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For the metallic glass NigIB|9 the partial pair-distribution functions are determind up to 14Ä by a 
molecular dynamics simulation using effective Lennard-Jones potentials. The obtained pair-distribu-
tion functions are in good agreement with the measured ones. As the simulation was carried out at 
the thermodynamic conditions for a liquid, we conclude that the characteristic features of the struc-
ture of the metallic glass are essentially not different from those of the fluid system Ni8,B19 at high 
temperature and pressure. Both the high reduced density of the system and the large differences in 
the atomic radii of the two species dominantly determine the form of the partial structure factors of 
the glass. These Findings have been confirmed by our molecular dynamics simulation of a further 
metallic glass, the Cu57Zr43 system. 

1. Introduction 

Studies on the structure of binary metallic glasses 
have lately found increasing interest [1, 2, 3] because 
of the usefulness of these substances for practical pur-
poses [4]. Though the determinat ion of the partial 
structure-factors is difficult [3, 5], modern x-ray and 
neutron-scattering experiments enable experimental-
ists to evaluate them with sufficient accuracy [6, 7]. 
Simultanously with the improvement of the scattering 
experiments, approaches have been made to predict 
the structure of these glasses [8]. Most of the theo-
retical work is done in terms of model-calculations, 
using hard-sphere or micro-cluster or relaxation 
models [9, 10, 11]. We hope to show that molecular 
dynamics simulations can contribute valuable in-
formation about the structure of binary metallic 
glasses. The systems chosen are Ni81Bi9 and Cu57Zr43. 
Whereas the pair-distribution functions of the former 
were reliably measured by Steeb et al. [12, 13], the 
existing experimental results on the distribution func-
tions of the latter are not consistent [5, 14, 15]. 

2. Method and interaction potential 

The simulation of molecular dynamics (MD) is 
now well established and its principles must not be 
reported here [16, 17, 18], M D has mostly been 
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applied to simple liquids and dense fluids, for which 
the interparticle-potential is represented by a Len-
nard-Jones (12-6) potential 

—e = m i n i m u m value of u , 

a = distance at u = 0 . 

The densities and tempera tu res of these systems lie 
mostly in the range of 

0.80 < T* < 1.2; 0.70 < q* < 1.0 , 

where T* = IcT/e and q* = (N/V)o3 are reduced 
parameters and N/V is the n u m b e r density. F o r 
binary mixtures the following general izat ion of the 
reduced parameters is commonly used [16, 19]: 

T* = kT/ex- q* = {N/V)ai
x. 

Here ox, ex are def ined by the mixing rules 

o\ = x\o n + 2x\X2g3\2 + 

ex a\ = x] £, i erf, + 2 x i x2£\2^12 + £22o\2. 

The subscripts 1 and 2 refer to the componen t s of 
the mixture and the x, denote the mole fractions. 
The £12, o\2 parameters are of ten generated by the 
Lorentz-Berthelot (L-B) combination rules (see 
below). Our concept of t reat ing a metal l ic glass as a 
fluid bears two essential difficult ies: (i) T h e appl i -
cability of effective Lennard-Jones (L-J) pa i r -poten-
tials for metallic glasses is ques t ionable and (ii) for 
metals the attractive par t of the effective potent ial 

u{r)= 4 e 
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and the reduced density of these substances are very 
high compared to normal l iquids. 

Whereas for the s imulat ion of. say, the l iquid 
mixture Ar /Kr the e n , e22< £12 vary between 100 and 
200 K (in multiples of the Boltzmann constant) the 
absolute £,^-values for the binary glass C u / Z r range 
f rom 5000 to 8000 K 

Fur thermore , the reduced density of the glasses 
lies between 1.0 and 1.4, so that the particles are not 
far f rom close-packed in the sense of the compar -
able hard-sphere system. M D on these systems for 
temperatures near room- tempera tu re , i.e. at T* = 
0.05, would not lead to any meaningfu l result, since 
the system would not approach the t h e r m o d y n a m i c 
equil ibr ium [20, 21]. However, in our opinion, the 
structure of the glass is pr imar i ly character ized by 
that of a binary alloy at t h e r m o d y n a m i c equi-
l ibrium, that is at much higher tempera tures . Con-
sequently we per fo rmed our calculat ions actually at 
reduced tempera tures of P* ~ 1. In o ther words, all 
our simulations were done on a "Lennard-Jones 
f luid" at commonly used reduced values of temper-
ature. but at larger densities. It turned out that the 
relatively high reduced densities ranging f rom 1.0 to 
1.4 lead to pressures of some kilo- or mega-bars , but 
otherwise have no effect on the convergence of the 
MD, i.e. the course of the system to an equi l ib r ium-
state. 

