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Abstract. The possibility of modelling the partial structure factors of the Ni33Y67 
amorphous alloy with simple purely repulsive potentials is investigated by extending 
and refining an approach previously proposed for the Ni,Til -I alloys. Non-additive 
hard- and soft-sphere iriodels are carefully studied by using integral equations origi- 
nally derived in the theory of liquids. The quality of the approximations used and the 
consequences of softening the repulsion have been examined. The overall agreement 
between model and experimental data allows a meaningful discussion of the role of 
different regions of the interaction potential in the real system. 

1. Introduction 

Accurate determination of the partial structure factors of metallic glasses through the 
diffraction experiments performed in the last decade has improved our understanding 
of the structural properties of such systems. The analysis of the experimental data 
reveals the existence of chemical short-range order (CSRO) effects in many of these ma- 
terials. In particular, amorphous alloys of late and early transition metals (TM) or late 
transition and rare-earth metals have shown a considerable degree of compositional 
order, i.e. a tendency to exhibit microscopic deviations from a random composition 
to favour hetero-coordination, that is alternation of the two species (see e.g. Fuku- 
naga et a1 (1984), Lee el a1 (1984), Lefebvre el a1 (1985), Wildermuth et a1 (1985), 
Mizoguchi et a1 (1985), Steeb and Lamparter (1985)). Such a tendency is clearly 
revealed by examining the experimental Bhatia-Thornton partial structure factors 
S N - c ( k )  (Bhatia and Thornton 1970): in  fact a strong CSRO produces a sharp peak 
in the concentration-concentration structure factor (Scc (k ) )  at wavenumbers smaller 
than the position of the first peak in the number-nuniber structure factor ( S N N ( k ) )  
which describes the ‘average’ structure, i.e. the topological short-range order (TSRO). 

The theoretical interpretation of the microscopic structure of these glasses certainly 
should be based on a realistic modelling of the interatomic forces. However, our present 
ability to describe the interactions in  uinorphous T M  alloys does not yet allow us to 
perform accurate and extensive ub matzo calculations. In addition, it would be highly 
desirable to get simplified models which could be used for semiquantitative theoretical 
estimations or for a first analysis of experimental data. For these reasons in a previous 
paper (Gazzillo e t  a1 1989) (hereafter referred to as I) we started an investigation on 
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the applicability of an approach based on liquid theory to model the structure and 
CSRO in TM amorphous alloys. In I we were able to show that, in the case of the 
systems NicTilWz, even at  a primitive level where the interaction is mimicked by a 
hard-sphere repulsion between the ionic cores, a reasonable choice of three independent  
diameters (the non-addi t ive  hard-sphere model) is able to give good agreement with 
the experimental data and, in particular, to exhibit CSRO. 

In the present paper we use the existing neutron diffraction data on Ni,,Y,, (Maret 
et a1 1985, 1987) to test and extend our previous analysis on a system where the size 
effects are expected to be more important and CSRO is even higher than in Ni40Ti60 
(note that in Ni,,Y,, the ratio of the diameters of the two components, Ry/RNi m 1.4, 
is larger than in Ni40Ti60, G1/RNi  M 1.2, and is actually one of the biggest in binary 
alloys of TM). In particular here, we extend our previous work by focusing on the 
following questions: 

(i) does a reasonable choice of non-additive diameters of hard spheres exist, that 
is able to account for most of the experimental diffraction data for the Ni,,Y,, alloy? 

(ii) how reliable are the integral equations of the theory of liquids that we use to 
describe amorphous states? 

(iii) can the residual discrepancies bet,ween the hard-sphere model and experiments 
be reduced by using softer repulsive potentials? 

(iv) what can we infer about the real interactions in the system? 

