoms around 
an interstitial about the same as in the perfect lattice. 

In our model the Born-Mayer repulsion is restric- 
ted to nearest neighbours only (UBM = uNN), the 
van der Waals attraction extends to 2N or sometimes 
to 3N (avdw = a2N or a3N), whereas the Axilrod- 

Teller interaction includes the 3N (@AT = a3N). 

An ideal model potential should reproduce all prop- 
erties of the perfect crystal. By the choice of A,, , p, 
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Table 1 
Input and model parameters. 

cu Ag Au 

a0[10 -lom] 3.592 4.063 4.061 
cI1 [lO”N mo2] 1.810 1.345 2.031 
crs[lOtrNm”] 1.265 0.995 1.707 
c44[1011Nm-2] 0.840 0.522 0.457 

Ec levl -3.507 -2.960 -3.802 

Ep) [ eV] -1,924 -1.169 -1.613 

avdw 02N a3N a3N 
n AT 3 3 4 

A vdW, and AAT we have matched exactly the lattice 
constant a0 and the elastic moduli cll, c12, cs4 (table 
1; all values extrapolated to absolute zero, because we 
do not consider thermal vibrations in the calculations), 
by the choice of E$l) the cohesive energy E,. The pa- 
rameters a,dw and PZAT were selected with the pho- 
non frequencies in mind. In this respect the outcome is 
satisfactory at least for Cu and Ag. The remaining pa- 
rameter nvdw has very little iUflUenCe on the phonon 
frequencies but a strong one on the formation energies. 
The physical picture outlined above requires the van 
der Waals exponent to be 6 or close to this value. The 
results of table 2 have been obtained with nvdw = 6. 

Table 2 
Formation energies EF and formation volumes VF of vacan- 
cies and interstitials, and divacancy binding energies EB in 
0.1, Ag, Au obtained with’model potential including tge- 
body interactions (nvdW = 6). 
__. 

cu Ag Au 

EF[eV] 
monovacancy 1.05 0.90 0.85 
interstitials 
(100)~split 2.48 2.57 2.26 
octahedral 3.07 2.72 2.29 
(1olMplit 2.97 2.66 2.19 
(lOl)-crowdion 2.91 2.55 2.13 

B 
E2V Ievl 0.11 0.03 -0.04 

vF1nl 
monovacancy 0.79 0.69 0.63 
htterstitials 
(loo)-split 1.12 0.97 0.97 
OCtahedrd 1.34 1.22 1.19 
ClOl,-splh 1.14 1.04 0.55 
(lOl)- crowdion 1.14 0.98 0.43 

Because of the current controversies surrounding the 
EF values of vacancies in the noble metals we have 
varied n,dw by ?l and shall report below a result for 

%dW = 5. 

We took advantage of the defect symmetry by 
adopting the model of Seeger and Mann [6,16]. Low- 
symmetry configurations (( 111 )-split and tetrahedral 
interstitials) could not be treated with the available 
computing capacity * 3. 

The results for formation energies EF and forma- 
tion volumes YF of vacancies and of four interstitial 
configurations as well as for the divacancy binding ener- 
gies are shown in table 2. Almost all quantities listed 
decrease when one passes from Cu to Au. This is due to 
the increasing weight of the three-body interaction re- 
flecting the increasing violation of cl2 = c4 when 
going from Cu to Au. The exceptions originate from 
the different ranges of the van der Waals attraction. 

For avdW = a2N (Cu) the formation energy of the 
( 100)~split interstitial is distinctly lower than that of 
the other interstitials, whereas for avdw = USN (Ag 
and Au) the four interstitial configurations are rather 
close together. While a larger range of the van der 
Waals attraction in Ag and Au is plausible, in view of 
certain inadequacies in the potentials for Ag and Au 
(in the case of Au the Einstein frequency comes out 
too low) the sequences of interstitial energies in Ag 
and Au as well as the negative divacancy binding energy 
in Au should be considered with caution. 

As indicated above, the absolute values of EF are 
sensitive to modifications of the exponent n,dw. E.g., 
we would get formation energies of 1.32 eV or 2.13 
eV for a vacancy or a ( lOO)-split in Cu if we would 
use nvdw = 5. (Note that the formationenergy of a 
Frenkel pair of about 3.5 eV remains virtually un- 
changed.) 

The interstitial formation volumes appear to be too 
high (cf. refs. [8,3]). This is presumably due to the 
pressure derivative of the bulk modulus which turns 
out to be too large compared with the experimental 
values. On the other hand, the vacancy relaxation vol- 
umes come out reasonable; in the case of Cu we ob- 

*3 For a comprehensive description of the calculations see 
ref. [ 171. In [ 171 the reader may note a discrepancy of 
1 eV in the Au interstitial formation energies in the table 
on p. 123 and the diagram on p. 124; the former values 
are the correct ones. 
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tain very good agreement With experiment.’ Divacancy 

binding volumes are negligible. 
Similar formation energies may be obtained for Cu 

(but not for Ag and Au) with a pure pair potential 
(A AT = 0) fitted to the shear moduli (not to the bulk 
modulus as usual). However, the formation volumes 
(e.g., VrV = 0.94!2) obtained in this way are far too 
large. This result supports our general philosophy of 
the role of three-body interactions in the noble metals. 

Complete stability investigations require the consid- 
eration of many low-symmetry configurations and 
were therefore impossible. In view of the controver- 
sial question of the metastability of the crowdion we 
have performed simple stability tests, in which the 
crowdion or the crowdion and its two nearest neigh- 
bours were moved by small amounts from their equi- 
librium positions in an otherwise rigid lattice. In no 
case was a decrease of energy connected with such a 
shift, i.e. no obvious instability could be detected. 

The authors acknowledge the collaboration of Dr. 
RX. Leutz at the beginning of the computations. 
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