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Almtmet--A three dimensional plot of the density of Au atoms versus the position coordinates for the 
(002) planes, immediately adjacent to the interface, for a 0 = 5 ° [001] twist boundary, suggests the presence 
of a hill-and-valley structure in the Au segregation behavior at 850 K. The valleys correspond to the 
regions of good atomic fit between the regions of misfit; the hills correspond to the cores of the pairs of 
orthogonal primary grain boundary dislocations. A model for the Monte Carlo simulations is developed 
that leads to a linear expression for S,~ containing a core segregation factor (S~) .  For this model S ~  
has a single value for all twist boundaries at a given T. All the Monte Carlo results can be plotted on 
a single Arrhenius plot and the Gibbs free binding energy of a Au atom to the cores of the primary grain 
boundary dislocations extracted; the binding enthalpy and entropy of segregation are 0.095 + 0.01 eV and 
ks (0.49 + 0.I0) respectively. 

R/mmt---Un diagramme ~i trois dimensions de la densite d'atomes Au contre les positions coordon&'s 
pour les plans (002), immediatement adjacenks ~i rinterface, pour un joint de grain vis [001] avec 0 = 5 °, 
sug#re la pr6sence d'une structure de "monks et vaux" dans le comportement de s6gr~gation ~i 850 K. 
Les "vaux" correspondent aux r6gions ot~ les atomes s'harmonisent entre les r6gions de non-harmonic, 
les "monts" correspondent aux coeurs de paires perpendiculaires de dislocations primalre de joint de 
graines. Un module est d~velopp6 pour les simulations Monte Carlo qul conduit dune expression fin&tire 
pour S ,~  contenant un facteur de coeur de s6gr6gation (So,,,). Darts ce mod61e, S~o,, a une seule valeur 
pour tons les joints de grains torsion :i un certain T. Alnsi, toutes les simulations Monte Carlo peuvent 
~,tre trac6es sur un seul diagramme Arrhenins de S~o~ et 1'6nergie libre de fialson Gibbs d'un atome Au 
au coeur de dislocations de joints de grains primaires est determin6e. L'enthalpie et entropie de liaison 
sont 0.095 + 0.01 eV et ks (0.49 + 0.10) respectivement. 

Z ~ E i n e  dreidimensionale Darsteliung der Dichte von Au-Atomen iiber der Orksko- 
ordinate in den die GrenzfLiche einer [001]-Drillgrenze mit Drillwinkel 0 = 5 ° beschreibenden beiden 
(002)-Ebenen lest nahe, dab im Au-Segregationsverhalten bei 850 K ein Berg- und Talverhalten vorliegt. 
Die Tiler enksprechen den Bereichen guter Atompassung zwischen den fehlpassenden Bereichen. Die 
Berge entsprechen den Keruen yon Paaren aus orthogonalen Komgrenzversetzungen. FOx Monte-Carlo- 
Simulationen wird ein Modell entwickelt, welches zu einem linearen Ansdruck ffir S,,,~ F'uhrt und den 
Kermegregationsfaktor S0o,, enth&lt. Bei diesem Modell hat S.,~ bei a£1en Drilikorngrenzen f'fir eine 
bestimmte Temperatur einen festen Weft. Simtliche Ergebnisse der Monte-Carlo-Simulationen k6unen 
in ¢inem ¢inzigen Arrhenius-Diagramm dargestellt werden; die freie Energie der Bindung eines Au-Atomes 
an den Kern der prim/itch Komgrenzversetzung kann ermittelt werden. Bindungsenthalpie und -entropie 
der Segregation betragen 0,095 + 0,01 eV und k e (0,49 + 0,10). 