In the following sections we shall present the results of our investigations and, we 
hope, convincing evidence of the usefulness of the non-additive hard-sphere (NAHS) 
model to  interpret the experimental data for these systems. In more detail, the plan 
of the paper is the following. The next sect,ion is dedicated to an analysis of the 
data for Ni,,Y,, within the NAHS model presented in I. We test the accuracy of the 
integral equation approximations used by looking at  thermodynamic consistency and 
comparing the results with those of other approximations. In section 3 we refine the 
NAHS model by replacing the potential with a softer, purely repulsive, inverse-power 
law (the non-additive soft-sphere (NASS) model). In section 4, on the grounds of the 
results of the models, we discuss the role of different ranges of the Ni-Ni effective 
potential in the determination of the experimental structure. Some final comments 
and conclusions are collected in the last section. 

2. The non-additive hard-sphere model 

2.1.  T h e  choice of parameters  

As discussed in more detail in  I ,  experimental data for binary alloys with strong CSRO 
indicate that hetero-coordination is a.ccompanied by non-additivity in the excluded 
volumes, i.e. the closest, approach distance between unlike components is smaller 
than the arithmetic average of the dia.meters of the pure metals. Therefore, the crud- 
est way to model the effect of the excluded volume in binary mixtures with strong 
hetero-coordination is through a nowadd i t i ve  hard-sphere (NAHS) model, i.e. a two- 
component system of particles interacting through a pair potential given by 

+co for 1' < R,ij 
0 for r 2 Rij U,.(.) = 

'1 
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where the Rij are the closest approach distances (hard-sphere diameters), with R I ,  = 
( R I  + R,)(1 + A)/2 and A < 0 (negative non-additivity). The deviations from the 
value A = 0,  appropriate for a mixture of ‘billiard balls’ with two different sizes, 
correspond to  an easier penetration of unlike particles during molecular collisions. 
This fact, in turn,  changes the local compositional order favouring species alternation. 
The case of positive non-additivity ( A  > 0) is of no concern here since i t  favours 
species segregation. 

The structural and thermodynamic equilibrium properties of the liquid and amor- 
phous phases of the NAHS model can be evaluated with standard statistical mechanics 
techniques. In particular the equation of state and the static correlation functions 
can be evaluated by using general methods of computer simulation (Monte Carlo or 
molecular dynamics) (Hansen and McDonald 1986). For the liquid phase of NAHS with 
negative non-additivity a few simulation studies are available (Adams and McDonald 
1975, Ballone et a1 1986, Gazzillo and Pastore 1989). In a dense or amorphous phase 
very long runs are required t,o get reliable results. Therefore, cheaper but accurate 
approximations are more suitable for extensive samplings of the parameter space. To 
this end we have used the integral equation method, routinely used in the theory of 
liquids (Hansen and hilcDona.lc1 1986), to  evaluate tlhe pair correlation functions. 

Most of the existing integral equat,ions can be put in the form of the following 
coupled set of equations: 

Here, h i j ( r )  = g i j ( r )  - 1, the gij(7’) are the radial distribution functions (RDF) and the 
p I  are the number densities of the two species. Equations (2) ,  the Ornstein-Zernike 
equations, can be thought of as defining the direct correlation functions cij(r) .  The 
true approximation is actually contained in (3) ,  the closure, i.e. in the approximate 
relation between correlation functions and pair potentials. 

In the case of hard spheres a popular choice for the closure, which gives good 
results as compared with computer experiments, is the so-called Percus-Yevick (PY) 
closure (Hansen and McDonald 19W). This is given by 

c . . ( r )  = g .  (r)(1 - e p u * ~ ( r ) )  
$3 $1 

which, using the hard-sphere potential given in ( l) ,  is equivalent to  

g i j ( r )  = 0 

cij(r)  = 0 

for r < Rij 

for 1% 2 Rij .  

Unlike the additive case ( A  = 0) no analytic solution is known 

(4) 

(5) 

for the PY equa- 
tions in the general NAHS case. Equations (2) and (5) have to  be solved numerically 
but robust and efficient methods are nowadays available for this. We used Gillan’s 
algorithm (Gillan 1979) to solve the equations on an a grid of 512 points with a 
spacing 6r = 0.05 A. Convergence was  checked by performing few test calculations 
using 1024 mesh points. In addition to  g i j ( r )  and cij(r) the partial structure fac- 
tors Sij (k) and the Bhatia-Thornton structure factors, number-number ( S N N ( k ) ) ,  
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number-concentration (SNc(b)) and concentration-concentration (Scc(k) ) ,  as well 
as the  'neutron' scattering intensity (S"(k) )  and other structural quantities, were 
evaluated according to the  definit,ions given in I. 

