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Abstract. The first-principles tight-binding (TB)-LMT0 method is used for self-consistent
calculations of the electronic structure of the amorphous FegpBag, Nijgo—. By and Zs,Bejgp-x
alloys in combination with the recursion method. Realigtic structure models were constructed
with the use of the Monte Carlo method. The electron density has been calculated self-
consistently for the given amorphous structures.

We describe our resuits for the electronic structure of amorphous FegyBzp, which is a
typical fransition-metal-metalloid glass. In the paramagretic phase it has a generic double-
peak structure close to the Fermi level formed by non-bonding Fe d orbitals, with a bonding
B p-Fe d hybrid at lower energies, in agreement with previous calculations. We present the
spin-polarized LsDA calculations, which show that the d band splits, resulting in a strong itinerant
magnetism in FeggBag with a net moment on Fe atoms of i = 2.14ug, in good agreement with
experiment and estimated values from generatized Stoner criteria. The pos in a-Nijgo—xBy has
a shape similar to that of paramagnetic FeggBay shifted downwards from the Fermi level, which
explains the paramagnetic behaviour of all studied Ni-based glasses (x=20, 25 and 34). With
increasing B content the height of the main pos peak formed by the Ni d electrons decreases
and the strength of the covalent Ni d-B p interaction increases. In Ni-rich glasses the onset of
ferromagnetism comresponds to a B concentration below some threshold and the present LSbA
calculations predict a net moment & = 043up in pure a-Ni. Comparison of the pos with
photoemission data indicates that the calculated Ni d band in NiggBap is shifted downwards
by 0.25eV and broadened by 1.1eV as a result of the local density approximation, where
non-locality and dynamic correlations ase lacking.

The calculated DOS in a-Zr,Be1gp-; is dominated by the broad Zr d band. In all studied
glasses a significant hybridization between transition metal d and metatloid/simple-metal p states
takes place.

By making use of low-temperature heat capacity and magnetic susceptibility data for Ni-B
and Zr-Be glasses we show a good agreement with the calculated pos at the Fermi level, N (0},
if electron—phonon and exchange enhancements are taken into account.

1. Introduction

The purpose of the present work is to study the electronic structure of the transition-metal—-
metalloid (Ni-B, Fe-B) and transition-metal-simple-metal (Zr-Be) glasses with ab initio
density functional theory. The results of the present study as regards the trends in the
electron density of states, etc, are likely to be generic for the classes of glassy metals with
similar bonding.
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The amorphous borides have been extensively studied experimentally, revealing unique
magnetic properties [1-5], Invar behaviour [6] and high mechanical properties. Perhaps
remarkably, the properties of transition-metal-metalloid (TMM) crystalline compounds are
quite similar to those of their amorphous counterparts with the same composition, for
example as regards the electronic structure of Fe-B and Ni-B glasses studied by high-
resolution Uv photoemission, XPS, Auger electron and energy-loss spectroscopy [7, 8]. It has
been known since the pioneering work of Kiessling [9] that covalent bonding in crystalline
borides corresponding to B p orbitals is responsible for the complicated unit cell and other
properties, but little is known about what happens to the B p-B p and B p~T™ d bonds in
an amorphous environment, i.e. what is the possible charge transfer between unlike atoms
and its effect with respect to the crystalline counterpart. A comparative study of a system
consisting of a transition metal and a simple sp metal would be interesting. 1t is almost
obvious that sp—d bonds should not be strong there, but a quantitative picture is still lacking.
We discuss below the electronic structure of the amorphous alloys FeggBag, Nijgo—x Bz and
Zr,Beogx.

The Fe-B glass is a classical amorphous system, which can be used as a reference system
for comparison with other TMM glasses. The Nijgo—.B, glasses could be formed in a wide
range of compositions, also covering systems with direct contact between metalloid atoms,
In particular, in the NiggB34 glass, the boron-boror coordination number Zpg = 1 [10, 11],
i.e. boron atoms are in direct contact, which is not the case in the crystalline counterpart
and forbidden in the Polk model of 80:20 glasses [12, 13]. It is also an established fact that
the magnetic moment of the Ni atoms is ‘fragile’, and disappears upon small dilution by
non-magnetic atoms. This aspect of the electronic structure of amorphous nickel borides
will also be addressed below. Amorphous Zr-Be is a new intermetallic glassy system,
containing a transitior metal and a simple metal with a large size and mass ratio. It results
in an interesting atomic structure, and interesting dynamics and electronic properties, studied
by low-temperature measurements {14].

The first-principles description of the electronic structure and properties of topologically
disordered systems is a challenging problem in solid state research. The lack of translational
symmetry represents the main obstacle to constructing a quantitative theory comparable in
efficiency with those for crystalline solids based on the electron density functional method
([15] and references therein). The electronic structure and properties of transition metal
amorphous alloys, which play an important role in applications, are believed to be defined
mainly by the localized d electrons, hence it was customary to use the semi-empirical tight-
binding (TB) Hamiltonians to describe the electronic properties. In spite of encouraging
success in applying the semi-empirical TB Hamiltonians some underlying approximations
often remain unjustified, such as the impiementation of the method to the extended s- and
p-electron states, the #ransferability of parameters between different atomic configurations,
and so on [16). A very important point is that, for disordered systems described by TB
Hamiltonians, the real-space methods, like the recursion method (RM) of Haydock and co-
workers, become robust, with a2 workload proportional to the size of the system [17] instead
of a cubic proportionality, as in the usual band-structure methods, thus providing an effective
scheme for the calculations of the electronic structure of amorphous solids with controlied
accuracy.

