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AhslracL Calculations of the atomic slriicturc and Ihe electronic rpectrum of Y-based 
transition-metal glasses are presented. Our invesligations are based on a hybridized 
ncarly-free-electron tight,binding-bond approach 10 Ihe interatomic forces, a molecular- 
dynamics modelling of the atomic slructure. and linear-muffin-lin-arbital supercell 
calculations of Ihe electronic density of slatcs and of the photoemission intenrilien. 
Our results explain the physical origin of the strong chemical and topological short- 
range-order effects observed in lhcse malerials and their relation Io  Ihe d-hand shifts 
observed in the photoelectron spectra. 

1. Intmduclion 

Metallic glasses formed by two transition elemens have been the focus of intense 
research efforts during the past decade. The interest in these systems is generated by 
their many interesting properties. 

(a) Metallic glasses are formed by many diffcrcnt combinations of transition 
elements, ranging from near neighbours in the periodic table to combinations with a 
large difference in the number of d valence electrons in the constituents, and often 
over a wide range of compositions [l]; 

(b) X-ray and neutron-diffraction experiments have shown that these glasscs 
possess a high degree of chemical and topological short-range order (SKO) [2-4]. 
There are clear indications that the SRO increases with an increasing difference in the 
number of d electrons of the constituent metals; 

(c) Photoemission studies [S-ll] have demonstrated that the alloy spcctrum cannot 
he obtained by a superposition of the pure elements: the valence band of the lare 
transition metal (i.e. the one with the higher number of d electrons) is shifted to 
larger binding energies. From this we can conclude that transitionmetal glasses are 
strongly interacting systems to which no simple picture such as a rigid-band model can 
be applied. According to all evidence the degree of short-range order found in the 
atomic structure scales with the covalent binding effects observed in photoemission; 

(d) Many transition-metal glasses are superconducting [12,13], the Fe- and Co- 
rich glasses are magnetically ordered with a rich variety of spin Structures ranging 
from inhomogeneous ferro- and ferrimagnetism to asperomagnetism and spin-glass 
behaviour [14-17]. 
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Today, a wealth of experimental data o n  these systems are available, but we have to 
admit that theoreticians have bcen unable to keep abreast of the advancc in cxperimental 
rcscarch. The  reason is that any theoretical calculation of material properties has to be  
based o n  a sulliciently realistic structural model of the glass structure. T h e  modelling 
of glasses in turn requires the availability of accurate interatomic forces as an input t o  
the simulation algorithm. It is precisely the  high degree of covalency in t h e  transition- 
metal bond that makes a calculation of interatomic forces in transition-metal systcms so 
dillicult. 

Recently, a certain breakthrough in this field has bccn achieved through the revival 
of an old concept: the  bond order [IS]. The interaction between a pair of atoms i,j 
may be  expressed in terms of t h e  transfer integral t (  Rij )  and the  bond order Oi j  
defined as the difference in the number of electrom in bonding and antibonding linear 
combinations of the tight-binding orbitals centred a t  sites i and j .  At least formally, 
the product of the transfer integral and the  bond order defines a pair interaction ai j  o( 
t (  Rij )Oi j .  However, the bond order  depends on the atomic environment so that in 
gcneral Q i j  is not an  isotropic pair interaction, Over the last few years it  has bccomc 
clear that an  accurate description ofinteratomic forces in  the early RCC transition metals 
neccssitatcs the  inclusion of angular terms. Tight-binding techniques for the  calculation 
of these many-body forces have been derivcd in the  form of cluster expansion [E-211 
(based o n  a linearization of the moment-recursion coellicient relations) and moment 
expansions (22,231. These results show very clearly that the importance of the  many- 
body interactions depcnds largely o n  the higher moments, i.e. o n  the structure of the  
electronic density of states. In a disordered (liquid or amorphous) alloy, the structure 
in the density of states is largely smeared out. Hence it should be  possible to obtain a 
much more rapid convergence of the  many-body expansion. 

Very recently we have presented a new bond-order approach to interatomic forces 
in transition metals [24-261. In o u r  mcthod we replace the actual atomic environment 
by a disordercd Bethe lattice. This allows for an analytic calculation of the  bond order 
and leads to an expression for the interatomic forces in terms of isotropic, albeit strongly 
non-additive pair forces. O u r  approach is in the spirit of the embedded-atom method 
[27] in that it attempts t o  absorb t h e  complex many-body interactions in the  bond order. 
It has bccn shown that the  nature of the effective pair interaction depends strongly on the  
structure of the  d band: a large difference in the d-state occupancy of the components 
leads to a valence band close to the  split-band limit, the strong interaction in the d band 
is reflected in strongly non-additive pair interactions with a preference for unlike-atom 
bonds that a rc  considerably shorter than the average of the like-atom bonds. 