1. INTRODUCTION 

In Part I we presented detailed results of  Monte 
Carlo (MC) simulations of Au segregation, utilizing 
embedded atom method (EAM) potentials, to [001] 
twist boundaries in a Pt - I  at .% Au alloy in the 
temperature range 850-1900 K. The approach we 
have taken utilizes the physical picture that there are 
state variables that define the thermodynamic state 
of a planar grain boundary  (GB) in a bicrystal [1, 2]. 
A total of  6 + C macroscopic state variables is 
required to specify the thermodynamic state of a 
bicrystal--C is the number  of chemical components 

in the alloy; this number  of state variables is for 
a locally relaxed GB [2]. For  a single-phase binary 
alloy bicrystal an eight-dimensional hyperspace is 
required. Each point in this hyperspace represents a 
thermodynamic state of a GB. The eight state vari- 
ables involved are the five macroscopic degrees 
of freedom of a GB [3, 4] temperature, pressure and 
bulk composition. In our  study we fixed four of the 
five macroscopic degrees of freedom of a [1301] twist 
boundary- -as  well as the temperature, pressure, and 
bulk composi t ion- -and  then systematically varied 
the twist angle (0) between 0 and 45°; because the 
point group symmetry is 4 nun  this covers all possible 

3179 



3180 SEKI eta/.: SIMULATIONS OF SEGREGATION IN Pt(Au)--lI 

8 
0 
0 

44.9 

0.05 

(A-2) 

0.0 X ( ~ ~ ~ ~ ~  

44.9 

Fig. 1. The spatial distribution of Au atoms--for a 0 = 5 ° [001] twist--for the two (002) planes that are 
immediately adjacent to this interface. The units of concentration are number of Au atoms A -2. The 
simulated data are for a total of 5.10 ~ micro-MC steps. Note very carefully the hiU-and-valley topography 
of the Au atomic density. The valleys correspond to the regions of good atomic fit and the hills to the 

regions of the cores of the PGBDs. 

[001] twist boundaries. In addition, we examined the 
effects of temperature at a number of different values 
of fixed 0 between 0 and 45 °, while holding pressure, 
bulk composition and the other four macroscopic 
degrees of freedom constant. In this manner we 
explored the chemical composition of each GB, as a 
function of  0 and temperature; the chemical compo- 
sition is directly proportional to the interracial excess 
concentration of solute and therefore to the Gibbs 
adsorption isotherm. The MC simulations then give 
us a detailed atomistic picture of segregation within 
the context of this thermodynamic framework. In this 
paper we present a model for the MC simulation 
results which explains the observed dependencies of 
the average segregation factor (So~,) on temperature 
and 0- i .e .  So,~ = S,,~, (T, 0)-in terms of Au segre- 
gation to the cores of the  orthogonal pairs of primary 
grain boundary dislocations (PGBDs) that comprise 
the [001] twist boundaries. 

2. ATOMISTIC MODELS FOR SEGREGATION 

2.1. A core segregation model 

In Section 5 of  Part I we demonstrated that S,v= 
increases linearly as 0 is increased and it saturates at 
~35 °, and Sam also decreases exponentially, as T 
increases at each value of 0; S,v= is a ratio of the Au 
concentration in the two (002) planes which adjoin 
the geometric interface over the bulk value. There is 
no clear cut dependence of S,,~, on the value of ~. 
This result does not agree with the conventional 
wisdom concerning solute-atom segregation to GBs, 
which is based on the intuitive idea that solute-atom 

1"We exclude from this argument the case of a Z = 3 
coherent twin on a (111) plane which is a special internal 
interface. Monte Carlo simulations for this case failed 
to detect any Au segregation above the matrix concen- 
tration [7]. 

segregation to GBs with a better "fit" of the atomic 
structuret is lower than to general boundaries [5]. 
MC simulations of segregation to [001] twist bound- 
aries in single phase Cu-Ni alloys also demonstrate 
that this intuitive idea is untenable [6]. In this subsec- 
tion we present a model which explains the observed 
dependencies of S,w on Tand  O - - S , w  = S , ~  (T, 0); 
it is emphasized that the effects of T and 0 are 
investigated one at a time, therefore the chemical 
composition of the GB was investigated by varying 
one state variable while the remaining seven state 
variables were held constant. 

