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Electronic structures of amorphous Ni,_,P, glasses for x =0.25, 0.20, and 0.15 are calculated
with use of the orbital charge self-consistent orthogonalized linear combination of atomic orbitals
method. Periodic structural models containing 100 atoms each are constructed first, using the
Monte Carlo method. Results are presented for the total and partial density of states (DOS), joint
DOS, localization index for each state, effective charges on each atom, and DOS at the Fermi level
(Er). The Ef is located at the steep edge of the Ni d band resulting in a Ni d-band hole in all three
glasses. The local DOS of Ni atoms depends very sensitively on the number of P atoms as nearest
neighbors while the local DOS of P atoms is rather insensitive to the atomic environment. For Ni
atoms with no P atom as a nearest neighbor, its local DOS has a sharp peak above Er and its effec-
tive charge is much reduced. Mulliken charge analysis indicates that on average, P atom gains
about 0.4 to 0.8 electrons from Ni atoms for x ranges from 0.25 to 0.15. The average conduction
electron per Ni atom is calculated to be 1.5 electron. The high resistivity of a-Ni,_,P, glasses may
be related to the existence of localized electron states near Er.

I. INTRODUCTION

Of all the metallic glasses, Cu,Zr;_, and Ni,_,P, are
probably the two most intensively studied.'~* The former
belongs to a general class of transition-metal (TM) —TM
glasses. To be more specific, Cu,Zr,_, is formed by an
early TM (Zr) and a late TM (Cu), and such combinations
generally form metallic glasses very easily over a wide
compositional range. Ni;_,P,, on the other hand, is a
representative of another major class of metallic glasses,
namely, the TM-metalloid glasses. In this series, the glass
can only be formed in a very limited range of metalloid
composition of about 15—25 at. % with the eutectic at
about 17—18 at. %. Various structural,®='? physical,!3—16
electronic,'’~?? magnetic,>~2® optical,?”»?® and transport
properties®® 3013181926 of Nj, P, have been measured in
the past. As the P concentration increases from 0.15 to
0.25, the resistivity increases and its temperature coeffi-
cient becomes negative and the thermoelectric power
changes from negative to positive.'®262=3! For glasses
of the same x, it appears that the temperature coefficient
is also dependent on the methods of sample preparation.*®
The glass is ferromagnetically ordered for x <0.18 but be-
comes paramagnetic for x >0.18.2%3° Specific-heat mea-
surements'3~'° indicate that the density of states (DOS) at
the Fermi level, N(Ef), decreases as x increases. The
possibility of the existence of multiphase structures and a
clustering effect in these glasses complicates the situation
even further.!>243233 Numerous structural models have
been built for TM-metalloid glasses with variable degrees
of success,®!%1234=37 and there has been no universally
accepted criterion to characterize the short-range order
(SRO) in this class of metallic glasses. Recently, Weber
and Stillinger have made a very detailed investigation on
the structure and kinetics of a-Ni-P alloys using
molecular-dynamics simulations.!? Several theories*®—*®
have also been advanced to explain the existent experi-
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mental data. In contrast to the abundant experimental
and theoretical work on Ni;_,P, glass, there is very little
direct information about the electronic structure of
Ni,_,P, which should be the basis of any theoretical in-
terpretation of much of the experimental data. Messmer®’
studied the metalliod-metal interactions in FeyNigB,
and FeyNiyP,o glasses by performing spin-polarized
self-consistent-field Xa-scattered-wave calculations on
small clusters. Fujiwara®® calculated the DOS of
Fe,_, B, system using the linear combination of muffin-
tin orbitals (LMTO) method. Kelley and Bullett®! calcu-
lated the electronic structure of PdggSiy using a simplified
tight-binding Hamiltonian, and Chowdhary et al. 32 used
the two-component effective-medium approximation to
study the electronic structures of amorphous Ni-B and
Ni-P alloys.

