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Electronic-structure studies on Ni-P alloys have been carried out in order to elucidate the elec-
tronic and magnetic behavior and the stability of amorphous Ni-P glasses. Our studies invoke a
mixed approach where a cluster of atoms is treated accurately through ab initio techniques while
the remaining solid manifests itself as an effective medium. The calculated electronic density of
states show general features in agreement with specific-heat and photoemission experiments. We
address the issue of disappearance of magnetism in Ni-P alloys with increasing P concentration.
Our studies clearly show that this disappearance of magnetism is not accompanied by a filling of
the transition-metal d band. On the contrary, the number of d holes remains nearly constant
while the alloy demagnetizes itself through a modification of its electronic structure induced by P
p states. Our studies do not support any substantial charge transfers to or from P to Ni. We also
discuss the glass-forming ability of amorphous Ni-P glass within 15-26 at. % P through realistic

energy calculations.

I. INTRODUCTION

Ni-P is the most extensively studied glass, and its be-
havior is representative of the metal-metalloid class of
glasses.! It is very stable in the easy glass-forming range
of 15-26 at. % P with the eutectic at 19 at. % P, and
shows unusually interesting properties in this range. It
undergoes a transition from ferromagnetic to paramag-
netic behavior around 18 at. % P,? and at about 23 at. %
P the temperature coefficient of resistance changes from
positive to negative.’ Specific-heat* and Knight-shift’
measurements indicate a decrease in the density of states
(DOS) at the Fermi energy with increasing P concentra-
tion. This decrease also appears to be consistent with
the observed decrease of the ir plasma frequency® and
the conduction-electron susceptibility.’

The earlier theoretical picture of these glasses was
based on a rigid-band description,®® where it was under-
stood that the addition of P leads to a charge transfer
from P to Ni. This charge transfer causes an increase in
the Fermi energy Er. Since Ep in pure Ni lies to the
right of the peak in the DOS, such a filling should lead
to a decrease in the DOS at Ep with increasing P con-
centration and a filling of the d band. The former would
explain the observed decrease in the DOS, and the latter
could account for the disappearance of magnetism
around 17 at. % P, if one assumed that each P atom
donates three electrons to Ni. While such a picture sup-
ports rigid-band arguments, it enters into difficulties
with x-ray-absorption edge and photoemission experi-
which clearly show the presence of d holes in
Ni-P and related glasses at all metalloid concentrations.
One is then confronted with the question of whether the
d holes survive, and, if so, what is the mechanism for the
loss of magnetism and a decrease in DOS at Ep with in-
creasing metalloid concentration?

Over the past few years, several theoretical calcula-
tions using different techniques have been reported to ex-
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plain this. Khanna et al.'? carried out non-self-
consistent Korringa-Kohn-Rostoker coherent-potential-
approximation (KKR-CPA) calculations on Ni;yP,¢ by
modeling the glass as a random substitutional alloy.
Their main conclusions were that the position of Er in
Ni,4P,6 is essentially unchanged from pure Ni; there is
practically no charge transfer from metalloid to metal or
vice versa and the number of d holes is nearly un-
changed by alloying. Similar conclusions were reached
by Ching'® using linear combination of atomic orbitals
(LCAO) calculations, which showed that the metalloid
does not provide electrons to fill the metal d bands.
Both the above calculations were nonspin polarized and,
hence, could not address the key issue of magnetism.
Recently, Jaswal'* has carried out spin-polarized linear-
ized muffin-tin orbital (LMTO) studies on Ni3P struc-
tures and has argued that there is a strong charge
transfer from the metalloid which gradually fills the Ni d
band, and that the change in the magnetic behavior is
linked to this d band filling. While the above controver-
sy exists, there are other properties for which very little
work has been done. In particular, the important ques-
tion of easy glass-forming ability of metal-metalloid
glasses within a given metalloid concentration remains
largely unanswered.