The main step towards constructing the ab initio TB Hamiltonian starting from the
extended basis set has been made by Andersen and Jepsen [18) on the basis of the weil
known linear muffin-tin orbital (LMTO) method [19]. The LMTO xgz (where the subscripts
R and L denote the site and the angular-momentum character of the orbital, respectively)
are the solutions of the Laplace equation beyond the muffin-tin (MT) spheres at sites R,
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which have long-range tails. Consequently the overlap and Hamiltonian matrices

Orpepr = {Xreet | XrL)

Hppre = {xpul— V2= VE)ixe)

which are long ranged are determined by the so-called structure constants Sy, p,. Using
the simple analytic properties of the structure constants, it is possible to ‘screen’ Sp.;. o, by
a simple unitary transformation, i.e. to change the power-law decay with distance to 2 more
rapid exponential decay [18]. The transformation is defined by the chosen parameter set,
'which allows one to construct both the most localized MTO and the nearly orthonormal (NO)
representation. Given the MTO in one representation the MTO in the other representation
can be obtained by simple matrix operations [19,20]. The NO representation is required
for use with the recursion method where the normalized basis set is required [17]. Then
the calcuiations of the electronic structure can be carried out self-consistentiy, in complete
analogy with the standard LMTO band structure method [19, 20].

The other central issue is the construction of realistic structural models, In principle, the
structure can be varied in parallel with the calculations of electronic structure, reformulated
in terms of the classical Lagrangian dynamics of Car and Parrinello [21]. This method was
extensively used in 2b inirio molecular dynamics simulations of liquid and amorphous Si
[22] and other sp-bonded systems, but the underlying pseudopotential method makes its
application to systems with transition metals (TM) impractical. It is worth mentioning that
the method was applied recently to studies of liquid copper [23], which required the use
of the ultra-soft pseudopotential proposed by Vanderbilt [24]. The special procedure for
sampling the rapidly changing functions in the core region allowed them to make use of a
cutoff energy comparable with that used in the LAPW method.

Very accurate atomic models of some transition-metal-metalloid (TMM) glassy metals
can be constructed with the use of model interatomic potentials and various random packing
procedures [25]. They are capable of reproducing all the main features of the radial
distribution functions of the TMM (T™M = Fe, Co, Ni and M = B, P) [12,13,26]) and Zr-
Be glasses [14] in a wide concentration range and in good agreement with high-resolution
neutron diffraction data.

The real-space TB-LMTO method (RS-TB-LMTO) was first applied in its simplest form
(with ‘screened’ structure constants interpolated from the crystal data) to some metallic
glasses by Fujiwara [27], and then to some amorphous systems, including a-Si [28]. A
detailed account of the method and effects of various approximations was given recently by
Nowak and co-workers [29], with a thorough investigation of the paramagnetic electronic
structure of amorphous FeggBao. We present below a concise description of the method as
it has been used in the present work for spin-polarized calculations (section 2), and then
proceed to a discussion of results in section 3. The RS TB-LMTO method tums out to be
very accurate in describing the electronic states of amorphous solids and their trends with
composition. We present the results of paramagnetic and ferromagnetic electronic structure
calculations for FegpBap (section 3.13, Nijgo-. B, (section 3.2) and Zr Be g, (section 3.3).
As the comparison with available photoemission data will show, the results for the Fe-B
glass are much more reliable than those obtained within the semi-empirical Hubbard model.
Section 3 concludes with a comparison between the calculated electron densities of states
at the Fermi level and the low-temperature experimental data (section 3.4). A summary of
the results is presented in section 4,
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2. Electronic structure calculations with the tight-binding LMTO

The standard LMTO basis is minimal, i.e. it consists of only nine orbitals for the spd elements
and it is complete for the atomic sphere for which it is constructed [19]. It is achieved by
a smooth matching of the envelope functions to the linear combination of ¢, (r) and é,(r),
which are the radial solution and its first energy derivative, respectively, of the Schrodinger
equation for an arbitrarily chosen energy E,. Thus constructed, the LMTO xg; is exact in
linear order of the energy deviation (E — E,) and is quite accurate in a region about 1 Ryd
wide (given by the value of the potential parameter p~'/2, see tables 1 and 2). The tail of
the LMTO xg. in the interstitial region is the solution of the Schrodinger equation for a flat
potential, i.e. of the Hankel equation {(—V? + x%)xg; = 0, where «? is the kinetic energy.
of an electron. A reasonable approximation is to use the geometry of atomic spheres (A5A)
and take x2 = 0. Then the envelope function K° and the second fundamental solution, J°,
become (using the notation of [20,30])

i

—i-1

rey!
(Z) nuerw m
where rg = |r — R|, R is the centre of the MT sphere where the envelope functions are
defined, w is the mean Wigner—Seitz radius of a system, and ¥ is the usual spherical
harmonic. The rule for expansion of the envelope function near the MT spheres, centred at
R # R’, is given by the so-called LMTO structure constants S°, which decay with distance
as |R' — R|™"~'-} and are obviously long range. We can, nevertheless, perform a linear
mixing of the initial fundamental solutions, K¢ and J°, to suppress the long-range tails
of K? and make the structure constants (and, consequently, the Hamiltonian and overlap

mairices) short range [18]. This procedure can be seen as a unitary transformation of the
initial basis set if

-1
s*=s°+s°asa=l(l—s°) 1
o o

RIm

(2)

o
In our calculations we have used the spd set of screening parameters [18, 207 (o, = 0.348 50,
ap = 0.05303, ey = 0.01071, ¢,z = 0) and the sp set (o = 0.28723, o, = 0.02582,

o = 0) to produce site-independent and site-dependent types of screening, as described
below.

