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Abstract. The study of local order in Ni-B and Fe-B model glasses by the Monte Carlo 
simulation method ispresented. Despite the simple model for inter-atomic interaction used, 
the calculated radial distribution functions and generalized Warren chemical short-range 
order parameters are inquite reasonableagreement with high-resolutionneutron diffraction 
data. Analysis of the bond-angle distribution indicates the existence of icosahedral motifs 
in the metal subsystem and the appearance of direct B-B contact in Ni&. glass with 
coordination number Z,, = 0.75 (the experimental value is ZgB = 0.9 f 0.1). The local 
order in glasses with ratio of components transition metal-metal (TM: M) equal to 80:20 
and66: 34changesnoticeably under amorphisation and resultsinchanges inx-ray absorption 
fine structure (XAFS) spectra. XAFS spectra appear to be sensitive to the local symmetry at 
the absorbing site and to higher-order coordination shells, especially around the metalloid 
atom.The calculatedxAnspectramay beused togetherwithprecisemeasurements toverify 
the structural models and provide information about the higher-order correlations. 

1. Introduction 

The origin of the local atomic order in metallic glasses and its inter-connection with 
other physical properties, such as mechanical and magnetic properties etc, remains an 
open problem. The problem of stability and relaxation in glasses seems to be one of the 
most intriguing. Some recent theories indicate the relevance of stability of simple glasses 
to possible icosahedral ordering io the glassy state [l]. For the most important case of 
multi-component systems this correlation is not clear and should be investigated. It is 
supported by the recent computer simulation of the well-known Lennard-Jones glass 
[2]. Inthisproblemwecan,ofcourse,go beyond thestudy ofradialdistributionfunctions 
(RDF), which are now well known from high-resolution x-ray and neutron diffraction 
experiments with isotopic substitution techniques. In the present paper we will con- 
centrateon studying the two-component glassesFe-B andNi-B, which have been widely 
treated theoretically and experimentally [3-7]. 

Local trigonal prismatic order was widely discussed as being relevant to the local 
coordination in metal-metalloid glasses. Here Ni-B glass is of special interest because 
it quenches into the amorphous state from a melt over a wide composition range (from 
18 to40 at.%B) andcovers the crystalline (c) counterpartsc-Ni,B, c-Ni2B andC-Ni,B,. 
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Trigonal prismatic coordination of 6TM atoms around a B atom is evident in c-TM,B 
(TM = Ni, Fe) and c-Ni4B3, but the local order in c-Ni,B is quite different from those 
mentioned above and consists of 8 Ni atoms forming an Archimedian antiprism [3,4]. 

The analysis of experimental data [7] shows that coordination number Z,,, decreases 
in Ni,B under amorphization but the finalvalue remains asubject ofdiscussion. It should 
be mentioned here that the resultsfrom high-resolutionneutron-diffractionstudies [4,5] 
indicate a reduction of ZBN, to 5.2-5.8 in in the wide range 18-40at.%B, and 
the appearance of direct B-B contact (forbidden in the Polk and other models [27,3]) 
becomes evident with ZBB = 0.9 i 0.1 [5]. We anticipate that the local boron environ- 
ment will change drastically under amorphization of c-Ni,B, and try to find some 
manifestation of it. 

To go beyond the pair correlations we can analyse the bond-angle distribution [6,7], 
calculating rotational invariants of second and third order (Q and W1, respectively), 
introduced by Steinhardt el a1 [SI, or analogous characteristics, To find the tendency 
towards an icosahedral type of local order we have to compare the bond-angle dis- 
tribution with that for the system with exact five-fold symmetry. Therefore, we can 
compare the results with bond-angle distribution in a3D Penrose tiling rather than with 
that for a single icosahedron 121, by which it is impossible to fill the whole space without 
voids. The resultscan be partially verified by a bond-angle sensitive technique, such as 
the measurements of x-ray absorption fine structure (XAFS) [9-111 in comparison with 
their crystalline counterparts. 