The purpose of the present paper is to investigate the
electronic structure, magnetic behavior, and stability of
Ni;_,P,. We have used a cluster approach where a
reasonably sized cluster of Ni,, P, atoms is treated exact-
ly using the first-principles discrete-variational method!’
(DVM). To simulate the effect of the bulk material on
computed properties, we embedded this cluster in a suit-
ably chosen effective crystal potential.'® Such an ap-
proach is useful in the study of systems with low symme-
try, and its success in studying impurities and defects in
transition metals and their oxides is well established.'’
One can now reliably calculate global properties such as
the cohesive energy of a cluster. This enables us to
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study variations in stability of Ni;_,P, as a function of
P concentration. To our knowledge, this is the first cal-
culation of glass stability based on realistic energy calcu-
lations. Other local properties such as variation of the
local magnetic moment and the local DOS can also be
studied by choosing an appropriate model -cluster
wherein the near-neighbor interactions of the representa-
tive sites are included in the cluster.

A necessary input to any electronic-structure calcula-
tion is the geometry of the system, i.e., the positions of
the atoms. As there are no structural models for Ni-P
with varying P concentration,'® we have carried out our
studies only at those P concentrations for which a crys-
talline alloy phase exists. We have taken the crystalline
phase as representative of the amorphous phase at the
corresponding P concentration. In this work, we report
studies on Ni;P, Ni;;Ps5, and Ni,P structures. In order
to investigate the effect of P on Ni magnetic moments,
we have carried out model studies on an embedded 19-
atom cluster representing pure fcc Ni, in which one or
more Ni sites are replaced by P atoms.

In Sec. II the main features of the method employed
are elaborated on; our results are presented and dis-
cussed in Sec. III, while Sec. IV is devoted to conclusive
remarks.

II. THEORETICAL METHOD

A. Electronic-structure calculations

The nonrelativistic one-electron Hamiltonian for a
cluster of atoms in the self-consistent spin-polarized
local-density formalism!® is given in Hartree atomic
units by

H=—1V?4Vc(r)+ V(). (1

The electron density p(r) is expressed as a sum over
molecular spin orbitals ¢;,(r) with occupation 7;,,

pr)= nj,|djo(r)| 2. )
io

The Coulomb potential has an electronic and a nuclear
part,

plr')dr’ Zy

Velr)= — ,
¢ —r| = [r—Ry]

(3)

PpoT)p,(r")
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Here, o is the spin index, f,, is the Fermi function,
and EJ, and V', are the exchange-correlation energy and
potential in the local-spin-density approximation. In a
solid, the integrals are computed over a suitably chosen
representative volume (2, corresponding to a unit cell or
molecular formula unit or a Wigner-Seitz cell. Total en-
ergies calculated in this fashion are typically of the order
of 10° eV and, with the sampling schemes chosen, are
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where Z; is the atomic number of nucleus k at a dis-
tance |r—R; | from the electron. The local potential
for exchange-correlation, V. (r), is chosen to be of the
spin-polarized Hedin-Lundquist®® form. Allowing the
spatial parts of the spin orbitals ¢;, to be different for
different spins leads to spin polarization, in addition to
the contributions of unpaired spins.

In the DVM the molecular orbitals are expanded on a
basis of numerical atomic orbitals (the LCAO approxi-
mation). Spherical potential wells around the atoms are
employed to obtain more contracted valence orbitals;
these include 3d, 4s, and 4p for Ni, and 3s, 3p, and 3d
for P. The orbital configurations are 3d 90 4599 and
4p°°! for Ni, and 3s2°, 3p>%, and 3d%°! for P. The
secular equations (H —ES)C =0 are then solved self-
consistently using matrix elements determined by three-
dimensional numerical integrations performed on a
random-points grid by the diophantine method.'>?!
About 600 sampling points per atom are found to be
sufficient for convergence in the DOS and the eigenvalue
spectrum to within 0.01 eV. In the so-called self-
consistent-charge (SCC) approximation, the actual elec-
tronic density is replaced by a model density pscc(r),
which is a superposition of radial densities R, (r,) cen-
tered on cluster atoms, via diagonal-weighted Mulliken

populations 4,2

pscc(f)=2A,:’1|R:1(rv)|2 . 4)