We have tested ou r  approach in a series of modelling studies for Ni-based metallic 
glasses and found excellent agreement with experiment [24-26]. The new structural 
models have been used as the basis for self-consistent electronic structure calculations 
for Ni-Zr glasses [28], and for spin-polarizcd calculations of the elcctronic and magnetic 
structure of Fe-, CO-, and Ni-Zr glasses [29,30]. 

In this papcr we present the results of a systematic investigation of the structural and 
electronic propcrties of amorphous alloys of Y with Mn, Fe, Ni, Cu, and Zn. Our aim 
is to study the variation of chemical and topological short-range order and their relation 
to the changes in the structure of the  valence hand as  a function of the relative position 
of the elements in the  periodic table. 

O u r  paper is organized as follows: in section 2 we present the interatomic forces dc- 
rivcd from our  hybridized nearly-free-electron tight-binding-bond approach, in section 3 
we summarizc the results of our  molecular-dynamics simulations for the atomic struc- 
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ture. Section 4 contains the electronic DOS calculated using our self-consistent linear- 
muffin-tin-orbital supercell approach, and the calculated photoemission intensities. Our 
conclusions are presented in section 5.  

2. Interatomic farces 

The basic assumption is that the total energy can be written in the form 

( 1 )  

The s-electron contribution is treated in standard pseudopotential theory [31,32]. It 
contributes a volume energy Eu and a set ofdensitydcpendent pair forces as( Q; R). We 
use the simple emptycore form of the pseudopotential [33] and the Ichimaru-Utsumi 
134) local-field correction to the dielectric function of the electron gas. 

The d-electron contribution may be written within the local-density approximation 
[20,35] in terms of a repulsive pair interaction containing the electrostatic, exchange- 
correlation and non-orthogonality contributions to the total energy and a covalent bond 
energy Ed-bond resulting from the formation of a d-electron band with the local density 
of states q,(  E )  

s 4  hybridization is taken into account in an approximate way by setting the numbers 
N ,  and Nd of s and d elcctrons equal to the values resulting from a self-consistent 
bandstructure calculation for the pure crystalline metals [36,37]. 

Assuming the d orbitals in the amorphous metals to be dcgeneratc and ncglccting 
the directionality of the d 4  bond (which seems to be a legitimate first approximation 
in a glassy system), Ed-bond can be written in a two-centre orthogonal tight-binding 
approximation as 

where t i j  is the transfer integral and the bond order Oij  counts the difference in 
the number of electrons in the bonding I q5+) = ( I /&) ( /  pi)+ I p,)) and in the 
antibonding states I q5-) = (l/&)(I pi)- I pj)) (the indices i and j stand for the 
atomicsites as well as the orbital). It may be shown that the bond order is givcn by the 
integral over the imaginary part of the off-diagonal Green's function, 

Im Gij(E) d E .  (4) 

O i j  has to be calculated for an appropiately chosen refcrcnce system. In (24-261 
we have developed a transfer-matrix method for the analytic calculation of the bond 
order on a random Bethe lattice. In the Bethe lattice reference system, the bond order 
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depends on the local atomic environment only via the coordination number Z and the 
chemical order. We have chosen 2 = 12, corresponding to the close-packed crystalline 
and liquid [37] metals. In amorphous alloys, the actual coordination number may be 
slightly higher, but for highvalues of 2 (2 > 9) the coordination-numberdependenceof 
the pair interactions is very weak [37]. The choice of a random reference system is in the 
spirit of the local-force theorem [38-40] and leads to very accurate ordering potcntials 
[27]. In a binary alloy we have to solve the problem of charge self-consistency. One 
possibility is to shift the on-site energies Exi ( a  labels the chemical species) such that 
thcrc is no change in the orbital occupancy relative to the pure-metal reference value 
[19,20]. The local-force theorem of density Cunctional theory [3840] may be used to 
show that the change in the bond energy under this constraint is to first order equal to 
the change in the band energy a t  fixed on-site energies. The consequence is that changes 
in the electrostatic and double-counting contributions to the total energy compensate 
each other. Hence the decomposition of the total energy into painvise repulsive and 
bonding contributions remains valid. 