This extreme increase of the pressure has to be 
expected since the mean distance of the particles 
amounts to about one cr-unit, so that the steep 
repulsive part of the potential becomes p redomi-
nant. On Table 1, we list the peak-posi t ions of the 
mean peak of the pair-dis t r ibut ion funct ions of the 
N i / B system together with the corresponding 
cr,/-value of the potential function. On compar ing 
these values, it appears evident that the nearest 
neighbours are si tuated deeply in the repulsive par t 
of the potential funct ion. In contrast, the mean dis-
tances of particles of normal l iquids lie within the 
range of the m i n i m u m of the potential [22]. 

Table 2. Technical details of the MD-runs. 

NiaiB 8IÖ19 Cu5 7Zr43 

Particle number 
Cut-off-radius 
Time-step 
Equilibration 
At equilibrium 
Box lengths 
Computation time 
(Cyber 205-vector-
processor) 

2048 
2.5 a,-.-units 
1.7- 10-15 s 
3900 steps 
2100 steps 
27.95 A 
0.6 s/step 

2048 
2.5 <7,.-units 
3.3- 10- , 5s 
2900 steps 
2100 steps 
32.45 A 
0.6 s/step 

Apart f rom this effect of a part icular ly h igh 
pressure, the M D shows its usual behaviour . T h e 
temperature fluctuations are relatively not greater 
than for "normal" MD-systems. T h e average dr i f t of 
the mean temperature was 0.3% of the Final equi -
librium value and the total energy was conserved to 
0.01% of the final kinetic energy. Othe r technical 
details of the MD-runs are given in Tab le 2. 

3. The system Ni8iB1 9 

It seems intuitively clear that a binary metal l ic 
glass has a much more complicated s tructure than a 
binary liquid of simple, spherically symmet r i c 
particles, as for instance the A r / K r mixture . O u r 
conception of treating a metallic glass as a l iquid in 
thermodynamic equi l ibr ium will there fore only be 
reasonable if the applied potential pa ramete r s of 
the L-J pseudo-potentials are allowed to be varied 
in a larger range than those describing real l iquids. 

Whilst for l iquid mixtures the Lennard-Jones 
parameters of the individual kind of particles are 
practically not different f rom those of the pure sub-
stances, significant deviations are expected for 
metallic glasses. Particularly, the po ten t i a l -pa ram-
eters for the unlike interactions shall not obey the 
commonly used combining rules of the Berthelot-
Lorentz type 

Cr12 = | ( ( 7 l l + a22) , «12 = («II • £22) 1/2 • 

Table 1. The The NiglB19-system: The L-J-parameters, the positions of the first peaks and the 
atomic diameters (experimental data from [13], crystal data from [31] and [32]). 

V K Oij/k rf/P/A dtbeo/A dex P/A dcr?y A 

Ni-Ni 5985.6 2.584 2.51 2.53 2.51 2.53 2.49 
Ni-B 6694.6 2.085 2.10 2.11 - - — 

B-B 7487.8 2.886 3.26 3.28 1.69 1.69 1.589- 1.76 



Nevertheless, using the Lennard-Jones o i r p a r a m -
eters as adjustable parameters in this general sense 
and leaving the e„ unchanged, we are enabled to 
show that MD reproduces the exper imenta l struc-
ture factors fairly well. N o specif ic micro-cluster-
model has to be employed. 

We started our computa t ions by s imul ta t ing the 
system Ni8 |B1 9 . 

This alloy exhibits by no means an easily inter-
pretable structure. However, in view of the very 
accurate experimental investigations on the part ial 
radial pair-distr ibution funct ions of this N i / B 
system, we have chosen this mix ture to base our 
calculations on rel iable exper imental data . 