The model potential derived from this density is expect-
ed to be well suited for compact periodic structure such
as are present in metal compounds. For directional
bonds and highly anisotropic charge distributions, how-
ever, a more exact fit to p(r), obtained through a mul-
tipolar, multicenter expansion of p(r), is necessary for
more precise results. Finally, and importantly, an
embedding scheme!®2? is employed to simulate the effect
of the rest of the microcrystal on the cluster. It consists
basically of placing numerical atomic potentials at about
200 closest sites surrounding the cluster. These poten-
tials are truncated by means of a pseudopotential to
simulate orthogonality effects.

B. Heat of formation

The standard expression for the total energy in the
local-spin-density approximation is

drdr + [ p,(DEL(N—VSL(Dldr [+13 3 =22 (5)
1% v

[

not calculated accurately enough for direct comparison
of energy differences.?* However, it is possible to extract
a much more reliable and accurate binding energy E,
with respect to some reference system, say the dissociat-
ed solid,

Eb =E’sys_Etref . (6)
noise is

Numerical minimized by computing the
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reference-system energy over the same volume, using the
same geometry and with the same sampling grid as for
the actual system. In this way, binding energies of the
order of a few eV are converged to better than 0.1 eV.

The heat of formation of a compound is the difference
between the total energy of a unit cell of the compound
and the sum of the energies of the constituents in their
standard states. In using clusters of different shapes and
sizes to study the separate constituents in their respec-
tive geometries, one must confront the legitimacy of
mixing energy results from different single-cluster calcu-
lations. Our experience has shown that the embedding
scheme works towards making the peripheral cluster
atoms ‘“‘sense” a potential similar to that found in the
bulk, thereby suppressing surface or cluster-size effects.
Consequently, if the input specifications for all cluster
calculations are uniformly maintained, the trend in de-
rived energy quantities such as the heats of formation is
expected to be preserved.

III. RESULTS AND DISCUSSIONS

A. The host Ni

We have calculated the electronic structure for the
embedded NiNi;;,Nig cluster [see Fig. 1(a)] representing
the host fcc Ni. In Fig. 2(a) we show the total DOS.
The embedding atoms are neutral and are made to vary
self-consistently so that their orbital populations are
closest to the central atom of the cluster. Since the clus-
ter model yields a discrete set of energy levels, these are
broadened by Lorentzian functions to simulate solid-
state bands. The spin-up and -down bands are normal-
ized to a fixed peak height and not to the total number
of electrons. Our cluster total DOS does not compare
well with band structure calculations?® and does not
show much structure. For a cluster with inequivalent
sets of atoms in different environments, it is more in-
structive to look at the partial DOS from individual
atoms sets. Shown in Fig. 2(b) is the local DOS on the
central Ni atom, which turns out to be in quite good
agreement with the DOS obtained by Moruzzi et al.?
Clearly, the central Ni atom, with its coordination shell
complete, is the ‘“best-described” atom in the cluster.
This is also reflected in the magnetic moments on the
cluster atoms, presented in Table I, and calculated by
taking the difference between the Mulliken populations
for spin-up and -down electrons. The moment on the
central atom is lowest at 1.21up (compared to the exper-
imental value of 0.60up); and the moments increase out-
wardly. This indicates that although the moments are
lower than the atomic value, the cluster is not large
enough and the cluster-microcrystal coupling is not ade-
quate to describe the collective bulk effect that reduces
the magnetic moment to 0.6up. We have experimented
with other more compact atomic basis sets and crystal
pseudopotentials that reduce the moments on each set of
atoms by up to 0.3up, but otherwise leave the trend of
results unchanged. Guenzburger and Ellis!” have report-
ed similar findings in their study of bce Fe and Ti-Fe us-
ing 15-atom clusters.
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B. Ni,_,P, alloys