Figure 1 is a three-dimensional display of the 
distribution of Au atoms at a twist boundary with 
0 = 5.0 °. The height of each peak is equal to the 
density of Au atoms; the units are Au atoms .~-2 at 
a particular point in the two (002) planes immediately 
adjacent to the interface, as the results (Fig. 5 of 
Part I) indicate that Au segregation occurs pre- 
dominantly at these two planes. The presence of a 
hill-and-valley type distribution is evident. The val- 
leys correspond to the regions of good atomic fit 
between the regions of misfit; the hills correspond 
to the cores of the pairs of orthogonal PGBDs with 
b =  (a/2)(l10).  This implies that the lateral Au dis- 
tribution at the interface is not homogeneous. And 
that the Au segregation occurs mainly to the cores of 
the PGBDs. A qualitatively similar result was found 
for a 0 ffi 10.4 ° boundary. The region of good atomic 
fit between the cores of the PGBDs is at a somewhat 
higher Au concentration than the bulk of the bicrys- 
tal--sec below. (For 0 > 10.4 ° the d values between 
the PGBDs become rather small--see Table 1 in 
Part I - - and  it is difficult to distinguish the hills from 
the valleys in a three-dimensional plot.) We have 
found for [001] twist boundaries in a Pt-3 at.% Ni 
alloy an extremely strong core segregation effect 
where the hill and valley structure is significantly 
more pronounced than in this Pt-I  at. Au alloy 
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(Udler and Seidman, unpublished research). Also the 
above result for this Pt(Au) system is qualitatively 
similar to a result for an isolated edge dislocation 
- - t ha t  is dissociated in a Ni-10at .  % Cu a l loy- -  
where the Cu atoms segregate predominantly to the 
cores of the partial dislocations, that bound the 
stacking-fault ribbon, on the expansive side of the slip 
plane [8]. Also in a study of segregation to 0 = 10.4 °, 
22.6 ° and 36.9 ° (Z = 61, 13 or 5) [001] twist bound- 
aries in three Ni-Cu (10, 50 or 90 at.%) alloys, the 
Cu segregation is mainly to a few planes that are 
adjacent to the interface [6]. The degree of segre- 
gation is greatest for the Ni rich alloys and for the 
larger twist angles. For the 10.4 ° [001] twist bound- 
ary, the Cu concentration has a spatial variation 
within the boundary plane, though the nature of that 
variation is different than that found here. 

The preceding observations lead us to a model for 
the results of the MC simulations. We commence by 
dividing the GB interface into two regions. The first 
region contains the cores of the PGBDs and the 
second one is the region of good atomic fit. The 
structure of the core region is assumed, to first order, 
to be the same for all 0's studied, as the Burgers 
vector of the PGBDs is identical for all values of 0. 
Thus, it is logical to assume that the Au concen- 
tration at the cores is independent of 0. The average 
solute-atom concentration at an interface (Cg) can 
therefore be expressed as the sum of the solute-atom 
concentrations---i.e, a linear model-- in the region of 
good atomic fit (Co) and in the dislocation cores 
( c . m )  

Cg=(l-'Y)Cb+'fCcore, 0<7<I (I) 

or 

C s = C~ow, 7 = l (2)  

where y is the fraction of atoms at the cores of the 
PGBDs. The relation between y and 0 in the [001] 
twist GBs is derived in terms of the dislocation core 
radius (if) and d--equat ion (2) of Part I - - o f  the 
PGBDs. Physically 7 is the ratio of the area-- for  the 
area enclosed by one unit (d 2) of the orthogonal 
PGBD network--covered by the cores of the PGBDs 
(4dff - 4r/2) divided by d 2 (Fig. 2). The quantity 7 is 
therefore given by 

= ~-~ s m / ~ l  {I - 2n/[Ibl sin(0/2)]}. (3) 
\ z /  

:[:Equation (3) of Part I fits the MC results using error 
bars equal to -4-2SD; hence, we fe¢l justified neglecting 
the second term in square brackets in equation (4) with 
respect to unity. 

§For r/ equa/ to Ibl the "peripheries" of the cores touch 
when the dislocations are separated by 21bl. Thus the 
Read-Shockley equation yields ~ 29 ° for the geometric 
condition that the cores overlap when the cylindrical 
peripheral surfaces just touch along a line. 

Fig. 2. A schematic diagram illustrating the model used 
to calculate 7--the fraction of atoms at the cores of the 
PGBDs. The quantity ff is the core radius and d is the 
interdislocation spacing, as given by the Read-Shockley 
equation [equation (2) of Part I]. The intersections of the 
PGBDs correspond to regions of a Z = 5 (0 = 36.9 °) [001] 

interface. 