In this paper we present detailed results on the electron-
ic structures of Ni,_,Pa, with x=0.15, 0.20, and 0.25
calculated by using the first-principles orthogonalized
linear combination of atomic orbitals (OLCAO) method.>
This method has recently been used to study the electronic
structures of Cu, Zr,_, glasses®*>® with great success, and
it is only natural that a similar calculation should be ex-
tended to the TM-metalloid and other metallic glasses. In
this method both the topological and chemical disorder in
the glass model can be treated accurately and the electron-
ic structure of each individual atom can be analyzed and
correlated with its local environment. Furthermore, the s,
p, and d orbital components of the state densities and
wave functions can be easily projected out. The most at-
tractive part of the calculation is that each electronic state
can be analyzed in terms of a localization index*® (LI),
which could provide great insight on the transport proper-
ties of these glasses. The calculations were performed on
periodic models containing a total of 100 atoms each con-
structed by means of Monte Carlo method, and, in the
present case, we have further implemented an orbital-
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charge—self-consistent scheme®® within the OLCAO
method to improve accuracy. A comparative study of the
electronic structures of crystalline Nij;P (c¢-Ni;P) and
amorphous Ni;sPys (a-NijsPys) based on a non-self-
consistent calculation was presented earlier.”’” Based on
the calculated electronic structure, attempts to correlate
the theoretical results with the SRO in the structures and
experimental data were made.

In the following section, we will briefly outline the pro-
cedure and the method of our calculation. Results are
presented and discussed in Sec. III, where comparisons
with experiments are also made whenever appropriate.
These results and possible extension of our first-principles
approach to study the structures and properties of amor-
phous solids are further discussed in the last section.

II. METHOD

The method of our calculation is described in the earlier
paper on Cu, Zr,_, glass® and only a brief outline will be
presented here. Quasiperiodic models with 100 atoms in a
cubic cell were constructed using the Monte Carlo
method®® with pairwise central-force potentials. Close
contacts between metalloid and metalloid pairs were
avoided by proper choice of initial atomic positions. The
size of the cell is determined by the mass density of the
specific glass and the periodic boundary condition is im-
posed. Three models with x=0.25, 0.20, and 0.15 were
constructed. To calculate the electronic structures of
these glass models, atomiclike potential functions to be
centered at each atomic site were first constructed for Ni
and P atoms, respectively, according to the usual local-
density-functional theory with an exchange parameter of
0.71. Minimal atomiclike basis functions were contracted
from the atomiclike potentials with a set of 14 Gaussian
orbitals. Good band structures and DOS’s were obtained
for the crystalline Ni using these potentials and basis
functions even though the dimension of the matrix equa-
tion involved is only 9x9.5%%7 Because of this economic
use of basis in the OLCAO method, we were able to use
the same potential and basis functions to calculate the
electronic structures of Ni;_,P, glasses. Because both
the atomiclike basis functions and the atomiclike poten-
tials were expanded in terms of Gaussian-type orbitals, all
the multicenter integrals occurring in the Hamiltonian
and the overlap matrix elements can be evaluated exactly.
After orthogonalization to the core procedure, each Ni
atom has only nine orbitals (4s, 4p,, 4p,, 4p,, 3d,,, 3d,,,
3d,, 3dx2‘y2, and 3d,, ,) and each P atom retains only
four orbitals (3s, 3p,, 3p,, and 3p,), so the dimension of
the matrix equations in our calculation ranges from 775 in
Ni;sP,s to 825 in NigsP;s. The energy eigenvalues and
eigenvectors were obtained by direct diagonalization of
the secular equation at the center of the small quasi-
Brillouin-zone. To start an orbital-charge—self-consistent
procedure, the Mulliken charge on each orbital of each
atom was calculated from the wave functions and used to
adjust the diagonal Hamiltonian matrix elements for the
next iterative calculation.’® Iteration stops when the
change in Mulliken charge on each atom stabilizes to less
than 0.01 electron per atom. In principle, a procedure to
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include the variation of the off-diagonal Hamiltonian ma-
trix elements in the self-consistent scheme can be worked
out. However, in an amorphous structure, we found the
effect of changing the off-diagonal elements in the self-
consistent cycle is quite small; therefore such a procedure
is not implemented in the present calculation.