As a first step in our modelling of the experimental structure factors we have 
looked for the best choice of diameters within the PY approximate integral equations. 
The  goal of such a 'trial and error' fitsting procedure was to obtain a set of reasonable 
values for the Rii, able to reproduce well the overall features of the experimental da t a  
in 8-space. We weighted more the agreement in the region of the first two peaks than 
at long and short wavelengths. 

In fact, the long-wavelength region is strongly influenced by the thermodynamic 
sum rules at k = 0 which connect the numerical values of the 8 = 0 limit of the struc- 
ture factors t o  purely therinodyimnic quantities. Since the thermodynamics is signif- 
icantly influenced by the values of the effective potential in the whole range, including 
the attractive part ,  we ca.nnot trust the values of the Saj(k) at small wavenumbers. On 
the contrary the short-wavelength region is mainly affected by the steepness of the po- 
tential. In particular the phases should be shifted toward larger wavenumbers and the 
decaying rate of the asympt,otic oscillat,ions of a ha.rd-sphere system should be slower 
than  in the real system. Within these constraints, using the experimental value of the  
density (5.4 g ~ 1 n - ~  or 0.0412 at,onis A-3)  and trying to optimize the agreement in all 
the structure factors evaluated, our best choice of the diameters Rij corresponds to 
RNiNi  = 2.8 A, RNiY = 2.7 A, R,, = 3.4 A. This result should be compared with the 
positions of the first peaks in t,he experimental g i i ( r ) :  RNiNi = 2.48 A, RN,y = 2.85 A, 
R,, = 3.55 A. The  values of the optimal NI-Y and Y-Y diameters are smaller than  
the experimental sizes of the exclusion holes and in agreement with the general expec- 
tation tha t  the hard-sphere dianiet,ers should be slightly smaller than the positions of 
the experimental peaks in 1.-space. This choice is also essential t o  ensure a reasonable 
agreement for the heights and the positions of the peaks in the reciprocal space. As 
already remarked in I ,  each S , , ( b )  is mainly affected by changes in the corresponding 
Raj (for small changes around a given value). In addition, in the present case the 
SNiN.(b) is not very seiisit.ive to the exact choice of RNiNi: in fact, a value as low as 
2.4 even improves the agreeinent, of the Y N , N ~ ( T )  or t,he first peak of SNiNi (b )  with 
the experiment. Nevertheless, the value of 2.8 f ,  is better from a global point of view. 

A comparison of t,he model and experimental structure factors (S i j  ( I C ) ,  SN-c(b) 
and S"(k)) is shown i n  figures 1,  2 aiid 3,  respectively. 

The  experimental S y y ( k )  is the partial structure factor closest t o  tha t  of a one- 
component system. This is consistelit with t,he fact that  yttr ium is the majority species 
and the largest one. The  PY results follow reasonably well the experimental Y-Y 
and Ni-Y partial structure factors according to the previously mentioned criterion. 
Actually the first peak of the experimental S,, (b) a,ppears slightly asymmetric, with 
a steeper rising part  as compared with t8he NAHS model, but the following peaks are 
reasonably well in-phase and their heights agree with the experimental da ta .  The  
agreement is even betater for the SNil l (k) ,  However, the SNiNi (k )  shows the largest 
discrepancy between theoretical and experimental data.  In particular, the second 
peak of the experimental da ta ,  which looks like two close peaks merged into one with 
a marked shoulder on the right.-ha.nd side, seems to separat,e into two well-defined 
peaks at about 2.5 and 3.7 a-' i n  t8he solut,ion of the integral equations. S N i N i ( 8 )  
shows no significant structure beyond 5 A-l  , consistent with the experimental results. 