From the definition of Sav~ (Section 5.2 of Part I) 
we obtain 

S,,~(T,O)= 1 + ~-~ sin 

x [I - (2~/Ibl) sin(O/2)](S~ - I) (4) 

where S~,~ is given by C~/Cb--physically this ratio 
is the segregation enhancement factor for the core 
region; N.B. that S¢o~ is independent of 0 in this 
model. Score has a more direct physical meaning than 
does S,~r, as it takes into account the lateral distri- 
bution of solute atoms at the interface. If we can 
approximately negiect:~ (2~/Ib[)sin(0/2) with respect 
to unity then equation (4) has the same linear form 
as equation (3) of Part I, that was derived directly 
from the MC simulations results exhibited in Fig. 6 
of Part I; i.e. 

. ( 0 )  
S , ~ ( T , O ) ~  1 +(8ff / Ibl)sm ~ (5¢o~- 1). (5) 

The slope re(T) of equation (3) of Part I is now 
given by 

re(T) = (8,1/Ibl)(S~o~ - l ) .  

In order, however, to calculate values of S~o~ from the 
temperature dependence of Save~ we need to specify a 
value of t/. The MC simulations show that the value 
of S,,~ saturates when sin(0/2) is ~0 .3- - th is  implies 
0 is ~35 ° when the cores overlap; the saturation 
effect is particularly clear at low temperatures (850, 
900 and 1000 K)--see Fig. 5 of Part I. Within the 
context of the PGBD model the cores overlap when 
the value of 0 increases beyond a certain geometric 
value.§ For the purpose of evaluating r/ we use the 
MC value rather than this geometric result, as the 
latter does not include the atomic relaxations that 
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occur at the core; atomic relaxations are a part of 
this MC simulation (see Section 2 of  Part I). There- 
fore, using the condition ~ ffi 1 at sin(0/2) ~ 0.3 and 
equation (3) yields 

= Ibl =0.81bl. (6) 
" 4 . 7 - ~  

The value ~ 0 . 8 1 b l  is less than the number 
~ = Ibl frequently used for the core radius but it is 
nevertheless a physically reasonable value. 

In this model S~,~ has a single value for all the [0011 
twist boundaries at a given T--i .e.  S ~ ,  is indepen- 
dent of 0 at each T. Figure 3 is an Arrbenius plot of  
$~.,; the uncertainties are equal to + 1SD and were 
obtained from a least squares fit of the calculated 
values of Score to a straight line. This plot yields the 
binding free enthalpy b (Ah . . . .  ) and binding entropy 
( A s ~ )  of a Au atom to the cores of the PGBDs. 

b The values are Ah,~.or~ = 0.095 + 0.01 eV (9.17 :t: 
0.96 LI mol-  ~ ) and b As,~o~ = 0.49 + 0.10 ks. The fact 
that the results fit the classical Langmuir-McLean 
equation is consistent with the values of C a calcu- 
la ted-- l .2-3.5  at.% Au. At this level of Au segre- 
gation the two basic assumptions of the simple 
Langmuir-McLean model, the absence of solute- 
atom interactions at the interface and a single value 
of b Ah,.~o~, are approximately satisfied. Thus for the 
case of [001] twist boundaries the slightly oversized 
Au atoms sit at substitutional sites in the cores of the 
dislocations (this is observed directly via the MC 
simulations) and equation (6) of Part I defines the T 
dependence of the Gibbs binding free energy. Using 
the latter definition the expression for b Ag,~= for Au 
atom segregation to [001] twist boundaries is given by 

Agb,~o~(r) = [(0.095 + 0.01) 

- k s T(0.49 _+ 0.10)] eV. a tom-  1. (7) 

It is emphasized that equation (7) is for ~/~ 0.8[b[, 
and if r / is  less than this value then this Agb,,~o~(T) 
represents a lower bound to Ah~, b . A small decrease 
in r/ results in a small increase in Agb,~o~, and a 
concomitant increase in S~o~, such that it approaches 
a saturation value at each T. If the latter obtains the 
region of good atomic fit at the interface has approxi- 
mately the same Au concentration as the bulk value. 