The LI for the state m is calculated from the orbital
charge p{’, on each atomic site a:

L= (pl")?, (1)
a,l
where
pira=2, CiaCip Sia,jp - (2)
B

C/z are the eigenvector coefficients and Sj, ;g are the
overlap matrix elements between i and j orbitals of atoms
centered at sites a and 3, respectively.

III. RESULTS

A. Analysis of models

Our models for Ni;_,P, glasses with only 100 atoms
each are admittedly small and may not be appropriate for
glasses in which higher structural order exists. Neverthe-
less, they provide the basis on which detailed electronic
structure can be calculated using a first-principles ap-
proach. In Table I we list the parameters of the pair po-
tentials,

A/rF+B/ri+Cr+D forO<ry<r,
Vij= 3)
0 forr;>r,

used in the construction of the models by the Monte Carlo
method. r; is the distance between atoms / and j, and r,
is the truncation distance. These potentials were obtained
from the bulk properties of Ni and P (Ref. 34) and were
cast in a modified Lennard-Jones form.”> All the
structural information about these models are tabulated in
Table II, including the chemical short-range order 7 45 for
a two-component glass as defined by Cargill and Spae-
pen. Also listed are the generalized Warren chemical
SRO parameter'®% defined as

ay=2Z../Zy , (4)
where

Z.=x(Zynini—Zpni)+ (1 =x)Zpp—Znip)

Zy=xZni+(1—x)Zp .

Z;; is the number of average j-type nearest-neighbors
(NN’s) to i-type atoms and Z;=Z;;. It is apparent that
substantial SRO exists in these models as the result of no
P-P contact in these models. For NigP,y we have
aw = —0.153, which is in very good agreement with the
value of —0.144 obtained by Harris and Lewis'® and the
experimental value of —0.15. In Cu,Zr,_, models there
is virtually no chemical SRO.> The radial distribution
functions (RDF’s) of the three models and their partial
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TABLE I. Parameters of modified Lennard-Jones potential, and truncation distances Ry used in the

Monte Carlo modeling of Ni,_,P,.

Pair A VA B (eVA9 C VAT D (eV) R, (A)
Ni-Ni 0.4771 % 10° —0.5368 X 10° —0.00377 0.0286 6.5
Ni-P 0.1948 X 10° —0.2374X 10° —0.00570 0.0393 6.5
P-P 0.5368 10° —0.5367x 10° —0.00078 0.0081 6.5

components are presented in Fig. 1. The sharp first peak
and the split second peak are characteristics of a two-
component glass. These RDF’s are in reasonable agree-
ment with experiment®’ and no further attempts were
made to improve the agreement. In order to analyze the
electronic structure of Ni,_,P, according to the local en-
vironment of each atom and for a reason which becomes
apparent later, we divide the Ni atoms in each model into
seven different groups, Ni,, where n=0,1,2,3,4,5,6 is the
number of nearest-neighbor P atoms. Likewise, the P
atoms are also divided into different groups according to
the number of total NN’s. (For that purpose, the NN dis-
tance is taken to be the first minimum in the RDF of each
model.) The distributions of Ni and P atoms in the three
models and an equivalent model for the tetragonal c-Ni,P
according to this classification are shown in Fig. 2. It is
apparent that in our models there are hardly any P atoms
with twelve NN’s, indicating that the icosahedral type of
SRO (Refs. 61 and 62) is not present in these models; the
distributions in c¢-Ni;P and a-Ni;sP,5 are substantially
different although the composition ratios of the two
phases are the same. We also note that as P content in-
creases, the number of Ni atoms with 0 or 1 P NN de-
creases.

B. Electron DOS and partial DOS

In Figs. 3(a)—3(c) we display the calculated total and
partial DOS (PDOS) of Ni,_,P, for x=0.25, 0.20, and
0.15, respectively. The dependence of DOS on x is not
strong and in all three cases the DOS is dominated by the

TABLE II. Supercell lattice constant @, NN distance 7y,
average coordination number, and SRO parameters.

