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Abstract. The first-principles self-consistent cluster methad has been used to study the electronic
structures and magnetic properties of FeaP and the effect of doping with Ni. We find that, for
Fe; P, the local magnetic moments of Fej atoms at the tetrahedral sites are smaller than those of
Feq atoms at the pyramidal sites owing to the greater hybridization of Fep with P; when Ni atoms
replace Fey atoms, the Fey magnetic moment shows a slight increase and the ferromagnetism
of the (Fe;_xNiy)2P compounds is strengthened. However, the substitutions of Ni in Feyp sites
reduce the Fep atom magnetic moment substantially. These results are in good zgreement with
experiments.

1. Introduction

For many years, the Fe—P system and other transition-metal-metalloid systems have been
subjected to intense experimental and theoretical investigations. This is not only because
these transition-metal—metalloid systems have vast applications owing to their special
mechanical, electromechanical and magnetic properties, but also because the physics and
chemistry of these materials are highly interesting. The Fe-P system forms the BCC structure
when the P content is less than 12% [1]. Above this concentration, the amorphous phases
as well as various crystalline compounds prevail [2-4]. Among these crystalline phases,
the compound Fe,P has attracted much interest, and its magnetic properties have been
extensively studied by various experimental techniques, e.g. magnetization measurement,
Mossbauer spectroscopy and neutron scattering {5-7]. ,
FesP is a ferromagnet with a Curie temperature Te = 209 K, accompanied by a
first-order transition, and has an unusually large magnetocrystalline anisotropy K of
2.32 x 107 erg cm™ [5]. From the hyperfine field at 15 K [6], the magnetic moments
were deduced to be 1.14 g and 1,78 pp for Fey atoms at tetrahedral sites and Fep atoms
at pyramidal sites, respectively, while the polarized neutron diffraction experiment at 77 K
[7] revealed that the magnetic moments of Fey and Fey atoms are 0.92 up and 1.70 ug,
respectively. An interesting aspect of the magnetic properties of Fe;P is its magnetic
behaviour when doped with other transition metals [8-13]. Substitutions of small amounts
of Mn or Cr destroy the ferromagnetism, lead to antiferromagnetism, and also reduce the
ordering temperature; the hyperfine fields at the two Fe sites are drastically reduced. Co
and Ni, on the other hand, when substituted for Fe, raise the ordering temperature and thus
sirengthen the ferromagnetism. Studies of (Fe;_.Ni,)»P compounds [12, 13] have shown
that the Curie temperatore has a maximum at about x = 0.1 while the anisotropy constant
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K1 decreases rapidly with increasing x and becomes almost zero near x = 0.3. The Fe
magnetic moments hardly change in the range x < 0.3 and decrease with increasing x for
x > 0.3

In contrast with the abundant experimental data, there seems to be hardly any theoretical
study on the local magnetic properties of Fe;P and the magnetic behaviour of transition-
metal-substituted FesP. Although considerable theoretical work has been done to investigate
the magnetic properties of transition-metal-metalloid systems, these results cannot offer a
satisfying answer to the problem of Fe,P {14, 15]. The purpose of this paper is to calculate
the different local magnetic moments and densities of states (POSs) of Fe atoms with various
local environments and to give a theoretical description of the magnetic properties of FeaP
and the effects of doping with Ni. For transition metals and intermetallic compounds, it is
now well recognized that the local magnetic properties and electronic structures are mostly
determined by the local environments of atoms. In this paper, we use embedded clusters to
simulate the local environment of Fe atoms for Fe;P and Ni-substituted FeoP and perform
first-principles electronic structure calculations on these clusters within the framework of
the discrete variational method (DVM), which has been shown to be highly successful in
describing the properties of transition metals and intermetallic compounds [16-19].

The paper is organized as follows. We briefly describe the cluster model and the outline
of the theoretical approach in section 2. Our results are presented and discussed in section 3.
A summary of our conclusions is contained in section 4,

2. Cluster model and theoretical approach

FeyP has a hexagonal structure, which betongs to the Cy, type and the space group is P&2m
(Dgh). The systemn (Fe;_,Ni; )P has complete solid solutions with this hexagonal structure
[8}. In this structure, P atoms form a channel aligned along the ¢ axis, and there are two
M-atom sites (M=Fe or Ni). One of them, M; is surrounded by four P atoms which form
a nearly cubic tetrahedron and the other M atom, My, is surrounded by five P atoms which
form a pyramid (figure 1). There are considerable differences between M and My atonts
in the environment of the near-neighbour atoms. On the basis of all the above, the 33-atom
cluster, which contains six M; atoms, 12 My atoms and 15 P atoms with D), symmetry
(figure 2), is chosen to represent these hexagonal compounds.

The electronic structures of the clusters are obtained by using a linear-combination-of-
atomic-orbitals DvM, within the framework of the density-functional theory and the local-
spin-density approximation, which have been described in detail elsewhere [20].

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

heg = _%Vz + Voou (ps) + Vael0s).