Below we shall discuss the Monte Carlo model of the atomicstructure of Fe-B and 
Ni-B glasses, especially the interesting amorphous (a-) system a-Ni,B,,, in comparison 
with its crystal counterpart. 
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2. Atomic structure 

To study higher-order correlations in the amorphous state we must have the model 
describing at least the radial distribution function (RDF) reasonably well. The most 
convenient method is to start from a model of inter-atomic interactions and then to 
construct the atomic model by means of a computer simulation [U, 131. Despite the 
possible covalent effects due to strong hybridization of TM 3d-electrons with M 2p- 
electrons [6, 141 the realistic choice of a simplest model of pairwise inter-atomic poten- 
tials is possible, providing a reasonable description of RDFs, coordination numbers and 
density [12,15]. The correlation of calculated properties with available experimental 
data is a crucial test of the validity of the model. Small effects of covalent bonding on 
the structural properties of TM-M glasses perhaps reflects the relative weakness of M- 
M interactions [15]. 

The outstanding progress in parameter-free simulations of structural and electronic 
properties of sp-bonded systems was achieved in recent years within the Car-Parrinello 
method [16,17]. In this method the ionic and electronic degrees of freedom are treated 
equally, using the electron density functional method combined with molecular 
dynamics, a simulated annealing technique and a pseudopotential description of elcc- 
tron-ion interactions. Regrettably, this method is not directly applicable for the systems 
under consideration, because the behaviour of the highly localized TM d-electrons is 
hardly tractable within the plane-wave basic functions used in a pseudopotentialscheme. 
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To prepare the liquid and glassy states we have used the classical Monte Carlo 
method [6 ,7]  with the Morse-typecentral potentialfor inter-atomic interaction between 
(Y- and &type species [12,18] 

v& = ~ & x p [ - 2 ~ ( r / o " ~  - ] ) I  - 2exp[-y(r/omB - 1)l}f(r/aefl), 

f ( x )  = 1 x < l  
(1) 

= 3z4 - 8z3 + 62' 

= O  x z r y / o a f l  

where z = (x  - &/u"8)/(1 - @/u"B), y =  3.76, r"@/ucfl = 1.4 ,  E~~~~ = = 0.52eV, 
= = 1 . 0 7 ~ ~ ~ ~ ~ ,  = O.047sFeFe, U,, = 2.585 A, = 2.532 A, 

uFeB= 2.056A,~iB=2.0 l5A,oBB=3.36A(forF~B) ,uBB=2.28~(forNi-B) .The 
choice of parameters of inter-atomic potentials (l), is not strictly justified but it repro- 
duces the experimental data [5] rather well (see discussion in [7, I S ]  and below). We 
have studied the systems containing 500 atoms in a cubic box with periodic boundary 
conditions. 

To analyse the local order we have calculated the total and partial RDF g,&r) and 
reduced RDF 

1 < x < r:fl/oao 

G&) = 4nnr(g&) - 1) (2) 

where n is the density. 
To study the bond-angle distribution, we have calculated the bond orientational 

parameters of Steinhardt el ai [SI, generalized in [6] and [7] for the case of multi- 
component systems. The rotational invariants are constructed from the set of partial 
bond-order parameters 

Qf! = Wim(rep)), (3) 
Here rma is a bond vector and (. . .) denotes the averaging over bonds connecting the 
given atom of type (Y and its nearest neighbours of type /3; Ylm(rap) are the usual spherical 
harmonics. The nearest neighbours were defined by the Voronoi tessellation and a 
search of the atoms sharing the common face of the given plyhedron. We can then 
construct the invariants of second and third order. 

W F =  E ( ' ' ) Q ~ ~ Q $ ~ Q $ ~  ( 5 )  
mt+mi+m,=o m, m2 m3 

where we used the known Wigner 3j-symbols. 

analyse the parametersp, defined as follows 
When we are interested in bond angle distribution only it seems to be more useful to 

p c  = (91) ( 6 4  

where e4 is an angle between bonds, connecting the atom at the origin with atoms i and 



5156 A M B r a t k o m b  and A V Smirnou 

- 5’ 
11 

r. A 

Figure 1. The reduced partial radial distribution 
functions G(r) for Ni,Brglass: experimental data 
[SI (fuU curve) and present work (crosses). 

j. and Nb is the number of bonds connecting the atom at the origin with the nearest 
neighbours. 