NisPss NigoPo NigsPys
X 0.25 0.20 0.15
a (Az 10.3551 10.3536 10.3538
Fmin (A) 2.96 2.98 3.00
ZNiNi 8.213 9.275 9.647
Znip 3.000 2.350 1.788
Zy; 11.213 11.625 11.435
Zpp 0.080 0.211 0.143
Zypni 9.000 9.895 10.857
Zp 9.080 10.105 11.000
7INiNi —0.070 —0.029 —0.013
Npp —0.959 —0.883 —0.911
INiP 0.259 0.132 0.078
Z. —2.368 —1.589 —1.576
Zyw 9.613 10.414 11.066
awy —0.246 —0.153 —0.142

Ni d peak. The E intersects at the steep low-energy side
of the Ni d band, resulting in the preservation of the Ni d
band hole. This result is in complete agreement with the
Ly, edge x-ray-absorption near-edge-structure measure-
ment on electrodeposited a-Ni;_,P, samples by Choi
et al.,?! but is in variance with the arguments based on a
rigid-band model.?® The Ni d band peaks at about —2.0
eV. The P bands are located at much lower energy. The
P 3s band ranges from — 16 to —12 eV and the P 3p band
which consists of a double-peak structure ranges from
—10 to —5 eV just below the Ni d band. Above the Ni d
peak there are no prominent structures in the DOS. These
DOS features are quite different from the TM-TM glasses
such as Cu,Zr,_,,”> where the structures in the DOS are
controlled by the relative positions of the d bands of the
two TM’s. From the orbital-projected PDOS, it can be
concluded that there are substantial hybridization effects
between P3; and Niy, orbitals and between P 2p, Ni 4p,
and Ni 3d orbitals. As x decreases, the structures move
to higher binding energy. This shift is nonlinear in x
since there appears to be a much bigger shift from
x=0.25 to 0.20 than from x=0.20 to 0.15. The calculat-
ed DOS is in general agreement with the x-ray-
photoelectron-spectroscopy measurement,’? but the exper-
imental data do not have high enough resolution for a
more critical comparison. The double peak structure of
the P 2p band between — 10 and —S5 eV is also in agree-
ment with the soft-x-ray KB emission measurement?®2!
on Ni-P alloys.

In contrast to the insensitive dependence of the total
DOS on x, the local DOS (LDOS) per Ni atom depends
very sensitively on its local environment, such as the num-
ber of P atoms that are NN’s. In Figs. 4(a)—4(c) we
display the PDOS per Ni atom in a-Ni;_,P, according to
different groups displayed in Fig. 2. For Ni atoms with
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FIG. 1. Total RDF and partial RDF (lower panel: solid line,
P-P; dotted line, Ni-P; dashed line, Ni-Ni). (a) NissPys; (b)
NigoP20; (€} NigsPys.
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no P atom as a NN, the PDOS has a very sharp peak
above or close to Egp; as the number of P NN’s is in-
creased from 1 to 4, the peak becomes less sharp and
shifts to lower energy (higher binding energy). However,
when n increases from 5 to 6, the peak again becomes
sharper and shifts slightly backward. This sensitive
dependence of the LDOS of the Ni atom on its particular
local environment is not surprising; the P atom has a
lower electronic energy than the Ni atom, as can be seen
from the locations of the relative peak positions in the
PDOS in Fig. 3. A Ni atom with no P as a NN will feel a
higher potential energy in comparison with other average
Ni atoms. These Ni atoms, which are relatively few, can
be viewed as “impuritylike” atoms in the amorphous Ni-P
environment. They have sharp DOS peaks above or close
to Er and are responsible for the preservation of the
Ni d-band hole. On the other hand, the PDOS of P atoms
show very little variation with respect to the different
number of Ni atoms as NN’s (Fig. 2). This is primarily
because the P states are rather deep and more localized,;
they are less sensitive to the local potential fluctuations
due to the chemical as well as topological disorder.