Table 1. Self-consistent potential parameters for FeggBap and ZrggBeap, and the number of
states at the Fermi level, ng.

Rydberg ¢-E, d o~! Y m

Fes 0.207 0146 -1.62 5.1 0.63
Fep 0.597 0.064 —1.39 6.5 0.92
Fed 0.058 0.019 1.59 0.8 6.58
Bs =-0.072 0210 4.61 6.3 0.38
Bp 0.687 0.098 4.55 52 1.59
Zrs 0.161 0084 -0.76 36 0.64
Zrp 0.341 0.033 =062 4,1 0.72
Zrd 0.228 0.029 -1.01 1.2 2.61
Bes 0.153 0,145 =526 4.8 0.77

Bep 0.605 0.040 -3.13 4.3 1.27
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Table 2. Self-consistent potential parameters for Nijoo—y By and the number of states at the
Fermi level, np. The results of spin-polatized calculations for different spin projections are
denoted by amrows.

100 ~x:x c—E, d o~! P
a-Ni Ni 54 0.190 0.152 =211 49 0.29
Ni s, 0.187 0.153 -212 4.9 0.30
Ni ps 0.665 0064 -1.72 6.6 0.28
Ni p; 0.664 0.065 -174 6.6 0.30
Ni ds 0.013 0.009 0.70 0.6 4.64
Nid, 0027 0010 0.75 0.6 4,19
£0:20 Nis 0.212 0.162 205 54 0.58
Ni p 0.686 0.0 -L74 70 071
Ni d 0.029 0.014 1.11 0.8 8.51
Bs 0.141 0.138 -1.68 39 1.16
Bp 0.532 0.033 -117 4.3 2.65
75:25 Nis 0.215 0.166 204 55 0.56
Nip 0.689 0073 -1.75 7.1 Q.66
Nid 0.029 0.015 1.16 0.8 8.54
Bs 0.160 0.137 -1.64 40 1.13
Bp 0.536 0.032 -LI4 44 2.60
66:34 Ni s 0.237 0171 =203 5.8 0.55
Nip 0.712 0074 =173 15 0.68
Ni d 0.030 0.017 1,28 0.3 8.54
Bs 0.126 0151 =172 4.1 1.09
Bp 0.529 0041 -1.27 44 2.35

Matching the envelope functions (1) at all the atomic spheres to ¢,z and Burr We
amive at the following working expression for the LMTO:

X??L = ¢URL + ZégR'L‘hi'L'RL + KrL (3)
RL

whe;re kg is the interstitial part of the EMTOQ, and
435 = év + 0" 4)

where the important potential parameter o® shows to what extent the rew ‘screened’
representation is orthogonal to the standard one, ¢® = (¢.,1d>g), where brackets stand for the
integration over the given MT sphere (here and below we omit the orbital index ! for the
gake of convenience). ‘

The two-centre Hamiltonian k¢ plays a central role in the TB-LMTO method because
the usual overlap and Hamiltonian matrices are expressed through it, as are the matrices. of
potential parameters (diagonal in RL space) [20]. The explicit expression is given by

B = c® — E, 4+ J/d*$*/d°. &)

One can always determine a set of & for which the LMTOs become nearly orthonormal, i.e.
where @ = y and o¥ = 0. This representation (we will denote it by the superscript ) is not
universal and depends on the values and slopes of ¢, and $, on the MT sphere, which also
define the rest of the potential parameters ¢®, 4% and o [20]. Hence the construction of
the NO representation can be done most conveniently by starting from the ‘most localized’
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TB Hamiltonian, which is particularly short ranged, and then transforming it to the NO
y -representation [20,30]. The total Hamiltonian in the NO representation has the form

HY = Ey+hY = E, + B — h¥0"H® + -+, 6)

This AsA form of the orthonormalized Hamiltonian was used in the present work, with
the expansion truncated after the third term to compute the electron density of states in
combination with the recursion method. The third koh term in (6) gives a Hamiltonian that
is exact to second order in {E — E,). This term may be necessary in systems with wide bands
[301, especially for sp states. Although it increases the number of hops from the central
atom, we have actually retained only the hops over the neighbours within one screening
length with no loss of accuracy. The non-ASA terms omitted in (8) can be calculated for
the arbitrary structure in real space [30,31}. The Hamiltonian (6} is diagonal in spins, and
we have therefore suppressed the spin indices in (3)-(6).

Within the local spin-density and atomic-spheres approximations one usually achieves
self-consistency for only the spherically symmetric part of the electron density, nge{(r),
within the sphere at side R for given spin index o. The electron density within the MT
spheres, np(r), is a sum of the density of valence electrons, n},‘“(r), and core electrons,
n%(r). The density of valence electrons can be easily found from the first moments of the
local electron DOS and the MTOs within the given sphere [19]. Thus the following expression
holds for the sum of the Hartree and exchange-correlation potentials inside the sphere at
site R:

2Z 2ng(r’
Vaolr) = =228 4o [ 20D 00 4y ol () g )] - >
r Sg IT - T'I RZR

22]{1
—_— 7
B- R )
Here Zj, is the nuclear charge, and zp is equal to the nuclear charge Zg minus the number

of electrons in the sphere. There is some complication concerning the evaluation of the
Madelung potential (the last term in (7)), which at site F is

— Y 2:p/IR- R/ (8
RBLR

The Ewald summation method can be extended for the evalvation of this Madelung
contribution for a topologicaily disordered structure, but it requires the radial distribution
functions and the structure factors for the given structure [32] as well, and this makes the
method impractical. It was suggested earlier by Nowak and co-workers [29] that the same
averaged Madelung potential should be used for all atoms of the same type, this being
approximated by integrating the radial distribution functions, In the present work and in
our code we applied a different strategy in order to keep all the information about the local
atomic coordination. To this end, we have performed a direct summation in (8) over the
neighbours included in the definition of the Hamiltonian (6) and integrated over the rest of
the system with calculated radial distribution functions. For an atom of type i at the origin
the latter is

-2 ch [z,—n,-gg,-(R') + z_;njg,-j(R')] 4w R'dR’ {9)

where the g;; stand for the radial distribution functions, »; is the number density of atoms of
type { and R, is our cutoff radius. We believe that the two-step evaluation of the Madelung
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term is more precise than performing only the integration over radial distribution functions
(9), as suggested in [29].