The crystal structures for crystalline Ni;P, Ni;,Ps, and
Ni,P were taken from the work of Wyckoff.?® As shown
in Fig. 1(b), the 16- and 17-atom clusters chosen for
NizP and Ni;,Ps, respectively, correspond to the most
compact set of atoms representing half the unit cell.
The two structures are very similar, except that Ni,Ps
has a P atom at the center of the unit cell. For Ni,P,
the 26-atom cluster with D3, symmetry contains 18 Ni
atoms and eight P atoms in triangles and hexagons about
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\ z=1 d )
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FIG. 1. (a) 19-atom fcc cluster used in model studies. (b)
16-, 17-, and 26-atom clusters representing NisP, Ni;,Ps, and
Ni,P alloy structures. z corresponds to the z coordinate of the
plane containing the corresponding atoms.
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FIG. 2. (a) Total density of states for the 19-atom model
cluster. The two spin components are shown by solid and
dashed curves, respectively. (b) Local density of states on the
central site of the 19-atom model cluster. Solid and dashed
curves correspond to up and down spins, respectively.
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FIG. 3. Total density of electronic state in Ni;P. The two
curves correspond to different spin components.
5.0
( b) ! the z axis. Although there are several kinds of Ni and P
sites having different environments and coordinations in
these crystals, we have taken just one Ni and one P atom
a0k ‘ in the embedding scheme. To test for the spin-moment
: quenching, we first allowed the orbital configurations of
7 surrounding atoms to change with the cluster atoms.
B Since the Mulliken populations of the cluster atoms are
z ' quite similar to each other, we kept the crystal potential
£ 30 ; from the embedding scheme constant for all three alloys
5 : due to computational limitations. Figures 3—5 show the
8 f DOS for Ni,P, Ni,Ps, and Ni,P alloys.
= ! The main features of the alloy DOS are (i) the appear-
% 20l | ance of impuritylike states around 9.0 eV below Ep, (ii)
N X P-induced bonding states near the bottom of the Ni d
5 . band, and (iii) the appearance of P-induced antibonding
é ! states around 7.0 eV above Ep. The position of Ep
' remains nearly unchanged upon alloying. These features
10t | are in good agreement with photoemission data.!! Our
/ calculations also indicate a decrease in the DOS per
! atom at Ep in the ratio 1:0.80:0.63 upon going from
| Ni;P to Ni;,Ps to Ni,P. These values are in agreement
0o . with estimates based on specific-heat data.*

One of the key issues of our work is the question of
magnetism in these alloys. In Table I, we give the total
spin polarization at various sites in each alloy structure.
It is noticed that most Ni sites have moments very close
to zero; however, some Ni sites in Ni,P and Ni},Ps al-
loys have larger moments. Apart from the cluster-size
effect mentioned before, which is always present, this
variation may also be attributed to the difference in local
environment of these sites within the cluster. Also in
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FIG. 4. Total density of electronic states in Ni;;Ps. The two
curves correspond to different spin components.

Table I, we given, for each Ni site, its number of nearest
P and Ni neighbors. Interestingly, the moment at a
given site seem to be affected by the number of its P
neighbors. It appears as though the P atoms quench the
Ni moments and the greater the number of P neighbors,
the larger the decrease in the Ni moment from its bulk

ENERGY (eV)

FIG. 5. Total density of electronic states in Ni,P. The two
curves correspond to different spin components.

pure Ni value. In order to further investigate this
quenching, we have carried out a model study. An em-
bedded 19-atom fcc-geometry Ni cluster was selected;
subsequently, the central atom, and two and four of the
outermost Ni cluster atoms, were replaced by P atoms,
as described in column 1 of Table II. The changes in the

TABLE 1. Magnetic moments of different sites in clusters representing host Ni and Ni,_,P,.