The calculation of the effective interatomic potentials proceeds as follows 
(i) The d-electron on-site energies E& are calculated for the configuration ,IdN-' 

of the free atom. 
(ii) The average transfer integrals tG' for nearest-neighbour d-d interactions are 

calculated in a second-moment approximation and fitted to the canonical band-widths 
of Andcrsen and Jepsen (411. 

(iii) The numbers N," and N; of s and d electrons for each component are taken 
from a self-consistent bandstructure calculation of the pure metals [36]. 

(iv) The s-elcctron pseudopotential radius R, is determined by fitting the structure 
of the pure liquid metal [37]. 

Table 1. Input parameten for the Calculation of the interatomic forces: atomic volume 
R ,  nearest-neighbour distance in the crystal d,  number of s elcctrons ATs, number 
of d electrons Nd. d electron energy level Ed, d-band width I'ijd, and 5 clectron 
pseudopotcntial radius R,. 

Y Mn Fe Ni C" Z" 

R (A)) 35.75 12.22 11.78 10.94 11.81 15.12 
d (A)'  3.56 2.52 2.48 2.49 2.55 2.66 
N, 1.31 1.43 1.42 1.40 1.44 2.20 

Ed (eV) - 2.94 - 5.09 - 5.57 - 6.48 - 6.92 -13.97 
N d  1.69 5.57 6.58 8.60 9.56 9.80 

wA lev) 6.59 5.60 4.81 3.78 2.80 1.30 
Rc- (A) ' 1.30 0.87 0.80 0.58 11.48 0.55 

Numerical values of all parameters for the metals involved in this study are given in 
table 1. Note that all parameters are determined for the pure metals, nonew parameters 
are introduced for describing thc alloys. For any details of our method we refer to (261. 

Figure 1 shows the Bethe lattice densities of states (DOS) for Fe3,Y,, and C U , , ~ , ~ ,  
together with the imaginary part of the off-diagonal Green's function. The Y-Fe system 
shows largely overlapping Fe d and Y d DOSS forming together a nearly rcctdngular 
band. The Fermi level falls close to the zero in Im Cy,,( E ) ,  so that the Y-Fe bond 
order is close to  the maximum value possible in this system (table 2). This results in a 
strong preference for the Y-Fe nearest-neighbour pairs in the interatomic potential (see 
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Figure 1. (a), (b) Total and site-decomposed electronic DOS of Y-Fe and Y-Cu alloys 
on a random Bethe lattice. Dashed line-partial Y DOS, dolled line-parlial FC (cu) 
DOS, full line-101al DOS. (c), (d) lmaginaly pari of the off-diagonal Green's funclions 
Im G,, ( E ) :  dashed line-Cy-y, dolled line-GF,-F, (Gc.-cu), full Iine-Gy-p, 
(GY-C.). 

figure 2). Y-Cu on the other hand is a split-band alloy, with only weak hybridization 
of the Cu and Y d bands. The weak hybridization results in a rather small amplitude 
of the Y-Cu Green's function, and hence a smaller bond-order (table 2). The Y-Y 
bond-order is large in all alloys, it increases from Y-Mn to Y-Cu becausc of a reduced 
bonding-antibonding mixing in the lowcr part of the Y d band. The bond-order of the 
late transition metal decreases drastically in the same sequence because with increasing 
band-filling, more antibonding states are populated. 

Table 2. Bond-order O)i, for covalenl d 4  inleraclion~ in Y w X ; ~  alloys calculatcd on a 
random Bethe latlice. 

~ ~ 

Alloy QY-y OY-x O x - x  
Y , M w  -1.089 -2.275 -2.805 
Y,Fq5 -1.211 -2.307 -2.189 
Y,Ni;, -1.382 -2.036 -0.605 
Y ~ I C U ~ ~  -1.606 -1.300 -0.0923 
YaZn;5 -1.693 -0.884 -0.0029 

A remarkable feature of all potentials is that the first minimum of the Y-X potential 
(X = Mn, Fe, Ni, Cu, Zn) occurs at a distance that is shorter than the average distance of 
the minima ofthey-Y and X-Xpotentials. This non-additivity increases with increasing 
difference in the number of d electrons (i.e. in the sequence X = Mn, Fe, CO, Ni), but it 
decreases again once the d band of the second metal is completely filled (X = Cu, Zn). 