The interesting fea ture of the N i 8 , B l 9 system is a 
surprising sharpness of the B-B pai r -d is t r ibut ion 
function (PDF), which ranges u p to 12 A and is 
comparable to that of the Ni -Ni dis t r ibut ion. This 
indicates that the structure of the N i / B system 
deviates appreciably f rom that of normal l iquids. In 
norml liquids the P D F of the smal ler sized part icles 
should undergo a faster decay than that of the larger 
particles. Moreover, the first peak of the smaller 
particles should a p p e a r at a shor ter distance than 
that of the other species. Though in the case of the 
N i / B glass the boron-radius is known to be by a 
factor of 1.5 smaller than the Ni -a tom-rad ius , at 
least as far as da ta of crystals or chemical com-
pounds are concerned, the reverse is here in fact 
true, as the measurements indicate: the B-B main 
peak occurs at a somewhat h igher r-value than the 
corresponding Ni -Ni peak. 

before the first peak in the MD-curve indicates that the 
radial pair-distribution function <?Ni-Ni (R) is h e r e exactly 
zero; Experimental data from [13]). 

R / Ä 

Fig. 2. As in Fig. 1, but GNi.B(Ä). 

If despite of this, potential funct ions commonly 
used for liquids are to be appl ied to the N i / B glass 
the B-B interaction has to be described by an arti-
ficially enlarged effective radius, whereas the o ther 
interactions, Ni-B and Ni-Ni correspond nearly to 
their values known f rom crystal data . 

A comparison of the a tomic d iameters obta ined 
f rom crystal- and molecule-data and those roughly 
estimated f rom the first peaks of the part ial P D F 
supports our prediction, see Table 1. Whilst the 
er-parameters of Ni-Ni and Ni-B fall in line with the 
numbers evaluated f rom the PDF ' s , the B-B p a r a m -
eter is found to disagree strongly. The object ion that 
the first visible line of the B-B P D F might be the 
second peak, and the first peak has possible dis-
appeared, is not acceptable in view of the sharpness 
of the B-B P D F and its " long-range" character . 

We adjusted therefore the c r B - B ~ P a r a m e t e r to re-
produce the first peak of the exper imenta l (/22-curve 
(the subscript 2 always refers to B) and left the 
other prameters essentially unchanged. Pilot M D -
runs were done with systems of 256 and 500 par-
ticles at the experimentally evaluated density. These 
calculations generated the final opt imized er--
parameters listed on Table 1. To obta in the G,y 
function in a sufficiently large range of 10—15 A, 
we used a big system of 2048 particles. The pair-
correlation functions are reliably accessible f r o m 
M D up to only half the length of the per iodic box 
[16]. For a 2048-particle-system the box-length 
amounts to 28 A at a density of 8.4 g /cm 3 , which 
suffices for the de terminat ion of the P D F up to 

14 A. 
The results of these computa t ions are displayed 

on the Figs. 1—3, where our calculated part ial Gy 
function are directly plotted against the exper imen-

MD 

E X P E R 



tally determine! curves [13]. In view of the rather 
simplified Lennard-Jones model the agreement be-
tween the theoretical and the experimental curve 
appears to be fairly good (see also Appendix) . 

As expected, the Ni -Ni and Ni-B PDF ' s show 
only slight deviations f rom the experimental curves, 
whereas the B-B P D F differs noticeably for the 
higher order peaks. The positions of the calculated 
peaks exceed those of the experimental ones, and 
the form of the theoretical peaks is less structured 
than that of the measured ones. The latter effect 
naturally follows f rom the spherically symmetr ic 
pseudo-potential used in the simulations, which is 
surely an insufficient approx imat ion for the "real-
istic" B-B interaction, part icularly due to the fact 
that we have used an artificially enlarged <Tbb-
parameter , see Section 6. 

4. The Cu57Zr43 system 

In contrast to the N i / B system, the Cu57Zr43 
metallic glass is experimental ly not confidently in-
vestigated [14. 15]. 

There are measurements of a few authors, which 
report contradictory P D F ' s as far as the position and 
the height of the peaks is concerned. Moreover, the 
density of this system is not unambiguously known 
from experiment [23, 24], There exist theoretical 
PDF's calculated by relaxation methods, but the 
first peaks of these funct ions are much higher than 
the experimental ones [25, 26], 

With regard to this si tuation our a t tempt to 
simulate the C u / Z r system has an unsafe basis. 
Consequently our finally obtained G//-functions can 
deviate in detail f rom accurately measured Gir 

curves, but the main features of the structure of the 
Cu/Zr-system is presumably predicted well by our 

MD. This can be c la imed due to the following 
reasons: 

The C u / Z r system involves a toms of not too 
unequal size. That is, the rat io o 2 2 /o \ \ [33] of the 
pseudo-L-J-potentials of Zr and Cu (Cu is marked 
by the index 1) amounts to 1.24 compared to 1.63 
for the Ni/B-system. 