The  Bhatia-Thornton struct,ure factors embody the same information organized 
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Figure 3. Combination of t.he partial structure factors corresponding to the neutron 
scattered intensity S'*( k) from the 'nat,ural composition' sample. Labels as in figure 1. 
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differently: the  non-trivial S,,(k) signals the strong tendency toward compositional 
order. The  discrepancies between theory and experiment, almost completely concen- 
trated in the  SNINl(k), here are shared by S,,(k) and Scc(k) and are less evident. 
Due to the neutron scattering lengths of Ni and Y at their natural compositions, 
S"(k )  closely follows the behaviour of S,,(k), Note, in particular, the second and 
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the broad third peak of SNN(.k) bet,ween 3.5 and G K - l .  A comparison with the same 
partial structure factor for Ni40Ti60, where the two peaks corresponding to  those of 
Ni33Y,7 merge into a single broad one, is probably signalling the larger size effect, 
i.e. the difference in the radii of Ni  and Y. The NAHS model is able to  reproduce the 
qualitative features, included this splitting, but the exact position of the third peak 
as well as its width are not well reproduced. 

Also the so-called pre-peak, present in the experimental S”(k) and SNN(Ic) at  
about 1.6 A-1, appears in the model although slightly underestimated and shifted 
toward higher wavenumbers. 

In conclusion we can sa.y that ,  taking into account the crudeness of the model, 
the overall agreement is satisfactory but for the region of the second peak of SNiNi (k ) .  
Small differences in the positions and shapes of the first peaks are visible on a finer 
scale. The enhanced size and compositional order effects, clearly exhibited by the 
experimental da t a  for Ni33Y67, are quite well reproduced by the model confirming the 
point of view that not only the TSRO but also the CSRO are mainly determined by 
excluded volume effects. 

The discrepancy i n  the second peak of S N i N i ( k ) ,  like a similar discrepancy in the 
case of the Ni40Ti60 alloy observed in I ,  calls for a more detailed analysis. In the 
following we investigat#e whether it can be accounted for by an improved closure or by 
continuous repulsive potentials. 

2.2. Test  of the  closure f o r  the N A H S  model 
The calculation of the sta.tic st,ructure using the PY integral equation is not numeri- 
cally intensive as a computer simulation and avoids all possible problems with non- 
ergodicity. By construction, the solution of integral equations refers to  a hypothetical 
ergodic homogenous phase. Computer simulations of very closely packed systems 
usually encounter the problem of being trapped in locked configurations and this phe- 
nomenon implies that, very long runs are required to lose any dependence on the initial 
conditions. For these reasons, a check of the integral equation results, which in the 
liquid phase is usually performed by comparison with computer simulations, appears 
more delicate in the present case. As an indirect indicator of the quality of the in- 
tegral equation results we can use a thermodynamic self-consistency criterion, often 
employed in connection with liquid phase calculations. 

One consequence of an approximate closure is the breakdown of some exact sum- 
rules derivable from a formal treatment of the statistical system, i.e. different routes 
to  the same quantity give different results. Usually, the larger the thermodynamic 
inconsistency, the worse the comparison of structural results with the ‘exact’ ones. 
Although this ‘internal’ criterion cannot be regarded as very precise, it can be used 
as a quick measure of the quality of a closure. 

We stress that ,  since we are approximating the structure of a (non-equilibrium) 
glassy materia.1 with that of an ergodic supercooled liquid (see I for a more accu- 
rate discussion about this point), possible thermodynamic inconsistencies due to  the 
broken ergodicity effects in the real system (Palmer 1982) have no relation with the 
inconsistencies displayed by approximate liquid state theories. As a matter of fact, 
these latter inconsistencies are just artifacts, due to the approximations on the exact 
relation between pair potentials and pair correlation functions and are present even 
a t  liquid densities where the real system is ergodic. 

One of the simplest inconsist,encies to check in an integral equation calculation is 
that between the isothermal derivative of the virial pressure with respect to  the density 
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and the independent expression for the same quantity (the isothermal bulk modulus) 
as given by the fluctuation-dissipation theorem. In a two-component homogeneous 
system one should have the exact equality 

Here i i j ( k )  is the Fourier transform of c i j ( r ) ,  p is the total number density, zi the 
molar fraction of the species i ( x i  = p i / p )  and ,B = l/k,T, T being the temperature. 
The virial pressure P is given by 

In the case of the PY approximation for the NAHS mixtures, with the above mentioned 
choices of diameters, the discrepancy between the two sides of equation (6) is given in 
t.able 1. 