Glassy states of Fe-B and Ni-B systems were obtained via isochoric rapid quenching 
of the corresponding liquids. The calculated partial RDF has the usual peculiarities of 
glassy metals, except for B-B coordination in Ni66B34 (figure 1). This shows the narrow, 
high first peak and split second peak that reflects the non-trivial ordering on distances 
from 3 8, to 4.5 8,. The RDF of the boron atom in Ni,B, shows the direct B-B contact 
in the amorphous phase with the first maximum at 1.7 8, (it becomes evident when we 
analyse the usual RDFg(r) 171). The calculated B-B correlations are, of course, only in 
qualitative agreement with experiment at low distances, below 4 A, as a result of a less 
accurate choice of M-M interactions in the present model. The estimate of the B-B 
coordination number gives the value ZBB = 0.75. This peculiar structure presumably 
arises from the interference of B-B and Ni-Ni pairs in the range 2 8,-2.5 8, although the 
B-B potential is predominantly a repulsive one with the first zero near 1.86 8,. Hence, 
the direct B-B contact found by experiment [5] and in our simulation of glassy Ni66B3, 
may be called the ‘packing frustration’ which means that it is impossible for Ni and B 
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Table 1. Generalized Warren short-range order parameters aw and ?osNi. as defined by 
(8-10) for a-Ni,B,. Experimental data are taken from [55 ] .  

Theory Expt. 

% -0.063 -0.076 
aw/ay  0.12 0.15 
&, 0.56 0.46 

atoms to occupy the same coordination shell around the B atom. This observation 
undermines the statement about the absence of direct M-M contact inTM, -*MZ glasses 
up tox = 33 at.%M (see the discussion in [3,15]). 

The study of a generalized Warren [ 191 chemical short-range order (sRO) parameter, 
a,, provides more information about the quality of the structural model. Following [13] 
we can find the concentration-concentration coordination number for Ni,-xBx: 

Z,, cg(ZNiNi - ZBN~) + CN~(ZBB - ZNB) (7) 

@w = Z J Z W  where Z, = cBZNi + cNiZB. (8 )  

where cB = x and cNi = 1 - x. Then we define the Warren parameter 

We note here that the condition aw = 0 indicates complete randomness and positive 
or negative values for aw correspond to a preference for self-coordination or hetero- 
coordination, respectively. The maximum ordering is achieved when a ,  has the maxi- 
mum possible value 

a y  = -min(cB, cNi)/max(cB, cNi). (9) 

qIOBNi (ZBNi(Z)/cNiZ,Z,i - 1)hLiX (10) 

q;g = min(cNiZNi, cBZB)/max(cNiZNi, c&). (11) 

We can also analyse the ‘unlike-atom chemical SRO coefficient’ [20] 

where (Z) = C N ~ Z N ~  + CBZ, and 

The value q!Ni = 0 corresponds to a complete chemical disorder, positive and negative 
values indicate a preference for hetero-coordination and self-coordination, respectively. 
The actual values of SRO parameters, quoted in table 1, show a reasonable agreement 
between calculated and experimental data. Absolute values of SRO parameters are 
slightlyoverestimatedin thepresent model, asin [13]. but thedifferencedoesnot exceed 
20%. It again confirms that the pair correlations are adequately described by the present 
model. 

A set of bond orientational parameters (6) was calculated for the glassy metals Fe- 
B and Ni-B and analysed in table 2 in comparison with a single icosahedron  cos), a 3D 
periodic Penrose lattice (PPL) [6], FCC and amorphous Lennard-Jones crystals (FCC-U, 
a-LJ) and in crystalline Ni,B and Fe3B. The distribution of ( p , )  values ( I  = 2, . . . , lo)  
for metal-metal correlations are given for the glassy Ni-B and Fe-B together with the 
correspondingvaluesfor binary crystalline and monatomicsystems. A set ofp;sisuseful 
for the analysis of changes in SRO atomic correlations, particularly for finding the 
probable five-fold atomic ordering [l, 2,6,7]. In [2], Steinhardt’s parameters with 
1 = 6,  which have a remarkably high value for a single icosahedron in comparison with 
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Table 2. The bond orientational parametersp, and the number of nearest neighbours Nb for 
a knnard-Jonescrystal (FCC-U) andglass(a.ll), a single icosahedron ([cos), - 3Dpenodic 
Penrose lattice (PPL) and for a metal-metal subsystem in crystalline Ni,B (c-Ni,B). Fe,B 
(c-FqB) and amorphous N a M ,  FesaBIo (a-NiB and a-FeB). 