Table 3 lists these parameters as avai lable f rom 
crystal data [27, 28]. As fu r the rmore the 1 - 2 inter-
action of these atoms is known to deviate not 
appreciably f rom the L-B estimate [5, 14, 16], the 
structure of this alloy is mainly governed by the 
density and not by the d i f fe ren t size of the compo-
nent particles nor by an anomalous 1—2 potential 
parameter. No te that in f luids the 022/o\\ rat io 
characterizes the s t ructure of the pair-correlat ion 
functions [29. 30], 

The reduced density of the C u / Z r system re-
sembles that of real l iquids and there fore any 
particular structure of the partial P D F ' s is not ex-
pected. Note that the reduced density of the N i / B 
glass exceeds that of C u / Z r by more than 30% 
(see Table 4). 

The Figs. 4, 5 and 6 contain the plots of s imulated 
G,/-functions based on the listed o t j and e,y param-
eters. Two densities have been probed according to 
the experimental uncertainty of this quant i ty . How-
ever. the effect on the final G,/-functions was found 
to be very small. This has to be ascribed to the low 
absolute value of o* compared to that of the N i / B 
system. As the avai lable experimental G,y-curves 
[5, 14. 15] seem unreliable, we have restrained f rom 
adding these funct ions on the Figures 4 —6. On the 

Table 3. L-J-parameters for the Cu57Zr43-
systems from crystal data (see Appendix; 
k Boltzmann constant). 

Ei/k 

Cu-Cu 4743.6 K 2.340 A 
Cu-Zr 6365.0 K 2.625 A 
Zr-Zr 8540.7 K 2.910 A 

Table 4. Densities used for MD. 

0/g cm 3 0* 

Ni8|B19 8.4 1.404 
Cu57Zr43 7.51 1.054 



Fig. 4. Reduced partial pair-distribution function Gcu-Cu(^) 
of the model-system Cu57Zr43 in units of A - 2 . 
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Fig . 6. As in F i g . 4, b u t GZT.ZT(R). 

other hand, the existing theoretical ( / / /-functions 
exhibit peaks by a factor 2 - 3 too large [26] or have 
been cut at a hight of 4.0, so that a compar i son with 
these curves is excluded [25], too. 

5. Discussions and conclusions 

The simulations of the Cu 5 7Zr 4 3 glass involve no 
severe problems due to the low reduced density and 
the small o2 2 /o\\ quot ient of the componen t -pa r -
ticles and the non-specif ic 1 - 2 interact ion of the 
atoms. So we are convinced that the model Gy-func-
tions calculated at t h e r m o d y n a m i c equ i l ib r ium of a 

fluid with a reduced t empera tu re near 1, will fairly 
agree with the realistic Gy-functions of the Cu 5 7 Zr 4 3 

metallic glass. Unfor tunate ly as yet there are no 
realiable experimental G,y to compare with. 

Exactly from these points of view the Ni 8 iB 1 9 

metallic glass proves diff icult to be model led as a 
fluid in a stationary state. The vo lume of the Ni-
atoms is roughly by a factor of 3 greater than that of 
the B-atoms (see Table 1). 