Table 1. Bulk moduli obtained from the left-hand (virial) and right-hand (fluctua- 
tion) sides of equation (6) with different models and closures. 

Model-closure Virial Fluctuabion 

N A H S - P Y  124.7 242.7 
NAHS-MS 200.0 111.2 
NAHS-BPGG 187.6 185.2 

NASS-PY 78.7 294.1 
NASS-HNC 284.9 138.1 
NASS-RY 213.2 214.1 

For comparison, we have also made calculations using the Ma,rtynov-Sarkisov 
(Martynov and Sarkisov 1983) (MS) closure, which has been shown to be an improve- 
ment on PY also for additive and non-additive HS mixtures (Ballone e t  a1 1986) and 
an improved version of the MS closure recently proposed by two of us (BPGG) (Ballone 
e t  a1 1986). 

The BPGG closure in its more general form is given by 

gij(r)  = exp{-pu,,(r) + [I + s i j ( h i j ( r )  - c..(r))~'/~t~ $3 - 1) (8) 

where sij are adjustable parameters. For sij = s = 2 the BPGG closure reduces to  the 
MS closure, while for sij = s = 1 one recovers the hyper-netted-chain (HNC) (Hansen 
and McDonald 1986) approxima.tion. In general the sij  can be used as free parameters 
to impose thermodynamic consistency. 

As in Ballone et a1 (1986), we have used a simple one-parameter form (sij = s) 
but we have found that in the present case s = ensures consistency over the range 
of diameters explored. Results for the radial distribution functions (RDF) obtained 
with the BPGG closure are practically indistinguishable from the MS results. On the 
contrary there is a small but visible difference between BPGG and PY results, mainly 
affecting the contact values of the gij(r)  and the shapes and values of the first minima. 
Note that,  using the closure (8), the RDF are always positive whereas in some cases 
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the PY first minima may become negative. In  any case, we have found that for hard 
spheres the improvement in the thermodynamic consistency mainly affects the height 
of the first peak of the g .  . ( r )  and no difference is visible in the posi t ions of the peaks 
of the Si j (k ) .  In conclusion, we tend to exclude the possibility tha t  the qualitative 
discrepancies in the  Ni-Ni structure factor can be due to inaccuracies of the integral 
equation approach as reflected in the thermodynamic inconsistency. 

'1. 

3. The non-additive soft-sphere model 

The  comparison of the results from the NAHS model with the experimental da t a  shows 
tha t ,  if the non-additivity is taken into account, most of the features of the diffraction 
da ta  can be explained i n  terms of excluded volume effects, i.e. of the size of the 
regions where the g z l ( r )  are practically zero. However, the crude assumption of hard- 
sphere interaction introduces some unrealistic cusps at the contact of the RDF. I t  is 
quite obvious tha t  a smoothing of the repulsion should result in a better agreement 
with the experiments. Moreover, it  is interesting to check whether a smooth potential 
could reduce in any appreciable way the main discrepancy between theoretical and 
experimental S N I N l ( k )  in the region between 2.5 A-' and 4.5 A-'. 

To stay at the level of simple model potentials, we have therefore investigated the 
effects of the non-additive soft-sphere (NASS) potentials 

with u12 < (u l l  + u, , ) /2 ,  which reduce to hard-sphere potent,ials for n = 00. To 
appreciate trends, we have chosen a value of n = 12 for all the three interactions, al- 
though a more detailed representation of the repulsive part of the interactions would 
probably require different slopes for the different components. The  factor E in equa- 
tion (9) fixes the energy scale. However, due to the way E and uij appear in the 
potential, only the products EU:; have a meaning. In the following we conventionally 
put  u y y  = Ryy = 3.4 A and the fitting procedure gives us f luNiNi  and uNiy. We 
stress tha t  such a choice is purely conventiona.1 and no direct relation exists between 
uii and Rij.  