2.2. The question of other possible core segregation 
models 

In the previous subsection we considered a specific 
model for Au segregation to the cores of the PGBDs. 
And therefore the question arises--is there another 
model which also explains the data? A second poss- 
ible model is that the Au atoms segregate mainly to 
the regions of  intersection of the cores of the PGBDs; 
the intersections of the PGBDs have the structure of 
a Z ffi 5 [001] twist boundary (Fig. 2) [9]. Thus as 0 
increases the fractional area of the interface covered 

T (K) 

0.8 

0 . 0  I - , - , - , - , - , - , - 1 . 0  

0.$ 0.6 0.7 0 J  0.9 1.0 1.1 1.2 

1/TO0 -3 K ' I )  

Fig. 3. An Arrhenius plot of S~o~,. The S~o~ values were 
deduced from the results in Fig. 6 of Part I employing 
equation (5) with the core radius (7) equal to 0.Slbl, where 
I b [ is the magnitude of the Burgers vector. Each error bar 
is equal to :t: one standard deviation, and was obtained 
from a least squares fit of the values of Soo~ to a straight line. 

by square patches of the 2~ = 5 structure increases. 
In this case 7 in equation (3) is given by 

thus 

t/z 4t/z " 2/0'~ 
-- d-~ -- -~-s,n [ ,~)  (8) 

c ,  ffi(l - r ) c b  + rcoo. 

= Cb + (C~.~ - Cb)(4tl2/b 2) sin2(-02) (9) 

and 

S , ~ =  l +(Soort-1)(4ff2/b 2) sin2(O). (10) 

This second model predicts that S , ~  should be 
a function of  sin2(0/2) and not sin(0/2), as the 
linearizcd form of equation (4) of subsection 2.1 
predicts; N.B. the MC simulation data is linear up to 
sin(0/2) ~ 0.3. A generalization of these two extreme 
models yields an equation of the form 

S , ~ =  1 + 2  sin ~ (11) 

where ~ is an exponent in the range 1 ~< ~ ~< 2, and 
2 is a constant containing Sco~,. Our MC simulations 
are well approximated by ~ = 1 up to sin(0/2) ~ 0.3; 
after this value C s is approximately a constant--see 
Part I. Thus the model of  subsection 2.1 is a reason- 
able explanation of the results obtained, and there is 
no nccd to use this second model. 

2.3. The role played by elastic interactions in grain 
boundary segregation 

The classical picture of  solute-atom segregation 
to individual dislocations or to grain boundaries 

t 
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comprised of arrays of  dislocations has relied heavily 
on the use of the linear theory of elasticity [10-12]. 
Although it has been pointed out that the core term 
could certainly be the dominant one for solute atom- 
dislocation interactions [13]. We have considered the 
linear elastic interactions between a solute atom and 
a twist boundary using isotropic elasticity theory in 
some detail in order to assess their physical signifi- 
cance [14]; the equations are quite general and cover 
all possible solute and solvent atoms in the periodic 
table within the context of  a linear elastic model. 
The first interaction arises from a size misfit effect 
between the solute and solvent atoms; the misfit 
energy is given by E ~  = p A V  [10-12, 15-20]. The 
second elastic interaction is due to the volume expan- 
sion around a screw dislocation and the resulting 
hydrostatic stress [17, 18, 21]. The third elastic inter- 
action is due to the differences between the shear 
and bulk moduli of the solute and solvent atoms 
respectively--this is commonly called the inhomo- 
geneity effect [10-12, 15-17, 19, 20]. The misfit factor 
is given by: 

R~.p - R 

R 

where R~p and R are the atomic radii of the solute 
and solvent atoms. While the inhomogeneity effect is 
characterized by 

K ~ p - K  and ~ =  #~p- /~  
Er= K /~ 

where/~p,  Kmp, ~, K are the shear and bulk moduli 
of the solute and solvent atom respectively. 

In the case of a pure twist boundary the interaction 
energy between a solute atom and an array of screw 
dislocations due to the p A V  effect is zero since the 
stress field associated with a twist boundary is pure 
shear--i.e, there is no hydrostatic component p. 
Second, the interaction energy between a Au solute 
atom and a twist boundary due to a volume expan- 
sion around each screw dislocation and the resulting 
hydrostatic stress field is a repulsive interaction for 
the Pt(Au) system since Au has a slightly larger 
atomic radius than a Pt atom; the ionic radii of Au 
and Pt are 0.144 and 0.139 nm, respectively. Third, 
the inhomogeneity interaction is attractive and there- 
fore this effect alone predicts that Au segregation 
should occur in the Pt(Au) system. However, when 
both interactions are summed the net effect is a 
repulsive interaction for this system at high angles. At 
small twist angles there is a net attractive interaction 
energy along the dislocation lines, and a repulsive 
interaction where the dislocations cross. This result is 
in contrast to the Monte Carlo results which exhibit 
increasing solute segregation with increasing twist 
angle. Further considerations concerning the inter- 
actions between solute atoms and grain boundaries 
within the context of isotropic elasticity theory are 
considered elsewhere in detail [14]. 