C. Localization index of electron states

One of the advantages of the first-principles OLCAO
method is that each electron state can be analyzed in
terms of a LI calculated from its wave functions. The
charge of an electron with energy E, can be divided
among various orbitals of all the atoms in the cubic cell
according to the Mulliken scheme.®® The LI calculated in
this manner gives a very realistic estimation of the extend-
ed or localized nature of electronic states in a disordered
system across the entire energy range. In Figs. 5(a)—5(c)
we plot the LI of each state against its energy E, for the
three glasses with x=0.25, 0.20, and 0.15, respectively. It
is clear that P 3s and P 3p states with relatively high
binding energy are very localized, and states in the middle
of the Ni 3d band are relatively delocalized while those at
the edges are relatively localized. The unoccupied
conduction-band states about 1 eV above Ep are com-
pletely delocalized. In metallic systems, states close to the
Fermi surface are the most important in determining the
transport properties; it is therefore necessary to examine
these states more closely. In the insets of Fig. 5, we replot
th LI of states within 2 eV of Er on an expanded scale.
There exist localized states within 1 eV above Ej for all
three glasses. These localized states are the states at the
edges of the Ni d band and most likely originate from the
Ni atoms with O or 1 P atom as a NN that have been dis-
cussed earlier. Because of their proximity to Ep, these
states will definitely affect the transport properties of
these glasses and may be related to the high resistivity of
Ni;_,P, glasses. We may recall that in the case of
Cu,Zr,_, glasses® the states near Ey are delocalized be-
cause Er is located on a plateau of a very wide Zr d band.
In the case of Ni,P,_, glasses Ef is located at the steep
edge of a relatively narrow Ni d band. Our models for
Ni,P,_, are not big enough to produce a statistically
large enough number of localized states above Ep for a
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(b) NigoPy; (c) NigsP;s. Inset, LI for states near Er.

more detailed analysis; however, the degree of localization
of these states seems to depend on x, which, in turn, af-
fects the microscopic atomic-scale structures. It is not
straightforward to correlated the x dependence of conduc-
tivity or thermoelectric power to the LI calculated here.
In principle, when the conductivity or the resistivity of
each glass is calculated in a first-principles manner from
the Kubo-Greenwood formula,% the effect of the local-
ized nature of these states will be reflected in the matrix
elements formed by the wave functions of these states.
Such detailed calculations in metallic glasses have not yet
been realized, although simplified calculations along this
line have been attempted, giving very reasonable results.*’

D. Joint density of states

McKnight and Ibrahim?’ have measured the infrared
reflection on Ni;_, P, glasses for x ranging from 0.15 to
0.26 for photon energy up to 2.5 eV. They concluded that
for x=0.152 and 0.186, the Drude-type intraband transi-
tion is not a good model for frequencies greater than 0.7
eV, but for x=0.211 and 0.262 the Drude approximation
is good up to 1.5 eV. The same optical data also indicate
that the interband transitions occur at higher frequencies
as x is increased. In the constant-matrix approximation,
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the interband contribution to the optical conductivity can
be approximated by the joint DOS (JDOS). In the metal-
lic glass system the constant-matrix approximation should
be a reasonable one because the electron states have no k
dependence and the DOS generally lacks any sharp struc-
tures derived from the van Hove singularities. We have
calculated the JDOS for Ni,_,P, for photon frequencies
up to 20 eV and these are shown in Fig. 6. The double-
hump structures between 4 and 10 eV are the reflections
of the occupied Ni 3d and P 3p peaks in the DOS since
the conduction-band DOS’s are relatively featureless. In
the intermediate-frequency range of 1—3 eV, where the in-
terband transitions begin to dominate, the JDOS increases
as x decreases (see inset of Fig. 6), which is in line with
the observation of Ref. 27; but beyond 3 €V this trend is
reversed. It will be highly interesting to extend the optical
measurement to higher-frequency ranges and to check
whether the relative strengths of absorption for different
x will be reversed as predicted by our JDOS calculations.
On the other hand, it will also be desirable to include the
effect of matrix elements in calculating the interband op-
tical transitions and to ascertain the role played by the rel-
atively localized states near Ep.