In the case of soft pot,entials we have done some test calculations using the PY, 
the HNC (Hansen and McDonald 1986) and the thermodynamically consistent Rogers- 
Young (RY) closures (Rogers and Young 1984). The  RY closure can be written as: 

where the 'mixing functions' f i j ( r )  have the form f i j ( r )  = 1 - exp(-aijr) ,  thus inter- 
polating between a py-like closure at small distances and HNC at large distances. We 
have used c y i j  = cr = 0.19 as final value, checking that the deviations from consistency, 
in the whole parameter range studied, were smaller than some few per cent. 

Also in the case of the NASS model, we have explored a range of values to optimize 
the agreement with the experimental values. The  optimal values of the triples ( E "  = 
P E ,  uNi and uNiy) are (1.436, 2.669 A ,  2.768 A) ,  (4.797, 2.634 A, 2.634 A) and (4.305, 
2.634 1, 2.538 A)  for PY, HNC and RY, respectively. The  extent of thermodynamical 
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(points) radial distribution functions g,,(T). ture factors S c J ( k ) .  

consistency for these three cases ca.n easily be seen by looking a t  the second part  of 
table 1. 

In figure 4 the RY g i j ( r )  a.re compared with both the PY-NAHS results and the 
relevant experimental functions obtained by Fourier transformation of the Sij ( k ) .  As 
expected, the improvement is i n  the direction of a more physical shape of the first peak 
(the oscillations of the experiiiiei~t~al da ta  at low T cannot be taken into consideration, 
since they are spurious and due to noise and truncation of the Fourier transform). 
The  most striking differences occur in the case of g N i N i ( i * ) .  Note tha t ,  neglecting 
the unphysical points below '2 A, the experimental da ta  exhibit a first peak a t  about 
2.45 A ,  relevant t o  Ni-Ni nearest-neighbour cont,acts, and a second double peak which 
reveals a preference of the Ni  atoms for the second-neighbour shell. As matter of fact ,  
this complex structure is badly reproduced by the NASS and NAHS models. It is worth 
noting, however, tha t  i n  some cases, wit,li smaller gNiNi,  the NASS model can also give a 
smooth first peak separated by the second-neighbour shell. Nevertheless, the reported 
parameters produce a more satisfactory global optimization of T- and k-space results. 
Furthermore, as we shall discuss more fully in the next section, although in the right 
direction, a smaller gNiNl value does not, change t,he structure enough to improve the 
agreement with SNiNi(k)  significantly. 

As shown in figure 5, the overall comparison of the RY Sij(lc) with the experiment 
is similar to tha t  for the N A H S  case. The  main effect of a softer repulsion is to change 
the phases of the large-k oscilla.tions and the way the structure factors go to  their 
asymptotic values. On the scale of figure 5 this effect is more evident for the Y-Y 
component. 
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I I I I I 1 
0 2 4 6 8 11 

k (A-‘) 
Figure 0 .  Comparison of the effect of different closures on the N A S S  Syy (k) partial 
structure fact,or: full curve, RY; dotred curve, P Y ;  chain curve, H N C .  

At this point some cominents are needed to  compare the previous FLY results with 
those obtained using the P\’ and HNc closures (corresponding to Q = 0 and Q = 00, 

respectively). Varying Q from blie HNc to t,he PY value, a t  fixed U and E * ,  the mean 
force potential becomes ‘harder’. This means a higher structuring of the PY gij(r)  and 
S i j ( k )  for a given coupling and it implies the necessity of decreasing the value of E -  

in going from PY to  HNC to  get comparable peak-heights. In addit,ion, in r-space, the 
smaller Q ,  the larger and steeper the exclusion hole. As a consequence, in k-space one 
obtains a progressive shift of the oscillations toward larger wavenumbers. The RY case 
is always in between. To illustrate these considerations, in figure 6 we have plotted 
the S y y ( k )  obtained with the three closures. 