A similar trend is found in the strength of the attractive interactions. In the series 
Y-Mn,Y-Fe, Y-Ni there is an increasing preference for the formation of Y-X nearest- 
neighbour pairs due to a strong covalent interaction bctween unlike atoms. Once the d 
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Figure 2. (a)-(c): EfIcctive interatomic potentials +,,(R) for Y6sXx alloys, X = Fe, 
Cu, Zn. Dashed linc-+y-y, dotted line-+x-x, full line-+y_x. 

band of X has been completely (or nearly completely) filled, the strength of the  covalent 
bond decreases again (see the Y-Cu potential in figure 2), and in Y-Zn like-atom bonds 
arc preferred over unlike-atom bonds. 

Altogether, we find a clear physical trend in the interatomic forces as a function 
of the difference in the number of d electrons ANd whose origin can be traced back 
to the trend in the valence-band structure. With increasing ANd the valence-band 
DOS changes from a common-hand to a split-band Corm. This is due to an increase 
in the difference in the on-site energies A E  = Ed,y - Ed,x and a decrease in the 
bandwidth Wd,x of the late transition metal X. In the common-band limit the bond 
orders for Y-Y, Y-X, and X-X pairs are of comparable order of magnitude. With the 
transition to the split-band regime the order of the X-X bonds decreases very rapidly, 
whereas the order of the Y-Y and Y-X bonds remains essentially constant. As a 
consequence we have C 3 y - x  % + e,,-,,) in the common-hand case and 
C3,,--y > f ( O x _ ,  + in the split-band case, expressing the non-additivity in 
the bonding d 4  pair interactions. The repulsive d 4  interactions on the other hand 
depend only on the overlap and transfer integrals and are indcpcndcnt of the form and 
the filling of the d band. The role of the s-electron contributions too is essentially to 
provide a repulsive potential to counterbalance the strong attractive d-electron forces. 
Consequently, the large bond order in unlike-atom bonds dominates the physicdl trends 
and leads to non-additive pair forces with a distinct preference for strong and short 
unlike-atom bonds. 

3. Glass structure 

3.1. Molecular-dynamics quenching 

The pair potentials have been used to construct a model for the glass via a molccular- 
dynamics algorithm. The simulation is started in the liquid phase, at a temperature 
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several hundred degrees above the melting temperature. After reaching equilibrium, 
the liquid alloy was compressed isothermally to the density of the glass (where 
no experimental data for the density are available, Zen's law is assumed) and 
reequilihrated with the pair potentials recalculated for the density of the glass. Finally, 
the liquid is quenched to room temperature at constant volume. The simulations 
have been performed for two classes of ensembles with N = 1372 and N = 64 
a t o m  respectively in a periodically rcpeated cubic box. For the large ensembles 
the interatomic potentials have been cut off at a distance corresponding to 30% of 
the edge of the MD cell, for the small ensembles the largest cut-off compatible with 
the minimum image convention was adopted. A fourth-order predictor-corrector 
algorithm with a time increment of At  = s was used for the integration of 
the Newtonian equations of motion (for details see [42]), an efficient network-cube 
algorithm was used for nearest-neighbour book-keeping [43]. Typical runs allowed - 3000 steps for equilibration and - 2000 for production. The quenching rate was 
dT/d l  U K s-'. 

The simulations for the large ensembles served to produce reliable correlation 
functions and static structure factors for comparison with experimental diffraction data. 
The small ensembles are used to create the atomic coordinates for the electronic 
structure calculation using a supercell approach. The configurations to be used in the 
supercell calculation were selected such that the correlation functions derived from 
a single 64-atom configuration are as close as possible to those calculated from an 
ensemble average for the large configurations. 

3.2. Parrial correlation funcrions 

Figures 3(a)-(e) summarize the trends in the partial pair corrclation functions. In 
amorphous Y-Mn and Y-Fe the  local structure is dominated by the large size ratio 
(RY/RMn = 1.43, R,/R,, = 1.45) and by a tendency to form unlike-atom pairs. In 
addition, the Y-X bond-length is contracted slightly compared to the average of the 
Y-Y and X-X nearest-neighbour distances. Both the tendency to heterocoordination 
and the contraction of the Y-X bonds are even more pronounced in Y-Ni and Y-Cu 
glasses. In addition to a strong chemical short-range order (CSRO), these glasses arc 
also characterized by a strong topological short-range order (TSRO) which manifests 
itself in the characteristic three-peak structure of gcucu and gNiKi, and in the splitting 
of the second peak of gyy. The trend to a SRO breaks down after the d band has 
been completely filled-the structure of the Y-Zn amorphous alloy is essentially a 
random close-packing of spheres with different diameters, with a slight trend to phase 
separation. These trends in the pair correlation functions clearly reflect the variations 
in the interatomic forces (see figure 2). 