E. Effective charges

In Figs. 7(a)—7(c) we display the distribution of effec-
tive charges on the 100 atoms in the three models calcu-
lated according to the Mulliken scheme.®® In all cases, the
P charges show very small variation from atom to atom
with an average value of 5.38, 5.63, and 5.78 electrons for
x=0.25, 0.20, and 0.15, respectively, while the effective
charges on Ni atoms show a wide range of distribution
ranging from 5 to 11 electrons. Effective charges as low
as 4.8 electrons can be found, which corresponds to Ni,-
type atoms near Er. The average charge per Ni atom is
found to be 9.87, 9.84, and 9.86 electrons for x=0.25,
0.20, and 0.15, respectively. Thus, on the average, charges
are transferred from Ni atoms to P atoms. This is in
complete variance with the rigid-band model®® which
predicts that electrons are transfered from the P atom to
fill the Ni —band hole. Our first-principles calculation in-
dicates that this is not true. In a free-electron-type theory,

JDOS (ARBITRARY SCALE)

0 a4 8 12 %6 20
FREQUENCY (ev)
FIG. 6. JDOS of Ni,_,P, in arbitrary unit. Insect, JDOS in
the frequency range 0—4 eV. Solid line, Ni;sP,s; dashed line,
NigoP,0; dashed-dotted line, NigsP;s.
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such as that of Ziman,* Ziman and Faber," or the latter’s
extension,®® the number of conduction electrons per Ni
atom is a very important parameter and its accurate value
has not been confidently established. If we assume that
the s,p electrons in Ni atoms are the conduction electrons

and the d electrons are the localized electrons, then the
average number of conduction electrons in Ni,_,P, glass
per Ni atom from our calculation is 1.46, 1.48, and 1.45
for x=0.25, 0.20, and 0.15, respectively. This is surpris-
ingly close to the effective valence assumed for the a-
Ni,_,P, system in the study of electric resistivity using
the diffraction model.!®* However, the LI calculation indi-
cates that the states in the middle of the Ni d band may
not be completely localized and it is open to debate wheth-
er these states should be taken into consideration as well.
These results are summarized in Table III.

F. DOS at the Fermi level

Another very important quantity in relation to trans-
port properties of Ni,_,P, glasses is the DOS at the Fer-
mi level, N(Eg). It is related to the conductivity though
o=e?N(Eg)D, where D is the electron diffusivity. N(Ef)
can also be extracted from the specific-heat data, and it
was found that as x increases the N(Ef) decreases in the
Ni,_,P, series.3~!>!7 According to Mott’s s-d scatter-
ing theory,® the resitivity of a metallic glass is propor-
tional to the density of d electrons at Ep, N4(Er), and
only the s,p components of N(Er) contribute to conduc-
tivity; it is therefore important to project out the N(Eg)
values according to different orbital components. Our
calculated values of N(Efp) and its resolution into dif-
ferent orbital components are also listed in Table III. It is
obvious that N(Ef) is dominated by the Ni d states with
negligible P contribution. This is consistent with the ex-
perimental finding that the value of the Knight shift,?* as
seen at the P site, is insensitive to x. The calculated total
N(Ep) is in general agreement with values deduced from
the specific-heat data'*!” for both a-Ni,_,P, and ¢-Ni;P,
and this is shown in Fig. 8. The N(Er) values for
Ni80P14B6, NigoPnBs, and Ni7gP14B8 glasses deduced from
specific-heat data are about 25—30 % larger than our cal-
culated value for NigyP,,.!® This is probably due to the
fact the the presence of B increases N(E) because B has
a higher atomic energy than P and therefore interacts
more strongly with the Ni d band. For x <0.18,
Ni,_,P, is weakly ferromagnetic and our paramagnetic

TABLE III. DOS at Ef and effective atomic charges Q* in Ni,_, P, glasses.

Ni75P25 NiSOPZO NiSSPIS

N(EF) (states Ni 4s 0.017 0.018 0.013
per eV per atom) Ni 4p 0.018 0.021 0.026
Ni 3d 0.495 0.551 0.565

P 3s 0.007 0.004 0.004

P 3p 0.030 0.024 0.019

Total 0.567 0.618 0.626

Q* (electrons) Ni 4s 0.831 0.745 0.607
Ni 4p 0.634 0.737 0.845

Ni 3d 8.408 8.362 8.411

Average Ni 9.873 9.844 9.863

P 3s 1.680 1.682 1.653

P 3p 3.702 3.943 4.124

Average P 5.382 5.625 5.777
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FIG. 8. DOS at Ep, solid circle, this calculation; open
square, experimental data for ¢-Ni;P, Ref. 22; open triangle, ex-
perimental data of Ref. 17; open circle, experimental data of
Ref. 14 [corrected for s,p contribution of the majority spin ac-
cording to N(Ep)=N (E;)+N'(Er)=1.20N (EF)].