Given the initial charge densities, we have concurrently calculated the projected density
of states for both spin directions:

nai(E) = ——Im | —— 10
ria (E) T (E-t—iO—H?')ma.R:a 4o

where the Hamiltonian operator HY is deseribed in {6). The DOS was computed using the
recursion method [17], which approximates the imaginary part of the Green function (10) by
a continued fraction. We have used the linear predictor scheme of Allan [33] to terminate
the continued fraction generated by the procedures for the estimation of the band edges after
Nex [34] and Beer and Pettifor [35]. The new potential calculated from (7) with the use
of the charge densities for both spin directions is then mixed with an old one for the next
iteration until self-consistency is achieved. The present scheme is a generalization of the
recently reported method of paramagnetic calculations by Nowak and co-workers [29] for
the case of spin-polarized calculations, which we implemented in our code. Other details
of the present calculations are described below.

3. Results and discussion

For calculations of the electronic structure with the RS-TB-LMTO method we have used
structural models constructed by means of the Monte Carlo simulation of quenching from
the melt and relaxation at constant temperature, as described elsewhere [12-14]. We have
used simple pairwise model interatomic Morse-type potentials [26], which we found to be
very accuraie in reproducing the high-resolution experimental data for the radial distribution
functions (RDF). For Ni-B and Z/—Be glasses the parameters of the potential are given
in [12-14]. The extensive full-potential LMTO caiculations have shown that the electron
density inhomogeneity due to the strongly covalent TM d-B p bonds produces a moderate
effect on the electron density of states and that the DOS shape near the Fermi level [36]
remains practically unaffected in comparison with the ASA-LMTO calculations. This provides
a justification for the use of the ASA-TB-LMTO method for studying the density of states in
amorphous borides.

In our present electronic structure calculations we have followed the scheme described in
section 2 for constructing the basis set and the self-consistent electron density and potential
parameters for atoms of a given sort. For the self-consistent calculations of the electron
potential we have used the moments of the DOS averaged over about ten atoms of the given
element, taken close to the centre of a cluster. We have aiso taken up to 50 atoms for
averaging and showed that ten atoms is already enough to get convergent results. It was
shown in recent studies of 40-atom amorphous Zr clusters [37] that, at least in monatomic
systems, the total DOS is rather insensitive to this averaging procedure, with enhanced
screening of the local atomic charges.

The ‘screened’ struciure constants S* were found from (2) by a direct inversion of
the subclusters containing 20-25 nearby atoms around each site in a simulated celi of 500
atoms with periodic boundary conditions (Nowak and co-workers have considered somewhat
smaller 16-atom subclusters in the 400-atom calculated cell). It is worth mentioning that an
approximate way of calculating S* leads to an overestimate of the height of the DOS peaks
as in [27] (see the detailed analysis in [29]). The DOS was calculated with the Hamiltonian
(6) with the inclusion of the koh term. It was then used to produce the sequence of Lg, L
and L, pairs of continued fraction coefficients (CFC) for s, p and d states, respectively.
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3.1. FegyBag: paramagnetic and ferromagnetic LDA calculations

We first discuss the results of our paramagnetic calculations for a-FegoBgo glass where
a detailed comparison with previous calculations is available [29] to check the present
calculational scheme. The picture of the paramagnetic density of states (figure 1) is in
overall agreement with the previous results [29] if we make use of the site-independent
spd screening constants to calculate $% and retain spd MTOs for Fe and sp MTOs for B
in our 500-atom model. The remaining minor differences can presumably be attributed to
features of the structural models used and reflect the procedure of obtaining the amorphous
state. To obtain our structural model we have simulated directly a rapid quench from the
‘melt, whereas Nowak and co-workers [29] made use of the 400-atom model obtained by
relaxation of a dense random-packed model with the same interatomic potential.

DOS, states/(atom Ry}

Figure E. Total and partial electronic densities
of states in amorphous FegyBzg, calculated with
Le = Lp = 10 and Ly = 18 pairs of
continued fraction coefficients and with site-
independent spd screening (full curve) and with
site-dependent screening (broken curve). The
partial contributions from d(eg) and d{tzg) states
are indicated on the Fe d partial D0s. The asa
radii are S, = 2.703au, Sp = 1.907 an.

The two-peak DOS shape in the paramagnetic a-FegoBao corresponds to a non-bonding
d band and divides the whole spectrum into lower bonding and upper non-bonding states.
The peak in the B p DOS comes from a strong Fe d-B p hybridization that gives rise to a
—0.35Ryd peak and a high occupancy of B p states with ng, = 1.59 (1.41 in [29]). The
B s band is split into bonding and antibonding parts with the lowest B s peak at —0.7 Ryd
in our model, i.e. at a slightly higher energy than obtained before (~0.8 Ryd [29]). The
self-consistent potential parameters and the partial occupation numbers are summarized in
table 1. Charge transfer between Fe and B atoms in our calculations is rather small, and
can be estimated as zg, = —0.13 and zg = +0.52 (—0.25 and +1.0 in [29], respectively). It
is worth mentioning that this charge transfer is not a genuine characteristic of the bonding.
We can recall the early picture of the magnetic behaviour of crystalline borides, which was
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explained as a result of electron transfer from metailoid to transition metal to gradually
fill the T™™ d band [38]. Similar arguments were evoked to explain the observed trends
in the iron-based magnetic glasses [1,2]. Later, the x-ray experiments on FeB and Fe:B
crystals provided evidence that this simplified picture does not hold, and the bonding has
a prominent covalen! rather than ionic nature [39]. The comrespondent covalent TM d-B p
interaction is relevant for the observed moment distribution over the unit cell [39]. The
competition between metallic d—d bonds between transition metals and covalent d—p bonds
between transition metal and metalloid explains the composition dependence of the moment
on the T™™ site [36,40].