Of particular interest are the correlation functions of the smaller minority atoms 
only. S t a b  el al 144) had already pointed out that there exists a surprising similarity 
between the bonds formed by B and P atoms in metal-metalloid (Ni-B, Fe-P, etc.) 
glasses and the bonds formed by the lure transition metal in TM-TM glasses. In our 
study on the Ni-based glasses 126) (Ni-Y, Zr, Nb and Ni-Ti, V) we have shown that this 
correlation is a systematic one and points to a short-range order in the form of trigonal- 
prismatic units (Ni,B, Y,Ni respectively), connected in vertex-, edge-, and face-sharing 
arrangements, depending on the composition. 

Here again we find that the three-peaked form of the Ni-Ni and Cu-Cu corrclation 
functions in Y-Niand Y-Cu is verysimilar to that in Ni,,B3, [45], suggestinga triangular 



Figure 3. (a)-(e): Partial pair correlation functions for glass=. X = Mn, Fe, Ni, 
C", Zn. 

prismatic local order. In Y-Mn, Y-Fe and also in Y-Zn the X-X correlation functions 
are closer to the form expected for random close packing. 

3.3. Bond-angle dislriburions 

In contrast to experiments, computer simulations allow direct access to higher-ordcr 
correlation funcrions. The simplest three-body cxrelation function is the bond-angle 
distribution describing the distribution of the angles formed by nearest-neighbour 
bonds around a central atom (figure 5). There are only negligiblc changes in the 
distributions of the bond-angles around thc Y atoms, but distinct variations of the 
bond-angles around the smaller late transition-metal atoms which show the different 
topology of the local atomic environment around Y and X atoms. For amorphous Y-  
Ni in particular, we note the similarity of the bond-angles with those in the trigonal- 
prismatic Y,Ni, structure [47]. Y-Ni and Y-Cu are undoubtly the most strongly 
ordered glasses, In Y-Fe and Y-Mn the bond angles are more similar to those 
expected in a close-packed polytetrahedral arrangement, and this applies to Y-Zn as 
well. The relation between the amorphous and crystalline structures will be elaborated 
in more detail below. 

CO, B c m ,  0 i fm, B 'a ,  B 

Figure 4. (a)-(=): '&tal, partial T-Y-T (T - X, U), T-X-T Y-Y-Y. and X-X-X 
bond-anglc distributions in Y65X3i. X = Mn, Fe, Ni. Cu, Zn glasses. l h c  vcrlical bars 
indicate the bond-angles in the trigonal-prismatic cryslalline Ni3Y2 compound (see tcnt). 
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Figure 5. (a)-(e): Partial slructure facton for metallic glasses Y 6 ~ X 3 ~ ,  X = Mn,  Fe, 
Ni, Cu. Zn. Tbe lull lines show the molecular dynamics simulations, dashed line- 
experimental data of Mare1 n 01 ([48-50]). Note lhal because of the isomorphic 
substitution assumption there is no difference in the experimental data for Y-Mn and 
Y-Fe. 