calculation can only provide a qualitative estimate for
N(Ep). It should also be pointed out that because Ey in-
tersects the very steep side of the Ni d band, our calculat-
ed absolute values for N(Er) may be subject to some de-
gree of uncertainty. To obtain more accurate values of
N(Ep) at different x, calculations on several models with
the same x may be performed to obtain more reliable
average values.

Based on a free-electron model, Nagel and Tauc* had
argued that the stability of a two-component glass such as
Ni,_, P, is related to the fact that Ef is located at a local
minimum in the DOS. Such is not the case with Ni; _,P,
glasses, since the calculated Ep is at the steep edge of the
huge Ni d peak. However, the s,p part of the DOS does
show a broad minimum at about 1 eV below Ep, as illus-
trated in Fig. 9 for the three glasses. Because N(Ey) is
dominated by Ni d states especially at the Fermi level, it
is concluded that a free-electron-like theory is inadequate
to explain the glass stability in metal-metalloid glasses.

IV. DISCUSSION
Our primary goal in this paper is to provide detailed in-

formation about the electronic structure of the Ni;_,P,
glasses. The first-principles nature of the calculation en-

0.20
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FIG. 9. DOS of s,p electrons near Ep: solid line, NissPs;
dotted line, NigyP,o; dashed line, NigsP;s.

ables us to study the disorder and the short-range order in
metallic glasses at the microscopic level. The results ob-
tained on the Ni;_,P, glasses are in general agreement
with a variety of experiments and can be summarized as
follows: (1) The DOS is dominated by the Ni d band and
the metalloid atom states are much lower in energy. (2)
Substantial chemical bonding exists between Ni and P
atoms and the Ni d-band hole is preserved. (3) The local
DOS of Ni atoms depends very sensitively on the number
of P atoms as nearest neighbors, while the local DOS of P
atoms is rather insensitive to the atomic environment. (4)
There exist relatively localized states about 1 eV above Er
which may play an important role in the transport proper-
ties of the Ni,_,P, glasses. (5) The calculated JDOS is
consistent with optical experiment. (6) The DOS at the
Fermi level is dominated by the Ni d band and is in gen-
eral agreement with the values derived from the specific-
heat data. (7) Charges are transferred from Ni to P atoms
and the calculated average conduction electron per Ni
atom is 1.5 electron. (8) Our results do not support
the free-electron-model— or the rigid-band-model—type
theory for Ni,_, P, glasses.

In studying the electronic structures of metallic glasses,
we must bear in mind that the atomic-scale SRO in a sys-
tem such as Ni;_,P, glassses is very complicated and
may involve the existence of several different phases. Our
model structures, constructed by using the Monte Carlo
method with reasonable interatomic pair potentials, give
satisfactory RDF’s. This does not mean that these models
are necessarily correct since the RDF only provides a spa-
tially averaged distribution of atomic positions. What our
calculation can provide is another type of topological data
of high quality, because the LDOS of each type of atom
depends very sensitively on its SRO. This sensitive depen-
dence of LDOS on the atomic environment provides a
very useful tool for delineating the subtle features in the
electronic structure of glass systems. It is conceivable
that one may be able to build specific SRO (such as
icosahedral order®®) regions of polycrystalline phases,
clustering effect, or low-barrier bistable configurations'?
into the model structure and study their consequences on
the electronic structure. However, much larger models
must be built and such calculations will be computational-
ly more demanding. It is also possible to use the electron
wave functions obtained from the present calculation to
perform accurate transport-property calculations. Anoth-
er exciting approach is to combine the molecular-
dynamics simulations for the structure with the local-
density-functional theory for the electronic-structure cal-
culation to study the fundamental properties of the con-
densed systems.”® When such studies are carried out sys-
tematically on a very large number of different metallic
glasses, a much more complete understanding about the
structures and properties of metallic glasses can be
achieved.
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