Present calculations give almost the same results for paramagnetic DOS in FegoByg, as
obtained recently by Nowak and co-workers [29]. We clearly see that boron s and p bands
are split into lower bonding and upper bonding parts, and that there is no donation of the
B p electron to Fe as expected in a picture of ionic bonding.

The double-peak DOS shape of the amorphous FeggByg is typical of the glassy T™M-B
systems; therefore, it is worth investigating its physical nature. It is interesting to mention
that the use of site-dependent screening in (2) (spd for Fe sites and sp for B sites) resulis
only in moderate changes of the DOS far below the Fermi level (figure 1). Nowak and
co-workers [29] found no correlation between the Fe d double hump and the local radial
distribution function. Recalling the simple multiple-scattering picture of the formation of
electronic states in solids, one could have expected the involvement not only of the radial
correlations but also of the bond-angle distribution in the formation of the DOS shape. In
our previous studies we have shown, by analysing Steinhardt’s bond-angle parameters, that
the local cubic coordination is almost lost in the amorphous state, which is closer to liquid
structure [12]. To look for some traces of the former crystalline order we have inspected
the population of lower and upper Fe d peaks by states of eg and ty; symmetry. It is well
known that they are responsible for higher- and lower-energy peaks in the BCC Fe d DOS,
respectively (see, for example, figure 1 in [27]). It is very interesting that, in the amorphous
phase, this asymmetry in the density of e, and ty, states persists, although their contributions
to both humps are now much more symmetrical (figure 1). The e, states contribute about
60% of the high-energy peak of the d POS. This asymmetry is very small in comparison
with the situation in BCC Fe [27], but it still exists.

The main peak of Fe d states (and a total DOS) in our paramagnetic calculations coincides
with the Fermi level (figure 1). The value of our DOS at the Fermi level, N(0), is 32.4
states per atorn Ryd, which is bigger than the previous theoretical value of 26 states per
atom Ryd [29]. Although the simple Stoner criterion does not indicate the presence of weak
ferromagnetism in the system, this DOS shape explains the observed magnetic moment with
the use of the peneralized Stoner model [29]. In this model we can estimate the moment
on the Fe atoms from the following condition, valid for elemental ferromagnets [41]:

IN(m) = 1. an

Here N{m) is the DOS averaged over the energy interval around the Fermi level that gives
the moment m. In an actual procedure one defines the Fermi levels £1(m) and E,J:' (m) in
Jorder to satisfy the conditions

0 E
§m=f N(E) dE=f N(E) dE (12)
Ef il

whete E is the energy with respect to the Fermi level. Then
N(m) = m/(E} — E}) (13)
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and (11)—(13) represent a self-consistent set of conditions giving the value of the
magnetization.

We first analysed the possible ferromagnetic behaviour of compounds studied by making
use of the generalized Stoner model and accounting only for the transition-metal states, since
other contributions around the Fermi level are negligible. Accordingly, all the quantities
involved in (11)—(13) should be regarded as site- and orbital-dependent quantities for the
given kind of atom. A simple analysis shows that the solution of (11) exists only in the
case that N(E) changes sharply around the Fenmi level and has a substantial magnitude. It
cannot be satisfied with a flat DOS near Er. The most important feature of the generalized
Stoner model is that it is capable of revealing the actual ferromagnetic behaviour, even in
cases where the standard Stoner condition fails, as is the case in amorphous FegyB2g. The
disadvantage of the model is the sensitivity of the moment to the actual value of the Stoner
parameter [, which is not precisely known. We have applied the generalized Stoner model
to the iron-boron and nickel-boron systems, with / = 65mRyd for Fe and ! = 72mRyd
for Ni [41]. For the net magnetic moment on the Fe site in FegyBap we obtained the value
j2 = 2.05up/Fe, which is slightly smaller than the value i = 2.20up/Fe estimated by
Nowak and co-workers [29], where the latter is almost equal to the moment in BCC Fe.
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Second, we have performed the direct LSD spin-polarized calculations, which we did with
our spin-polarized code with results presented in figure 2. We see that the DOS in FeggBag
is subject to strong ferromagnetic splitting, producing a net moment ji = 2,14up/Fe that is
slightly bigger than our Stoner estimate (2.05up/Fe) and somewhat less than the saturated
value of the moment in BCC Fe (2.214up). There is substantial scatter in experimental data
on the net moment of Fe: 1=2.0 [2], 2.15 [42], 1.97 [43], 1.80 [44] and 2.23 up [45). The
averaged experimental value is 2.03 ug/Fe, which is very close to our calculated LSD value
2.14up/Fe. Boron sp bands are slightly negatively polarized, with the net moment of the
boron sites being —0.06Lt5.