3.4. Partial siruclure factors and compariron with experiment 

For Y-Ni and Y-Cu attempts have been made to determine the partial structure 
factors by neutron-scattering experiments with isotopic substitution [4S, 491. For 
Fe-Mn-Y glasses an attempt has been made to determine the partial structure 
factors by neutron diffraction using the isomorphous substitution method between 
Fe and Mn atoms [SO]. Judging from our pair correlation functiom, the isomorphous 
substitution method should work quite well in this case (see figures 3(a) and (b)). I n  
addition, a tendency to segregation has been invcstigated using mal!-angle scattering 
[50]. Figure 5 shows the partial structure factors for the entire series. For Y-Ni 
isotopic substitution leads to a good contrast between the three different interference 
functions, hence the resulting partial structure factors should be quite accurate. The 
simulations reproduce almost all the details of the very complex structure factors, a 
very detailed comparison between theory and experiment has already been given in 
[26]. For Y-Cu the situation is more dilficult: as the difference in the scattering 
lengths of the Cu-isotopes is rather small, the coupled linear equations Cor thc 
partial structure factors are rather ill-conditioned, Therefore the accuracy of the 
results cannot be expected to be very high. Still, the agreement between theory and 
experiment is quite good (figure 5(d)). The comparison suggests that the main cause 
of disagreement might be in a systematic error in the experimental S,,(Q)s: for 
momentum transfers between about 4 A-' and 10 A-' these do not oscillate around 
S,, = 1 but show systematic deviations, in a positive sense for Syy( Q) and S,,,,( Q),  
in a negative sense for S,,(Q). A calculation of the Bhatia-Thornton structure 
factors shows that the error is almost entirely in the concentration-fluctuation term 
S,,(Q). This is also the only term where theory and experiment disagree, for 
the density-fluctuation structure factor S N N (  Q )  and for the density-concentration 
structure factor SNc(  Q) the agreement is almost perfect. Eventually a reevaluation 
of the experimental data could eliminate the remaining uncertainty. The diffcrcnt 
character of the Fe (Mn)-Y glasses appears very clearly in the partial structure 
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factors. The difference is mainly in the Mn (Fe)-Mn (Fe) structure factors where 
the main prepcak indicative of chemical ordering is strongly reduced. The strong 
small-angle scattering in the Mn (Fe)-Mn (Fe) structure factor indicates a tendency 
to segregation by a clustering of the Mn (Fe) atoms. The tendency to segregation is 
clearly related to the strong covalent Mn-Mn and Fe-Fe interactions (see figure 2) .  
The accuracy of the isomorphous substitution method is certainly lower than that of 
an isotopic substitution experiment, espccially for the structure factor of the minority 
atoms (sec figure 5(a) and (b)). A detailed discussion of the intensities in the small- 
angle scattering regime, however, would require simulations on much larger samples 
which are yet to be done. 

3.5. Local order in amorphous and cvstalline structure.r 

In our studies of the Ni-based glasses we had shown that the local order in the glass 
is intimately related to the stahle crystalline structures. Here we find that this applies 
to the Y-based glasses as well. In the Y-Mn systcm the stable phase with the highest 
content of Y is the Laves phase YMn,. Like the two other stahle phases Y,Mn,, and 
YMn,,, this is a structure based on the tetrahedral close-packing principles outlined 
by Frank and Kaspcr [52 ] .  The composition of the glass is identical with the eutectic 
composition, the eutectic temperature is depressed by 32% compared to the average 
melting temperature (531. The Y-Fe phase diagram (541 is very similar to that of 
Y-Mn. The absence of Y-rich compounds correlates with the tendency to segregation 
in the Y-Fe and Y-Mn glasses. In the Y-CO and Y-Ni phase diagrams we find again 
tetrahedrally close-packed phases in thc CO (Ni)-rich range (see table 3), and in 
addition trigonal-prismatic phases (FeB-, CrB-, cementite-type and related structures) 
in the Y-rich regime around the eutectic. In Y-Cu and Y-Zn t h e  stable phase 
richest in Y is a CsCI-type YCu or YZn compound rcspectively, instead of the Laves 
phase we find a CeCu,-type compound (dense three-dimensional packing of slightly 
distortcd trigonal prisms), tetrahedrally close-packed phases are found only in the Cu 
(Zn)-rich limit. The depression of the eutectic temperature is largest in Y-CO (43.6%) 
and Y-Ni (39.1%) and decreases again fo r  Y-Cu (36.5%) and Y-Zn (18.5%). 

Table 3. Siable clystal struclurcs in lhe Y-X (X = Mn. Fe, Ni, Cu, Zn) alloy syslem.. 

Thus there is a clear correlation between the stability of the glass and a trigonal- 
prismatic local order in the crystalline and amorphous phases. Here we have shown that 
the origin of the trigonal-prismatic order is in the non-additive pair interactions that 
favourvcry strong, short unlike-atom bonds. This non-additivityis strongcst if the atomic 
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d levels of the constituents are widely separated and the d hands of the pure metals show 
just enough overlap to cause a hybridization of the d states. The hybridization pusha 
the centre of gravity of the  subbands even further apart (d-band shift) and emphasizes 
the split-hand character. It is essential that pair forces are sufficient to stabilize the 
trigonal-prismatic local order: this type of ordering has been found not only in TM-TM 
( d d )  glasses, but also in m-metalloid ( p d )  glasses (Fe-B, Ni-P, Pd-Si, etc.) [55,56] 
and in simple-metal glasses [57,58]. This could hardly be understood if the local order 
were to depend on the directionality of the covalent ( d d ) ,  ( p d ) ,  and (s-p) interactions. 
The coexistence of trigonal-prismatic local order in crystals and glasses also requires 
considerable flexibility in the connectivity of the local units [55] and this can only be 
achieved if the bonds show no strong orientational preference. 