Cluster Atom No. of P Mulliken
System description set u (up) neighbors ionicities
fcc Ni NiNi;Nig Ni 1.21
Nin 1.25
Nis 1.59
Ni;P Ni4Ni4Ni P, Nig (|z|=1) —0.01 1 +0.18
Niy (|z | =0) 0.00 1 —0.16
Niy (|z|=3) 0.01 1 —0.15
Py (|z|=1) 0.00 +0.13
Ni;,Ps Ni4Ni4Ni PP Nis (z=1) —0.06 4 +0.10
Niy, (z=—7) —0.03 2 —0.01
Niy (z=0) 0.36 1 —0.12
P, (z=1 —0.03 +0.03
P (0,0,0) 0.01 +0.02
Ni,P Ni3;Ni;NigNig Ni; (z =0, in) —0.06 4 +0.51
PeP, Ni; (z =0, out) 0.56 2 —0.31
Nig (z=%1) 0.20 3 +0.20
Nig (z==1) 0.94 1 —0.23
Ps (z=0) —0.02 0.00
P; (z=x1) —0.14 —0.22

2




ELECTRONIC STRUCTURE, MAGNETIC BEHAVIOR, AND . ..

TABLE II. Magnetic moments and Nid -band spin populations of different sites in model clusters

obtained by replacing one, two, and four Ni atoms in a 19-atom fcc Ni cluster by P atoms.

No. of P
Cluster Atom Calc. nearest
description set? u (up)® neighbors Ni dt Ni d |

Ni-Ni;;N¢ Ni 1.21 493 3.67
Nip 1.25 4.86 3.66
Nig 1.59 491 3.59

P-Ni,,Nig p —0.13
Ni;; 1.02 1 4.80 3.75
Nig 1.47 491 3.60

Ni(NigNiz)(NigP5) Nig 091 1 4.74 3.82
Ni, 1.22 491 3.65
Niy 0.96 4.79 3.75
Ni, 1.31 4.89 3.64
P, —0.10

Ni(NiyNig)(Ni,P,) Ni, 0.70 2 4.59 3.97
Nig 0.87 1 4.72 3.82
Ni, 1.20 4.89 3.67
Ni, 1.21 4.86 3.69
P, 0.01

2Atom sets are ordered by increasing distance from P atoms.

®Contributions from 3d, 4s, and 4p electrons.

nism of this decrease. In columns 5 and 6 of Table II,
we give the number of up- and down-spin electrons in
the d band of Ni sites as a function of the number of
their P neighbors. The net contribution to the spin mo-
ments from the s and p Ni orbitals is <0.05up. We see
that the effect of P neighbors is to displace majority-spin

moments on the various Ni sites, as more and more Ni
atoms are replaced by P atoms, are summarized in Table
II. It is clear that the reduction in the moment on a Ni
site is directly related to the number of nearest P neigh-
bors; the effect is less pronounced on Ni sites at further
distances from the P. One can now ask as to the mecha-

0.03 -

0.01 - {
DIFF. : S \|
K0 WS
» 118,
-0.01 W e 12.0
-0.03

FIG. 6. The difference electronic charge density, p—pscc, in the Z=0 plane of Ni,P. pscc is the charge density obtained
through a simple superposition of atomic charge densities while p is the actual charge density.
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electrons to minority-spin states while maintaining the
total number of d electrons nearly constant to within
£0.05 electrons. Thus, disappearance of magnetism in
Ni,_,P, need not imply a filling of the d- band.