We are now in a position to perform a detailed comparison with high-precision
photoemission data [7]. Our ferromagnetic DOS has a strong peak at —1eV with a left
satellite peak at —3eV. The B sp together with Fe s states produce a shoulder at 5.5-6.5eV



Electronic structure of Ni-B, Fe-B and Zr-Be 3213

below the Fermi level. It should be noted that Nowak and co-workers [29} predicted
the shoulder at —3eV, whereas we have a proncunced peak there. Above the Fermi
energy we have the empty minority spin band peak, which lies at +1eV. We are not
aware of experimental observations of that peak, which should be observable by inverse
photoemission. It is worth mentioning that the Hubbard-model calculation [46] gives a
one-peak DOS shape for FegoBap and it is, therefore, in contradiction with the photcemission
and other data.
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and with site-dependent screening. The Asa radii are
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3.2, Niyo_By.: weak ferromagnetism

The results of our calculations for a-Nijgp—,B, are summarized in figures 3-6 and table 2.
As one would have expected, the electronic structure of amorphous NigyByy resembles that
of FeggBog apart from a rigid shift of the DOS downwards with respect to the Fermi level
~ EF, as a result of substitution of Fe by Ni with two extra d electrons. The high-energy peak
is now at —0.07 Ryd and the DOS value at the Fermi level, N(0), is low and incompatible
with the existence of a moment of the Ni atoms (figure 3), With increasing dilution by
boron atoms the main change in the DOS is a gradual decrease of the weight of the double
peak formed by Ni d electrons and an increase of the B partial DOS (figures 3-6). The
B p Dos has a rectanguiar form with two low-energy peaks of the total pos, at —0.45 and

—0.6Ryd in a-NigoByo (figure 3). The height and weight of the B p DOs gradually grows
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at the expense of the Ni d-states and broadens by 0.2Ryd in a-NiggBs4 (figure 5). One
can correlate this broadening with a decreasing mean distance between neighbouring boron
atoms. In the present calculations the boron sites acquire some negative charge, which
decreases with an increase of the boron content from —0.81 in a-NigyBop down to —0.44
in a-NiﬁéB;H.

O—NE55834
20~ Total

DOS, states/(atom Ry)

L8]
Q
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S
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oo | o4
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Figure 5. Total and partial electronic densities of Figure 6. Total and partial spin-polarized electronic
slates in amotphous NigsBis. The Asa radii are Sy; =  densities of states in amorphous pure Ni: total Dos (full
2493 an, Sp = 2.264au, curve) and d states (broken curve). The paramagnetic

Dos is given for comparison (crosses).

It tums out that the electronic structure of amorphous NiggBsq is analogous to that of its
crystalline counterpart ¢-NiyB, in spite of significant changes in the local order in the NiyB
system under amorphization [12, 13]. It is worth mentioning that the electronic structure of
c-Ni2B is very similar to the electronic structure of Fe;B [36,39,40]. In c-NizB local order
consists of cight Ni atoms forming an Archimedian antiprism around each B atom. There
are no BB pairs in the crystal, but they evolve under amorphization (the experimental value
of the B-B coordination number varies between Zpg = 0.9 & (.1 [10] and 1.1 [11]). Ouwr
simple model is capable of reproducing the main features of the RDFs in amorphous Ni,B
[12-14). In contrast to the local order of the ‘classical’ TMggMag composition, where the
atoms of the metalloid occupy the ‘hollows’ left by the big metal atoms and direct contact
of metalloid atoms does not exist, in a-TM;M M-M contact does exist and it signals a sort
of ‘frustration’ of packing of the small atoms. The RDFs of the boron atom in NiggBas
show direct B-B contact, with the first maximum at 1.7 A and a corresponding coordination
number Zpy = 0.75. This peculiar structure presumably arises from the interference in the
packing of unlike atoms in the range 2-2.5 A. Taking into account this behaviour we would
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have expected some changes in the role of the B 2p-Ni 3d hybridization compared with
that for the TMggMap composition.

The DOS in the crystalline counterpart, NisB, studied by the full-potential LMTO method,
consists mainly of two peaks, at about —0.1Ryd and —0.25Ryd, respectively [36]. The
DOs washes out under amorphization but still preserves the double-peak structure mainly
formed by d electrons, as in FegyByy discussed above, The B s and p partial DOS show
the broad double-peak structures in the interval from —0.7 to —0.4 Ryd formed by covalent
bonding with Ni sp bands (figures 3-5). By analogy with the FegBag glass one can see
that the interaction between metal and metalloid atoms has a strongly covalent character
that splits B sp states into lower bonding and upper antibonding pairs, and so no donation
of electrons from B to Ni actually exists. Inspection of figures 3-5 shows that the main
B p DOs peak in the energy interval from —0.6 to —0.4Ryd is actually affected by the
changes in atomic structure under amorphization. The covalent p—d bonding becomes more
pronounced, the height and width of the B p DOS peak grows, but the metallic honding
between transition metal atoms still dominates. Recently, we have calculated the x-ray
absorption fine structure (XAFS) spectra for a-NigsB3s with the use of the self-consistent
potentials in comparison with ¢-Ni;B, and showed the large effect of amorphization on the
low-energy (multiple-scattering) part of the XAFS. This effect is particularly high for the B
" K edge since the local coordination of boron atoms changes drastically in amorphous phase
with respect to the crystal [47].

We can compare the calculated DOS of NiggB2g with photoemission spectra taken from
amorphous NingP4Bg [8). As was pointed out by Amamou and co-workers [8] the PES for
the amorphous Ni-P-B system is very similar to that of elemental Ni and crystalline Ni;B
and NisP. We can, therefore, expect that our comparison with these data is reasonable, The
main experimental peak lies close to Er (0.7eV) with a shoulder at 1.6eV, whereas for
the calculated DOS of NigoByo the main peak is at 0.95eV and the left peak is at 3.0eV
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(figure 3). We can rather confidently attribute the band broadening and total shift to the
LDA shoricomings. That is, comparison of the band calculations with experiment for the
elemental Ni shows that LDA leads to a broadening of the d band by 1.1eV and its shift
by 0.25eV to lower energies (see the recent discussion in [48]). We believe that the same
omission of non-locality and dynamical correlations in the LDA method is responsible for
the broadening and shift of the Ni d band in NigByq glass.