4. Discussion 

As we have discussed in the previous sect,ions, we can attribute most features of the 
experimental partial structure factors of the Ni,,Y,, amorphous alloy to the non- 
additivity of the diameters measuring t,he size of the exclusion holes of the pair distri- 
bution functions. Of course the agreement with the experiment is not complete due 
to the crudeness of the model. However, the results we have obtained can be used as 
a first approximation and they allow us to discuss the residual discrepancies, a t  least 
on a q d i t a t i v e  basis. 

As noted in the previous sec,tions, the “ i n  discrepancy between simple repulsive 
models and experiment is in tlie region of the second peak of the S N j N j ( k ) .  In particular 
we were not able to  reproduce the splitt,ing of t,he second peak into a double structure 
with any reasonable value of tlie ‘diameters’. It is possible to  interpret such a split- 
ting as the effect of a kind of ‘interference’ between two characteristic wavenumbers 
originating from two different lengths i n  v-space. The presence of a sharply defined 
shell of first neighbours in the experimental g N i N i ( r )  , followed by a dominant second 
shell, suggests that  the above mentioned lengt,hs could be just related to  the positions 
of these shells. To check this point we have solved the PY equations for the NAHS 
model a t  the unphysical value of R N i N i  = 4.0 A (corresponding to  the position of the 
rising part of the second peak). Due tto the very high resulting coupling the overall 
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agreement of the structure with the experimental data is poor, but we find that  the 
second-peak position of the theoretical SNiN, (k )  now corresponds to  the second sub- 
peak of the experimental second peak instead of being located under the first sub-peak 
as in all the previous cases 

2 

n 
k 

i i  M 

0 

Figure 7. Effect on the S~i~i(k) ( b )  of including in the NASS-RY gNiNi (T)  the 
experimental shape of the first two peaks ( a ) .  Points refer to the experimental data, 
full curves are the input ( U )  and output ( b )  of a numerical Fourier transform. 

Furthermore, as a more direct check, we have built an interpolation between the 
experimental and the NASS-RY g N i N I ( r )  by joining the t h e o r e t i d  behaviour below 
2 A and above 5.9 A to the experimentsa.l gNiNi(i.) in the region of the first two peaks. 
The result is shown in figure 7 .  The full curve in part ( a )  of the figure represents 
our interpolation as compa.red with the experimental gNiNi(r)  (points). In part ( b )  
the resulting SNiNi (k )  are compared. Apart from the spurious behaviour at small 
wavenumbers, due to  the crude matching procedure, we see that now the second peak 
of the numerical SNiNi (k )  is a much bett,er fit to the width of the experimental points 
although no resolution of separate subpeaks is evident. We consider this result as a 
confirmation that  the structure of the first two shells of neighbours in gNiNi(T)  is a t  
the origin of the features of the second peak in the S N i N i ( k ) .  

Therefore, since such an effect is rela.ted to the interaction with non-nearest neigh- 
bours, it cannot be explained by simple repulsive potentials. On the contrary, it points 
to  a characteristic shape of the eflective Ni-Ni pair potential in the alloys that  could 
be probably mimicked by a ha.rs1: repulsion followed by a repulsive mound. 

Due to  the averaging implicit i n  the reduction to pairwise correlation functions, 
our results cannot be compared directly with possible microscopic models of the local 
order in Ni3,Ys7. In particular, we a.re not able to check directly the picture discussed 
in Maret et a1 (1985) and i n  Dubois (1985) that tries t,o relate the diffraction data  to  a 
possible superposition, in the amorphous sample, of crystalline structures related to  a 
packing of trigonal prisms observed in Y,Ni and in Y,Ni, crystalline phases. Indirect 
information can be obt,ained from integrated quantities like the coordination numbers. 

In table 2 we compare the theoretical coordination numbers, defined as suitable 
integrals of each partial RDF u p  t o  i f s  first minim,um, to  those obtained with the 
same definition from the experimental RDF (note that the definition used in Maret 
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Table 2. Coordination numbers z t j .  They have been omitted whenever the first 
shell of neighbours it is not well defined. For the experimental Z N ~ Y  the three values 
corresponding to the first three minima observed in the RDF have been reported (see 
text). 