4. Electronic structure 

4.1. Supercell approach-rechnical details 

7b date, the only technique that allows for a locally self-consistent calculation of 
t he  electronic structure of liquid and amorphous materials is the supercell approach 
[57-61] applying the standard techniques of band-structure calculations for crystals to 
periodically repeated models of the glass. Using modern band-structure techniques 
such as the linear-mulfin-tin-orbital (LMTO) method [62,63] supcrcell calculations 
can now be performed for models with up to a hundred atoms per cell. In 
our calculations we have used the scalar relativistic LMTO in the atomic sphere 
approximation (MA), exchange and correlation were treated in the local-density 
approximation [64]. The calculations were performed for 64-atom configurations 
produced in a simulated MD quench (cf section 3.1) .  During the self-consistency 
loop, the calculation is done for a single special point (651 of the cubic cell 
(12 = (0.5,0.5,0.5)n/L), for the final DOS a set of 32 12-points (the stars of 
the four special points k ,  = (0 .25,0.25,0.25)rr/L,  12* = ( 0 . 2 5 , 0 . 7 5 , 0 . 2 S ) ~ / L ,  
k3 = (0 .75 ,0 .75 ,0 .25)n/L,  k4 = (0 .75 ,0 .75 ,0 .75)n/L)  has bcen used. The DOS 
is obtained from the set of discrete eigenvalues using a Gaussian broadening (the 
width of the Gaussian is U = 0.3 eV). In principle, the DOS should be averaged 
over a set of independent configurations. However, as in our work on liquid and 
amorphous simple metals [ 5 7 4 1 ]  and on liquid transition metals [66,67] we find only 
small fluctuations in the total DOS as a function of configuration. Fluctuations affect 
mainly the local DOS on individual sites. 

4.2. Elecrronic density of stales 

Figure 6 summarizes the  calculated total, site- and angular-momentum-decomposed 
DOS for the Y-based glasses. In all systems, the electronic DOS is characterized by 
a narrow band of the late transition metal at lower energies and a broad Y-band 
at higher energies. The Y bands show a quite pronounced bonding-antibonding 
splitting. The structure of the Dos is dominatcd by the d-electron contribution. In 
the sequence Y-X, X = Mn, Fe, Ni, Cu, Zn the d band in X is shifted to larger 
binding energies, in Y-Ni and Y-Cu glasses a deep DOS-minimum separates the Y- 
from the Ni (Cu) hand. The Zn DOS in Y-Zn is very similar to that o( pure Zn, with 
the d band barely overlapping with the bottom of the s band. 

A comparison of the DOS of glassy Y,5Ni,5 with that calculated from crystalline Y,Ni 
supports our claim of a close similarity of the local order in the amorphous and crystalline 
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Figure 6. (a)-(e): Total, site-, and angular-momenlum-decamposcd eleclronic dcnsity 
of stales of YSXB glasses, X = Mn. Fe, Ni, Cu, Zn. Full line-tolal DOS, dotted 
line--s-electron-, dashed line-p-clcclron-, dol-dashed line-klcclron DOS. The circles 
show for comparision the Bethe lattice Dos used in lhe calculation of the interatomic 
forccs. 

phases: the DOS of the glass is essentially a smearcd-out version of the crystalline DOS 
(figure 7). 

It is also interesting to compare the selfxonsistent DOS with the Bethe lattice 
approximation used in the calculation of the interatomic forces (sec figures 1 and 6). 
We see that the Bethe lattice approach describes the width and the general form of 
the band (split versus common band) rathcr well, but finer details such as the bonding- 
antibonding splitting in the Y DOS cannot be reproduced by the Bethe lattice Dos. The 
main point is that the Bethe lattice approximation and the exact DOS agree at the level 
of detail necessary for thecalculation of pair forces, although of course not at the lcvel 
necessary for the interpretation of the spectroscopic information. 