The actual mechanism?’ is somewhat similar to that
proposed by Friedel and Malozemoff et al. One can
think of the P p states as interacting with Ni d states
and forming bonding and antibonding pd hybrids.
Whereas the bonding hybrids lie in the filled valence re-
gion, the antibonding hybrids lie above Er. To accom-
modate the total charge, some charge must migrate to
the antibonding hybrids and, since Ey is below the
latter, the charge is accommodated in empty states near
the Fermi energy which are mainly minority-spin states.
This sets up a mechanism by which majority-spin charge
gets transferred to minority-spin states due to p-d mix-
ing. At some finite p concentration this transfer leads to
a situation where it is no longer profitable for the system
to polarize and the alloy becomes nonmagnetic. For the
three alloys studied here, the best-described Ni sites have
moments very close to zero, in agreement with experi-
ment. To end this discussion, we point out that for Ni;P
our calculations show negligible moments on all Ni sites
having even just one P neighbor within the cluster. We
suspect that these results show the effect of geometry on
moment formation; it appears that this structure does
not support magnetic sites.

One quantitative measure of the charge transfer in
these alloys is to look at the Mulliken ionicities that we
have tabulated in the last column of Table I. They indi-
cate a net charge transfer of less than 0.5 electrons to or
from the metal. If one looks only at the best-described
atoms in the clusters, the net charge flow is consistently
small and from Ni to P; for the peripheral atoms this
trend does not always hold. Another method of defining
the degree of charge transfer is to look at integrated
Wigner-Seitz volume charges. To this effect, we have
plotted in Fig. 6 the difference electronic charge density
(p-pscc) in the z =0 plane in Ni,P; it is representative of
the charge density in the range of P concentrations stud-
ied here. It shows buildups and valleys of charge in the
Ni—P bond region. Thus, what particular volume is al-
lotted to each atom would critically determine the total
charge within, thereby rendering the magnitude and
direction of charge flow a nonunique result.

We now consider the question of stability of the Ni-P
glass. While glass formation is a kinetic process involv-
ing liquid quenching, insight into why the glass is
formed only within 15-25 at. % metalloid can be gained
by looking into the total energy of the alloy as a function
of P concentration. In the absence of real amorphous
structures, we have determined the heat of formation for
the alloy structures considered above. Our results are
summarized in Table III, where the cohesive energies
per cell have been multiplied by appropriate factors so as
to correspond to a cell of 24 Ni atoms. One notices that
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TABLE III. Cohesive energies per unit cell (E.) and heats
of formation per atom (AH ) for Ni-P alloys.

E.
(eV per unit cell) AH
(24 Ni atoms) (eV/atom)
Ni,;P 292.3 1.2
Ni;,Ps 317.7 1.4
Ni,P 310.12 0.7

24 times the unit cell.

all three structures have heats of formation of about 1
eV/atom. It is the occurrence of these highly stable
crystalline phases starting at 25 at. % P which, in our
view, prevents the formation of amorphous structures
beyond this P concentration.

IV. CONCLUSIONS

To conclude, our studies do not support any apprecia-
ble charge transfer between Ni and P in Ni-P alloys.
Figure 6 shows that the bonding charge between Ni and
P atoms is fairly spread out and we believe that the large
charge transfers reported by some earlier workers'* are
due to the choice of smaller volumes of space attributed
to P atoms. The role of metalloids in metal-metalloid
glasses is not to act as donors of charge, but to interact
more closely with transition-metal states and produce
changes in the electronic spectrum. The magnetic be-
havior is just a consequence of this electronic-spectrum
change, which occurs in a manner so as to convert
majority-spin electrons to minority-spin electrons,
preserving overall charge neutrality.”® Concerning
glass-forming ability, we have shown that the stable
crystalline phases beyond 25 at. % P prevent glass for-
mation beyond this concentration.

In this work we have modeled the glass by an ordered
alloy at the corresponding P concentration. Our studies,
therefore, ignore any effects due to spatial disorder. In
the next extension of this work we plan electronic-
structure studies on actual disordered alloys. The atom-
ic positions will be generated via a Monte Carlo numeri-
cal simulation using realistic pair potentials. These re-
sults will be communicated in a planned forthcoming pa-
per.
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