Simple inspection of figures 35 for the DOS in Ni-B glasses and application of the
Stoner criterion shows that these glasses are paramagnetic, in agreement with experiment
{3,4]. At the same time the hypothetical pure a-Ni is ferromagnetic, with a net moment
2 = 0.43ug and a small exchange splitting 2/ = 0.4eV (figure 6). This value is slightly
less than the moment in FCC Ni (0.6157up). The striking fact about the a-Ni DOS is that
the main peak of the minority spin band almost coincides with Ep. Usually such a system
tends to lower the high band energy by undergoing some structural phase transition to avoid
this coincidence. In the case of Ni, however, this tendency is in competition with the
ferromagnetic splitting energy, which pushes the minority band towards Ep, resulting in a
weak itinerant ferromagnetism in a-Ni. To illusirate the effect of ferromagnetic splitting on
the DOS of a-Ni we present in figure 6 both ferromagnetic and paramagnetic solutions. In
fact, this ferromagnetism is so weak that it always disappears in the presence of a small
amount of paramagnetic alloying element. From the experimental data on Ni-B [3,4] and
Ni-P [5] glasses this is known to occur.

The compositional behaviour of the electronic structure of amorphous nickel borides
is clearly responsibie for the marginal behaviour of the nickel moment: with two extra
d electrons compared to iron compounds, the DOS peak is pulled away from the Fermi
level and an addition of about x.=17 at.% of metalloid atoms is enough to kill the net
Ni magnetic moment [5]. It should be mentioned that the site-projected DOS is subject
to pronounced local variations [29], hence locally the N{0) might get enhanced due
to short-range order fluctuations and the corresponding areas can show increased Pauli
paramagnetism or even acquire local moments. By considering the effects of magnetic
precipitates {inhomogeneities), one can probably attribute the local variations in electronic
structure to the appearance of giant-moment paramagnetic clusters above some critical
concentration x, of metalloid atoms, and superparamagnetic particles below x., as takes
place in Ni-P glasses with x, = 17 at %P {5].

3.3. ZI‘;BE;gg_x

Amorphous Zr,Bejg.. belongs to the separate class of metallic glasses formed by a
transition and a simple metal. This system was recently extensively studied experimentally
and showed interesting dynamical and electronic properties as a function of composition
[14]. As a result of the large size difference between Zr and Be atoms, the Be atoms are
always in direct contact even at 30 at.% Be and the DOS shape changes gradually with x.
The Be s electrons hybridize with the Zr d electrons and this results in a Be DOS peak at
about —0.3Ryd. The DOS at the Fermi level is dominated by Zr d electrons, which form a
rather broad peak at Er with a left shoulder at —0.25 Ryd that confirms the usual metallic
interaction between Zr atoms (figure 5; see figure 7). This result is in agreement with recent
calculations of pure a-Zr [37], It is worth emphasizing that no tendency to form a depleted
DOS or to avoid the maximum of the DOS at the Fermi level is seen in Zr—Be glass, where
a larger role from sp bonding could have been expected, i.e. the well known arguments of
Nagel and Tauc do not apply for the stability of the transition-metal-simple-metal glasses.
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34. Comparison with low-temperature experiments

Quantitative information on the density of states and its compositional dependence is
provided by low-temperature specific heat and magnetic susceptibility measurements. As is
well known, at low temperatures the electronic specific heat and paramagnetic susceptibility
can be expressed via the density of states at the Fermi level, N(0). Correcting the classical
expressions with respect to electron—-phonon enhancement, A, and the Stoner exchange
enhancement, /, we can write down the following expressions for the electronic specific
heat, C., and the Pauli susceptibility, xp:

Ce=%T  ye=Lin®AN@ | (14)

where the electron—phonon coupling A renormalizes the LDA density of states we have
discussed in previous sections:

N(®) = (1 + M) Nepa(0). (15)

The density of states estimated from the Pauli susceptibility subject to Stoner exchange
enhancement with the parameter / that we have already used is

Xe=HEN@©®)  N(O) = Nypa(0)/[1 — ILNipa(0)]. (16)

The enhancement factors can be estimated independently, hence (15) and (16) provide
a direct test of the calculated N (0) in comparison with experiment. The coupling constants
A for pure Ni and Zr were estimated from resistivity measurements to be 0.8 and 1.1,
respectively [49] and, in this simple approximation, we shall neglect a small contribution
from simple-metal/metalloid electrons on the Fermi level and only account for the actual
concentration of the transition metal in a given alloy. As for the Stoner parameter, this is
an almost atomic quantity and we shall make use of the same values for Ni and Fe as we
did before (72 and 65 mRyd, respectively).

Table 3. Theoretical and experimental valugs of the density of states at the Fermi level, N(0),
for Ni-B and Zr-Be glasses.