4.3. Photoemission intensities 

A detailed comparison of the bandstructure results with photoemission experiments 
rcquires the calculation of the photoemission intensities, considering the variation of 
the partial photoionization cross-sections o,(tiw, E) with the energy hw of the exciting 
photon and the binding energy E of the emitted electron. Within the I.MT0-supercell 
technique the o,(hw, E) may be calculated from the self-consistent potentials using 
the following approximations [68,69]: (a) complete ncglect of wavevcctor conservation 
(note that for crystals this is appropriate only for excitation energies in the x-ray (XPS) 
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regime, while for glasses this holds also for the low excitation energies of the ultraviolet 
photoemission spectroscopy (UPS)), (b) the single-scatterer-final-state approximation, 
and (c) the dipole approximation to the electromagnetic field. Figure 9 shows typical 
XPS and UPS spectra for all Y glasses. The calculated XPS intensities have been Gaussian- 
broadened to  account for the limited experimental resolution. The XPS spectra differ 
from the total Dosmainly through a small photoionizationcross-section ud for Y dstatcs 
compared to ud for the /are transition metals. The low weighting factor considerably 
reduces the observable structure close to the Fermi level. The calculated XPS spectra 
may be compared with the experimental data of Tenhover er a1 [8,9]. For the Y-X, X 
= Mn, Fe, Ni glasses the position, width and form of the X d band aic predicted very 
accurately by our calculations. In Y-Zn the position of the Zn d band is shifted by about 
1.6 eV to lower binding energies compared to  experimental observation A d-band shift 
of 0.3-0.4 eV is also found in Y-Cu glasses. A similar effect has already be found in 
Mg-Zn (701 and Ca-Zn [58,71] glasses and it has been shown that it arises from the 
neglect of corrections for the self-energy of the d-band hole which become important 
for narrow bands (see also the discussion in [72] for pure crystalline Zn). 

Due to the rather limited resolution and the low Y-photoionization cross-section 
the XPS spectra do not represent a very critical tcst of the electronic structure close 
to the  Fermi level. Our rcsults show that much better results should be obtained in a 
UPS study: the cross-section for Y d states is much larger and increases with decreasing 
binding energy. Hence the UPS spectra (figure 9(a)) show very clearly the onset of 
the Y band. For Y-Cu and Y-Ni experimental UPS spectra are available [73,74]. For 
Y-Ni we note perfect agreement with experiment, for Y-Cu we find again a small d-  
hand shift as in the XPS spectra. Thus the predicted split-band character of the bands is 
completely confirmed. 
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Figure 8. (a), (b) Xps spectra for Y-X glasses, X = Mn. Fe. Ni, Cu and Zn. (a) theory, 
(b) experiment (after Tenhover el al 181, IS]), photon energy hu = 1253.6 eV (c) UPS 
spectra for the Y-X glasses, X = Mn. Fe, Ni. Cu and Zn. Full line-thealy (photon 
energy hu = 21.2 ev). open circles-experiment (photon energy hu = 40.8 eV, after 
[73]), crosses--experiment (photon energy h v  = 21.2 eV, after [74]). 

5. Conclusions 

Our results explain the physical origin of the strong Chemical and topological short- 
range order effects in the atomic structure of the transition-metal glasses and their 
relation to the d-band shifts observed in the electronic spectra. This has been achieved 
by the quantum mechanical calculation of the interatomic forces using a tight-binding 
bond method. The bondurdcr for the covalent d 4  bond has been calculated on a 
Bethe lattice as a simple, albeit realistic, reference system. We find that the Bethe 
lattice approximation is sullicient to reproduce the trend in the d-band complex from 
a common-band to a split-band form with increasing difference in thc numbcr of d 
electrons and with increasing separation of the atomic d levels. The change in the 
character of the d band leads to a change in the covalent bonding: in the common- 
band limit the bond orders are of comparable magnitude for Y-Y, Y-X, and X-X 
bonds and hence the  interatomic forces are nearly additive; in the split-band limit the 
bond order is largest by far in unlike-atom bonds, leading to strongly non-additivc 
pair forces. The non-additivity of the interatomic interaction leads to the observed 
short-range order in the  glasses. The computer generated models of the glass have 
been used to calculate self-consistently the electronic DOS and the photoemission 
spectra. We find that (a) the calculated DOS agree reasonably well with the Bethe 
lattice DOS and (b) the spectra are in detailed agreement with the best available 
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UPS data. Point (a) is important, because it justifies the starting approximation used 
in the calculation of the bond-order forces. Our present results on metallic glasses 
of Y with other transition metals with a half- (Mn) to completely filled (Zn) d- 
band supplement previous work on Ni-based glasses 1261 with metals with less than 
half-filled d hands (U, Zr, Nh and Ti, V). lbgether, these results show that the 
structureproperty relationship of the amorphous transition-metal alloys can now he 
investigated at a level of detail not previously possible. Ongoing work extends the 
present investigations to Fe-, CO-, and Ni-rich alloys showing magnetic ordering with 
interesting non-collinear spin structures. 
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