NAHS-PY I .‘I 7.6 10.3 
NAHS-MS 1 . 2  7.4 10.1 
NAHS-BPGG 1.1 6.8 9.0 

NASS-PY - 7.9 11.0 
N ASS-H N C  - 7.9 10.5 
NASS-RY - 7.7 10.9 

Experiment 1.3 (6.8,8.8,10.0) 10.5 

el a l  (1987) is different). There is an overall agreement between experimental and 
theoretical coordination numbers but some comments are in order. 

For the NASS model we have not reported the Ni-Ni coordination numbers because, 
with our choice of uNIN,, the first peak of g N I N , ( r )  has a large overlap with the second 
shell of neighbours. 

The NI-Y coordination number is probably the most critical for assessing the 
trigonal-prism-packing picture but,  just for this component, there is some ambiguity 
about the position of the first minimum: the inversion of the experimental S N l y ( k )  
shows three minima after the first peak. If they are real features of the NI-Y RDF there 
would be a significant discrepancy between experiment and model in a region where 
the simple repulsive potential cannot reproduce the features of the real interaction. 
However, a more quantitative check of this point would require more powerful tech- 
niques (like computer simulation). I n  this respect, an alternative and, in some cases, 
more convenient method can be represented by a suitable adaptation of the existing 
computer codes to  generate dense random packing of hard spheres by including the 
non-additivity of the excluded volunies. It is interesting to note that some ad hoc 
prescriptions used in the past i n  connection with the standard dense random pack- 
ing models for binary amorphous alloys (Boudreaux and Gregor 1977) can be easily 
related to an implicit introduction of a NAHS system. 

5 .  Summary 

In this paper we have presented an analysis of the neutron scattering data on Ni,,Y,, 
metallic glass based on very simple models which only take into account the geometric 
excluded volume effects, i.e. the repulsive part of the potentials. 

At the simplest level, we have used the NAHS model proposed in I for NicTil-z 
alloys. The larger size effect of the Ni,,Y,, system has allowed us to  test the model 
under more severe conditions and i t  turns out that also i n  this case reliable results can 
be obtained by solving integral equations originally derived in the theory of liquids. 

Introducing non-additivity allows most of the observed features of bolh the topo- 
logical and the chemical short-range order to be explained at  the same level of accuracy 
a t  which simpler systems can be approximated by additive hard-sphere mixtures. 

Moreover, we have shown that the model can be refined in various ways. On 
the one hand, problems related to the PY approximation can be easily overcome by 



Non-addzlztie aiiieracizon models of  Ni,, Y,, glass 8475 

using thermodynamically more consistent closures. On the other hand, substituting 
the crude hard-sphere approximation with NASS repulsive potentials increases the 
flexibility of the model (always concentrating on the next-neighbours interactions). 

Further refinements of the interactions are clearly possible. At present, we are 
investigating the possibility of using Lennard-Jones (LJ) potentials to  model the struc- 
tural properties of Ni-Y glasses. In this respect, we arrive to  conclusions similar to  
those of work by Harris and Lewis (1982, 1983), which was one of the earliest attempts 
to  describe short-range order in transition metal glasses. These authors were able t o  
show that  LJ interactions, with parameters adjusted so as to  reproduce the short-range 
order of Cu33Zr,, , give satisfactory agreement with the experimental data  when used 
in numerical studies to generate dense randomly packed structures. Although the ap- 
proach of the present paper is consistent with their conclusions, nevertheless it is to  
be noted that  we emphasize the dominant role of the (non-additive) repulsive part of 
the potentials and we introduce simple liquid state theories as useful tools for a first 
assessment of the parameter values. 

We do not claim that the purely repulsive potentials we have used are anything 
more than a very crude first approximation to the real interaction. However, we 
believe that the simple non-additive hard-sphere model is a reasonable starting point 
for structural investigations of disordered systems. The integral equation approach, 
of course, can give an insight into the microscopic structure only at  the level of a 
pairwise statistical description. However, it is perfectly possible to  use these results as 
a first step toward an atomic-level investigation. In particular we suggest that  dense 
random packing of non-addztzve hard spheres can represent the local environment of 
amorphous TM alloys better than additive mixtures. 
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