3. SUMMARY AND CONCLUSIONS 

I. A three-dimensional plot (Fig. I) of the density 
of Au atoms A-2 vs the x and y position coordinates 
for the (002) planes, immediately adjacent to the 
interface, for a 0 = 5 ° [001] twist boundary reveals 
the presence of a hill-and-valley structure in the 
Au segregation behavior, the temperature is 850 K. 
The valleys correspond to the regions of good atomic 
fit between the regions of misfit; the hills correspond 
to the cores of the pairs of orthogonal PGBDs with 
b = ( a / 2 ) ( l l 0 ) .  This suggests that the lateral Au 
distribution at the interface is not homogeneous, and 
the Au segregation occurs mainly substitutionally to 
the core regions. A qualitatively similar result was 
found for a 0 = 10.4 ° [001] twist boundary. The 
region of good atomic fit between the core regions is 
at a somewhat higher Au concentration than the bulk 
of the bicrystal. 

2. The preceding observations are the basis of a 
model for the MC simulations. In this model we 
divide the GB interface into two regions. The first 
region contains the cores of the PGBDs and the 
second one is the region of good atomic fit--see 
Fig. 2. The structure of the core region is taken to be 
the same for all O's studied, as the Burgers vector of 
the PGBDs is identical for all values of 0. The average 
Au concentration at an interface (CK) is expressed as 
the sum of the Au concentrations in the region of 
good atomic fit (Cb) and in the cores of the dislo- 
cations (Ccorc). This leads to the following linearized 
expression for S, ve, 

S,~c~(T, 0 ) ~  1 + (8r//I hi)sin(-02) (S~or°- i). 

From this equation S~o~(S~= Cco~/Cb) is calcu- 
lated for a core radius (~/) equal to 0.81b[; this ~/ 
corresponds to the value of 0 at which the cores 
overlap; this occurs at sin(0/2) ~ 0.3, as observed in 
the MC simulations. 

3. In the context of the above model Score has a 
single value for all twist boundaries at a given T. 
Figure 3 is an Arrhenius plot of Score. From this plot 
the following explicit expression for the Gibbs bind- 

A b  ing free energy o f a  Au atom to the cores ( g , ~ )  of 
PGBDs in [001] twist boundaries is obtained 

Agb<or~(r) = [(0.095 + 0.01) 

- k B T(0.49 + 0.10)]eV. atom- i. 

This expression is for r /~  0.81b[; if r/is less than this 
value then this A g ~ ( T )  represents a lower bound. 

4. A summary of the basic physical picture that 
emerges from these MC simulations is as follows. 
At a constant temperature the average segregation 
factor (S,,~,) increases as the twist angle (0) increases 
and it saturates at 0 ~ 35 °. The value of S,,,r increases 
linearly to 0 ~ 35 °, and is then approximately inde- 
pendent of 0. The MC simulations indicate that 
the Au segregation occurs primarily substitution- 
ally to the cores of the PGBDs, and therefore the 
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Au concentration at the interface depends on the 
fraction of  atoms in the bicrystal that are located in 
the cores. This explains why the value of  S , ~  is 
function of  0 and why it saturates when the cores of  
the PGBDs  overlap. When the cores overlap essen- 
tially all of  the atoms at the interface are in the cores 
of  the PGBDs and increasing 0 does not change 
significantly the fraction o f  sites in the bicrystal at the 
cores of  the dislocations. Evidence for very strong Ni 
atom segregation to the cores of  screw dislocations 
in a [001] twist boundaries has been bound in a 
P t - 3 a t . % N i  alloy via Monte  Carlo simulations 
(Udler and Seidman, unpublished research). 