NignBao NizsBas NigsBza ZrygBesp ZrgoBegg ZrsBeso
Nipa(®) 115 9.4 59 14.2 1ng 10.7
N(0), (15) 189 15.0 9.0 25.1 9.8 - 16.6
Exp., C. 20,0 {50,51] 163 [50,51] 93{50,511 21.40i4] 18.04[14] 1404 [14]
N(0), (16) ~  19.6 14.2 7.5 — _ —
Exp., xp 22.4 {3] 18.1 [3] 127 [3] — — —_

The values, calculated for the bare and enhanced N{0) in Ni-B and Zr-Be are presented
in table 3. All estimated N(0) values are in a very good agreement with experiment for
all glasses studied when the enbancement factors are taken into account. It is especially
interesting because, in the case of the Ni-B system, measurements have been made for both
the electronic specific heat [50,51] and the magnetic susceptibility [3,4], thus providing
a cross-check of calculated quantities. We can therefore conclude from table 3 that the
renormalized LDA values for N(0) are in very good agreement with experiment, provided

that the enhancement factors for either electron-phonon interaction or spin fluctuations are
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taken into account. It should be noted that theoretical values are systematically below the
experimental ones, but the differences are nearly the same as those between the experimental
values obtained from different methods. The Zr—Be data from the electronic heat capacity
are reproduced equally well. In a-FegoBoy the experimental value amounts to 38.5 states per
Ryd atom [52], whereas LDA predicts 32.4 states per Ryd atom for paramagnetic FegoBag
and 11.1 states per Ryd atom for the spin-polarized phase. This discrepancy cannot be
completely explained by an electron-phonon enhancement factor and, therefore, it might
indicate a significant effect of spin fluctuations in Fe-B systems. Concluding, we see that the
overall agreement between the calculated and experimental DOS in Ni-B and Zr-Be glasses
demonstrates the accuracy of the present method in describing the electronic properties of
disordered metallic systems.

4. Conclusion

We have presented self-consistent real-space TB-LMTO calculations for the amorphous
systems FeggBap, Nijgo—Bx and Zr,Bego—y. The density of states near the Fermi level
is dominated by the d electrons of the transition metal in all these glasses. These states near
Ef are formed by non-bonding 4 orbitals, which divide the whole electron spectrum into
the bonding (below) and anti-bonding (above) states. Strong covalent interaction between
the T™ d and the metalloidfsimple atom p electrons then defines the shape of the low-
energy part of the density of states. The DOS is somewhat smeared out with respect to the
crystalline counterpait and deformed in accordance with the changes in local order under
amorphization. This is the case even in systems with a large content of metalloid, like Ni,B,
where direct B-B contact evolves under amorphization, which is virtually non-existent in
TMgoMz glasses. The corresponding increase in the importance of covalent p—d bonding
beiween B and Ni was traced in a series of a-Nijg—,B, glasses, where the weight and
width of the B p band gradually increases with x. In Ni- and Fe-based borides the DOS has
a similar two-peak form near the Fermi level. This behaviour seems to be generic to the
transition-metal-metaltoid glasses, and it is analogous to that of crystailine TMM compounds,
where some competition between T™ d—TM d and T™M d-M p interactions takes place [33].

The above-mentioned features of the electron density of states provide a simple insight
into the quite different magnetic behaviour of Fe- and Ni-based glasses. The main high-
energy peak of the FegoBaog paramagnetic DOS is very close to the Fermi level, which results
in a high net magnetic moment on the Fe site, as already predicted from the generalized
Stoner model [29]. The estimate of the Fe net moment within the Stoner model gives
i = 2.05up/Fe (2.20 pug/Fe in [29]). We have also calculated the Fe moment within the
local spin-density approximation and the result & = 2.14ug/Fe is in very good agreement
with experiment. Thus, the amorphous iron borides are strong itinerant ferromagnets just
like their crystalline counterparts [36,40], with similar trends in magnetic behaviour with
composition [54]. ’

The DOS in Nijgp-:B; glasses has a similar two-peak structure, shifted downwards with
respect to the Fermi level, which does not allow a magnetic moment to appear on Ni atoms
in glasses with x above some threshold x,. Nevertheless, local concentration and density
fluctuations would allow the Ni atoms to form clusters with highly enhanced paramagnetism
slightly above x; in accordance with recent extensive experiments on Ni-P glasses [5]. The
calculated pure a-Ni carries a small net moment i = 0.43;5, which disappears upon
alloying with metalloids. ~,

Comparison with available PES data on the Ni-B glasses allows us to illustrate the
effect of the local density approximation on the electronic structure: the calculated d band
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in the Ni-B glass is shifted downwards by 0.25¢V and broadened by 1.1eV: the situation
is equivalent to that in FCC Ni [48].

The Zr-Be metallic glasses fall into the separate class of transition-metal-simple-metal
amorphous systems. Here too the (broad) main peak in the electron DOS of Zr,Beg-., is
formed by the Zr d non-bonding states. The low-energy peak in the bOS is due to bonding
Be s—Zr p interactions, which increase with Be content. This explains the calculated values
of the DOS at the Fermi level, which are in accordance with recent specific heat data.

Comparing our results with the N(0) values extracted from low-temperature
measurements, we have shown that a good agreement between theory and experiment
in Ni-B and Zr-Be glasses can be achieved by taking into account the electron~phonon
and exchange enhancement. The situation in Fe-B glasses is less simple because of a
possible large contribution from spin fluctuations to the eiectronic specific heat. The overall
agreement between theory and experiment demonstrates the reliability of the method in
describing the shape and trends in the density of electron states in topologically disordered
solids.

Finally, it is worth mentioning that the accurate description of the electron density of
states of the amorphous systems we have described requires rather moderate computational
efforts when the atomic spheres approximation is used in combination with the recursion
method for clusters containing a few hundred atoms. The TB-LMTO method involves a few
weil controlled approximations which makes the results quite religble. Further development
of the RS-TB-LMTO method will allow us to gain a deeper insight into the nature of the
amorphous state and to study the effects of spin polarization and the response functions in
greater detail. ’ '
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