The reduced density of the N i / B system is about 
40% larger than that of normal l iquid mixtures. Fo r 
a liquid mixture of component-par t ic les with very 
different sizes, the structure is essentially deter-
mined by the o 2 2 /o\ \ rat io [29]. At a rat io of 2.0, for 
instance, the second peak of the P D F 1 vanishes for 
compositions where the particles of componen t 2 
predominate [30]. Apparent ly the small part icles 
were displaced by the much bigger particles, thus 
preventing them from forming a second coordina-
tion shell. However, at those reduced densit ies 
around 0.8 the smaller particles are not completely 
displaced by the larger ones, and a first coordina-
tion shell can nevertheless be built. Hi ther to the 
first peak of the P D F 1 is still visible. In the case of 
the much larger reduced density of a metal l ic glass, 
the atoms with the small size are complete ly dis-
juncted by the large ones, and so the first coordina-
tion shell of the former d isappears totally, a first 
peak of the G22 being not observed. However , 
simulating this system at a reduced t empera tu re of 
roughly T* = 1, the mobil i ty of the involved par-
ticles, essentially of the small particles, is drastically 
enhanced resulting in a slight probabi l i ty of f inding 
small particles as nearest neighbours. Consequent ly , 
the simulation would generate a small 1st peak of 
the G22-function in contrast to the measurements . 
To prevent the small particles (with their high 
kinetic energy) f rom forming a nearest ne ighbour 
shell we artificially enlarged the cr2 2-parameter of 
the small atoms, here the B-atoms. T h e new 
öBB-parameter has a length which agrees roughly 
with the distance of two B-particles s i tuated at the 
gaps between Ni-atoms. The schemat ic drawing of 
Fig. 7 shows this in a 2-dimensional model 
(a22 ~ 2 • /?/21/6). 

On the basis of this effective B-B "vo lume pa ram-
eter", which accounts for the immobi l i ty of the 
B-particles in the glass, the calculated G,y-functions 
have been obtained in accord with measured curves. 
It must be stressed again that all the other pa ram-



eter have been left unchanged. The ff^-parameter 
lies precisely at the Lorentz value if the original 
^ - p a r a m e t e r of B is accepted to be 1.586 A (see 
Table 1). The small deviat ions of the higher order 
theoretical peaks f rom the experimental ones have 
to be a consequence of our introduced large on -
parameter . Because of this the model-system be-
haves less flexible than the experimental alloy. Tha t 
means for the h igher-order coordinat ion shells, the 
Ni-atoms of the experimental system display a 
weaker tendency of displacing the B-atoms. Conse-
quently the experimental ly de termined higher G22-
peaks migrate to lower distances, in contrast to the 
corresponding model peaks. 

Summariz ing we conclude the following facts 

(i) M D provides model G/,-functions on the basis 
of L-J (12-6) potentials which are in accordance 
with the measured G ( /-curves of metall ic 
glasses. 

(ii) A metallic glass resembles a mixture system at 
non-stationary the rmodynamic conditions, its 
structure seems, however, to be essentially 
determined by its prior equi l ibr ium state. 

(iii) The differences in the structure of the alloy 
compared to that of a normal l iquid are mainly 
due to the enormous dif ference in the reduced 
density and the 022/cn ratio of the volume 
parameters of the particles. Whereas in l iquids 
q* scarcely exceeds 0.9 and c?i lo\ \ varies be-
tween 1 and 1.2, the q* paramete r of metall ic 
glasses is about 1.2 and o 1 2 lo \ \ often reaches 
values of 1.6. 
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Appendix 

Determination of the LJ-parameters from crystal data 

For crystals wi thout basis one f inds for the 
cohesive energy E per particle 

0 x 

E = \Y^0(R) = \ X np(p(spa). 
R p= 1 

Here X is the sum over the lattice vectors, & (R) the 
R 

spherically symmetr ic pair potential , np the n u m b e r 
of the pth neighbors and sp the dis tance to the plh 

neighbors in units of the neares t -neighbor distance 
a. For the 12-6 L-J potential the cohesive energy is 
to be found by 

Inserting the equi l ib r ium condit ion d£ /d t f = 0, one 
finds I £ \ 1 /6 

j a and e = - 2SX1E/Sl. 

S 6 = 14.45176; 5 , 2 = 12.13188 for an fcc-lattice. 

Number of nearest neighbors 

A comparison of M D and exper imenta l values for 
the system Ni 8 |B 1 9 : 

R<FEO/A r f f P / A 7 t h e o 
ij Z f f P 

Ni-Ni 2.51 2.52 10.6A 10.8 
B-Ni 2.10 2 .11 8.6 9.3 
Ni-B 2.10 2.11 2.0 2.2 
B-B 3.26 3.29 4.2 3.6 

4.04 4.02 3.2 3.7 

Experimental data from [13], 
a The same upper integration limit as in [13], 

The number of nearest neighbors a round an origin 
particle is def ined here by integrat ing the radial 
distribution funct ions gi j (r) and weight ing them by 
the corresponding mole fractions: 

Ämax 
Zij = Xi j 4nr2Q0gij(r)dr\ 

Rmm 

o0 number density (for details see [13] or [3]). 
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