1 

FCC-w 
c-Ni,B 
c-Fe3B 
a - U  
a-NiB 
a-FeB 
[COS 

PrL 

p, x 10’ 

2 4 6 8 10 Nb 

-1.2 
-8.3 
-6.9 
-7.2 
-6.9 
-6.5 
-9.1 
-7.4 

-6.8 13.5 12.7 
-8.6 7.4 -5.1 
-2.5 2.4 1 .o 
-7.0 7.9 1.2 
-6.5 2.8 0.0 
-5.9 5.7 0.9 
-9.1 38.9 -9.1 
-6.5 3.0 -6.1 

-6.5 14.0 
-7.3 11 

5.0 12 
-3.6 14.1 
-1.7 14.2 
-0.9 14.7 
5.3 12 

-1.4 13.4 

those in cubic lattices [SI, were used for this purpose. However the criterion of a high 
W ,  value (or high p6, see table 2) is hardly applicable, since we need to deform the 
icosahedra when filling the whole space [7]; therefore, we must investigate the p ,  dis- 
tribution in any given system in comparison with the 3D Penrose lattice, which has an 
exact fivefold local coordination. 

The results in table 2 indicate the deformation of the prdistribution under amor- 
phization, especiallyforl = 6,8,10. Thecharacter ofthedeformationmaybe attributed 
to the coexistence of fivefold and Fcc motifs in the local order of the Lennard-Jones 
glass. The Fcc-like local coordination became less prominent in the Fe-B and Ni-B 
glasses and icosahedral motifs appeared in metal-metal correlations [7]. 

3. XAFS spectra 

Tocalculatethe probabilityofx-ray absorptionwe can firstlyconstruct a crystal potential. 
We have used the LMTO method [21] to calculate the electronic structure of c-Ni2B 
within the parameter-free electron density functional theory in the muffin-tin (MT) 
approximation [a]. Needless to say, the MT approximation is not good enough when 
implemented in the open structure, as in our case. Therefore, to achieve a correct value 
of the lattice constants (or zero total pressure) we have included two empty spheres into 
the boron plane to simulate the non-m corrections to the electronic structure. The 
interesting feature of calculated electron density of states (DOS) is that the Fermi energy 
lies in the region of a local maximum in the DOS, formed by Ni 3d-electrons hybridized 
withB2p-electrons. Weanticipate that thispicture, ingenera1,persistsinthe amorphous 
phase too [14]. The self-consistent potentials computed in this way for both Ni and B 
were used in the calculation of XAFS spectra for c-Ni,B and a-Ni&%. The changes in 
the electron potentials incorrespondence withchangesin the atomiccoordination under 
amorphization were ignored at this stage. In the MT approximation for the shape of 
the electron potential. the golden rule expression for the XAFS transition rate W,(w) 
factorizes on the imaginary part of the lattice Green functiong(r, r’; E )  and the squared 
dipole matrix element for the core-band transition meL. Afterwards, Im g(r ,  r’; E )  is 
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FigureLTheNiK-edgetransition rateforc-Ni,B Figure 3. The B K-edge transition rate for c-Ni,B 
and a-Ni,B, (-0-0-0; crystal, r = -0.02au; and a-Ni,B, (-0-0-0; crystal, r = -0.02 an; 
-*-*-: crystal, r =  -0.10au; ---: glass, -*-*-: crystal r =  -0.lOau; ---: glass, 
r = -0.02 au). r =  -0.02aul. 

calculated through the scattering path operator, zpL, which defines the probability for 
a photoelectron to return to the excited atom [22-241. Because this quantity depends on 
the transparency of the neighbouring atomic shells it may be expressed through the 
reflection matrix of components RO'as 