5. The three possible linear elastic interactions 
between a twist boundary and a gold a tom were 
considered in detail [14]. First, the interaction be- 
tween a solute atom and a twist boundary is zero 
since its stress field is pure shear; i.e. there is no 
hydrostatic component.  Second, the interaction en- 
ergy between a Au atom and a twist boundary is due 
to a volume expansion around each screw dislocation 
and the resulting hydrostatic stress was shown to be 
a repulsive interaction for the Pt(Au) system since Au 
has a larger atomic radius than a Pt atom. Third, the 
inhomogeneity interaction is attractive. When, how- 
ever, both interactions are summed the net effect 
is a repulsive interaction for this system at high 
angles. Although the tendency for segregation in- 
creases as the interdislocation spacing decreases. This 
is in contrast to the Monte  Carlo results which show 
increasing segregation with decreasing interdisloca- 
tion spacing. The isotropic elasticity theory results 
are discussed elsewhere [14]. 
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A P P E N D I X  A 

Statistical Errors in Monte Carlo Simulations 

We review the calculation of the variance in the mean 
value of a specified property ( (P))  and the error in ( P )  for 
an MC simulation [22]; this assumes Gaussian statistics. 
Consider an MC simulation run consisting of %, micro-MC 
steps. The ( P )  for a run is 

Tma 

<p>,~ =--I ~ e(z) (AI) 
T~,I~ T--I 

i.e. the sum is over all the micro-MC steps. If the value 
of each quantity P(r) is statistically independent of all 
the other values of this same quantity, then the variance of 
the mean is given by 

o2(<~P>r,m) = o2(P)/'r~ (A2) 
where 

a2(P) = <~6P2~ = %,-~1 [P (z ) -  <p),~]2. (A3) 

The estimated error in ~P~ is the square root of a2(<P)~m). 
The data points obtained, however, in an MC simulation are 
usually not independent, as we store configurations with a 
frequency such that they are highly correlated with one 
another. It is necessary to build into equation (A2) the fact 
that these correlations last for a number of micro-MC steps. 
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In the presence of correlations we have [23, 24] 

a : ( ( P > ~ )  = s a Z ( P ) / ~ ,  (A4) 

where s is the "statistical ineffaciency." The value of s is 
unknown before the simulation is made and it must be 
calculated at the end of each run. The definition [22] used 
for s is 

T b O 2 ( ( P ) b )  

s -= lim (A5) 
,~-~, o2(P) 

where ~b is a block which contains a specified number  of 
micro-MC steps (the size is chosen by the investigator). 
The total length of a run is divided into nb blocks of length 
r b, such that nb¢b = Try. The mean value of each block is 
then determined and they are used to calculate the variance 
of (P}b  from the following equation 

a : ( ( P > b )  = __1 ~. ( ( e ) b - -  <p>,~n)Z. (A6) 
Y/b b ~  I 

The value of o~((P)b) is inversely proportional to Zb for 
large values of ~b, as the blocks become large enough to be 
statistically uncorrelated. The quantity s is the limiting ratio 
of the observed variance to the limit expected on the basis 
of an uncorrelatcd Gaussian distribution. The value of s is 
determined by plotting the value of the right hand side of 
equation (A5) against (r~),,z. Figure AI is an illustrative 
example of this statistical analysis for the total electronic 
potential energy; the values of s and rb are in macro-MC 
steps; one macro-MC step is arbitrarily defined to be equal 
to 400 micro-MC steps a t o m - '  for the purpose of  plotting 
Fig. AI.  The data exhibited in Fig. AI has an asymptotic 
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Fig. AI.  A plot of  the statistical inefficiency (s) vs ~,2, 
where ~b is the block size; both s and ~b are in macro-MC 
steps; one macro-MC step equals 400micro-MC steps 
a tom- ' .  The data in this figure is for the total electronic 
potential energy (E,o,) of a 5.0 ° [001] twist boundary at 

850 K. 

value of ,~ 10. The value of ~Ezot ~ is equal to -29,754.2 eV 
[equation (AI)], and the value of o2(Eto,) is equal to 136 
(eV) 2 [equation (A3)]; therefore 

a:((Etot),~,) = (10/400)o2(E~o0 = 3.4(eV) z 

so a( ( Eto , } ,~)  = +_. l.8 eV; thus, the accuracy is 
(_+ 1.8/29,754)102 = 6.05.10-3% for Etot for this run. 