(12) T w  = [ @ - I  -ROT I 1- 
where to is an atomic scattering amplitude. In the reflection matrix the single-back- 
scattering and more complex processes are treated equally [22-241. Because the single- 
scattering processes dominate at higher energies, we can expand the formula for the 
transition rate and obtain [E] 

is a partial contribution from the path pi where a photoelectron scatters n - 1 times on 
the neighbouring atoms, R(pJ is a path length. The contribution of the scattering paths 
can be estimated from the expansion of the @'-matrix since T~ = r + tgr + tgrgt + . . . , 
where g is a known single-site atomic Green function. 

The resultsof calculations of WJw) within the exact matrix inversion (12) for c-Ni2B 
and a-Ni,,B, are displayed in figures 2 and 3. In c-Ni,B we have the enhanced transition 
rate in the region of first maximum, which is evidently formed by back-scattering on the 
first 8 Ni and 3 B neighbours placed at a distances of 2.14 8, and 2.12 A, respectively. 
The nature of the low-energy prepeak (noticeable at the electron width l? = -0.02 au) 
is not clear and may characterize the convergence of intermediate sums over the orbital 
quantum number (it also may be valid for the Ni K-edge absorption). The second peak 
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in the B K-edge absorption (near 25 eV) may correspond to the scattering on the second 
and third Ni shells containing 16 atoms, and to more complex trajectories as well. At a 
large electron width (r = -0.10 au) the second peak is smoother and becomes a hump. 
The behaviour of W ( w )  become regular at E > 40 eV. In the first peak shifts 
to a lower energy and the second peak shifts to a higher energy in correspondence with 
large changes in B-B and B-Ni local correlations under amorphization. 

The picture described above is in close correspondence with the calculations of XAFS 
spectra for amorphous and crystalline PdsoGeo of the Ge K-edge [lo]. In the latter case 
the splitting of first peak was attributed to the scattering processes in the second and 
third shells of the Ge environment. In both cases the changes in the next-nearest 
neighbour geometry result in significant change in x-ray absorption. 

The Ni atom in c-Ni2B is not as well-coordinated as the B atom, and the energy 
dependence of the transition rate for the Ni K-edge is more diffuse. The broad first 
maximum (if we neglect the fine structure at = -0.02 au) may correspond to the 
scattering of the group of shells from 2.128, to 2.70 8,. and the flat high-energy region 
may correspond to the more complex photoelectron processes. The shape of the Ni K- 
edge transition rate is less affected by amorphization. These results are in qualitative 
agreement with experiment [26], although direct quantitative correlation with these 
data for the low-energy region is unlikely. It is interesting to test it precisely, especially 
for B K-edge in a-NiGJ4. 

It is worth noting that in the present calculations no allowance has been made for the 
energy-dependent inverse electron lifetimes, r, shake-up and shake-off processes, and 
thermal disorder were ignored. This may set up hardly resolved problems in analysis of 
the contribution of the various paths, because An(k,p i )  in (14) will include the badly 
defined factor exp( - r (E)Rj )  and in (13) we obtain the sum of such terms. 
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4. Conclusion 

Thelocalordercanchange noticeablyinsomemetal-metalloidsystems, likeNi2B, under 
amorphization. There may appear direct contact of metalloid atoms as a result of 
the conAict in spatial positions of small and large atoms (called here the 'packing 
frustration'). This effect is reproduced in a Monte Carlo simulation with a simple model 
for inter-atomic interactions. Because the local environment in TM-M glasses seems to 
be solely dictated by geometrical considerations [15], we can anticipate the similar 
behaviour in other analogous systems. For the ratio of constituents (TM: M) equal to 
80: 20 and 66: 34 we find the icosahedral motifs in local coordination of the metal pairs. 
The calculated XAFS spectra reflect the changes in atomic structure, hence the precise 
measurements of K-edge absorption (especially for B atoms) in the region below 50 eV. 
This provides more insight into the problem of local order in glassy metals, because XAFS 
spectra are sensitive to the atomic coordination on the short and medium scale. From 
these experiments we, perhaps. can also estimate the value of photoelectron energy 
losses. 
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