The Coulomb potential Veoy (05} includes both electron—electron and electron—nuclei
interactions. The local potential Vi.(ps) for exchange—correlation is chosen to be of the
spin-polarized von Barth-Hedin [21] form. The electron density p,(r) for each spin is
expressed as a sum over molecular spin orbitals &, (r) with occupation fn,:

Palr) = Zma@,—a(rnz

where the molecular spin orbitals &;, are expanded in terms of symmetrized atomic orbitals,
which are chosen as linear combinations of atomic orbitals centred on different atoms
corresponding to the cluster point group symmetry.
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Figure 1. Arrangement of rhombohedral subcells in the Figure 2. Upper portion of 33-atom cluster
hexagonal FesP structure. representing the hexagonal MsP syster,

The atomic basis set of the form Ry Yin, (8, ¢), where R, {r) are numerical radial
functions, are obtained from density-functional calculations. Spherical potential wells
around the Fe and P atoms are employed to compress diffuse valence orbitals and thus
to control the linear dependence of the basis set. In the variational expansion of the cluster
spin orbitals ®;,(r), the frozen-core approximation is used; the numerical atomic orbitals
3d, 4s and 4p for Fe and 3s and 3p for P, are kept in the variational basis.

Then the secular equations (H — ES)C = ¢ are solved self-consistently using matrix
elements determined by three-dimensional numerical integrations performed on a random-
point grid by the diophantine method [20]. About 500 sampling points per atom are found
to be sufficient for convergence in the pos and the eigenvalue spectrum to within 0.01 eV.
In comstructing the cluster potential, we adopt the so-called self-consistent-charge (SCC)
approximation, .. the actual electronic density is fitted to a model variational charge density

p5C(r), which is a superposition of rachal densities R, centred on cluster atoms via the
diagonal-weighted Mulliken population f}

pSeC ZZf,,nR,ﬂ(rm

The coefficients f,} are determined variationally in each cycle; they determine the cluster
potential in the next cycle. Repeatedly, self-consistency is achieved through convergence
of these Mulliken populations.

In order to diminish spurious effects of simulating the solid by a cluster of atoms, all
clusters are surrounded by several shells of atoms of the Fe;P microcrystal. The embedding
potentials are derived from superposition of charge density placed at these crystal sites
exterior to the cluster. The charge density of the exterior atoms is obtained by taking
the effective atomic configurations and the known experimental moments. Localization

of cluster orbitals due to the Pauli exclusion principle is simulated by truncation at the
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core region of the potential of the exterior atoms. The results are greatly improved by the
embedding scheme, which has been widely employed.

Local-spin-density self-consistent field models of electronic structure have proved to
be highly successful in describing the properties of transition metals and intermetallic
compounds. For a periodic system, the cluster model tends to the same limit as band-
structure methods when the cluster size increases. In treating alloy properties or impurities
in transition metals, representation of the system by a small embedded cluster is not only
computationally attractive but also physically reasonable.

3. Results and discussion

3L FEZ.P

In table 1, we give the local magnetic moments and the electron oceupation numbers of
atoms in the ciuster FesFesFegFegPy P12 Py representing FesP. It is noticed that all Fe atoms
are ferromagnetically coupled with large positive magnetic moments, and that P atoms are
negatively polarized with small values. These results show that the ground state of Fe,P is
ferromagnetic. :

Analysing table 1, one can find that the outer Fe atoms, with moments 4.51 g and
3d, 4s and 4p with electron numbers 6.03, 1.17 and 0.69, respectively, show a surface-like
behaviour and deviate from the properties of the bulk solid greatly, while the inner three
Fe atoms on the z = 0 plane and the six Fe atoms on the z = :J:% plane have moments of
2.12 up and 1.59 uyp respectively, which approach the experimental values of pyramidal
and tetrahedral Fe atoms in Fe,P. For each Fe site of the cluster, in table 1, we also give
its number of P and Fe neighbours. Clearly, the outer Fe atoms have incomplete neighbour
shells, while the inner Fe atoms have similar local environments to Fep and Fer sites in
bulk Fe,P, which are surrounded by five and four P atoms, respectively. The inner atoms
show the most bulk-like properties; so they were chosen for evaluation of the properties of
Fey and Fey sites in FeaP.

Comparing the calculated magnetic moments with the experimental values, we can
see that the calculated value is somewhat larger than the experimental result owing o the
finite-cluster-size effect because the overlap of orbital wavefunctions in the cluster is not
80 complete as that in the bulk solid. The convergence of the magnetic moment to a bulk
value has been studied by Press er al [22], who showed that the magnetic moment of the
central atom in a cluster of 43 Ni-atoms can reproduce the bulk value very well. The
chosen 33-atom cluster seems to be not large enough to reproduce magnetic moments of
FeqP; however, it predicts that the moment of pyramidal Fe atoms is much larger than that
of tetrahedral Fe atoms. A cluster with one or two more shells can reduce the magnetic
moment and make it closer to the experimental value but, accordingly, it is much more
expensive to compute. Many calculations on metal clusters have shown that a cluster with
three- to four-atom shells is sufficient to describe most physical properties of the metal and,
for its magnetic moments, one can focus preferably on the trend rather than the absolute
value. From this point of view, our calculated moment is in good agreement with the
experimental results [6,7].

From the electron occupation numbers of cluster atoms, which are also listed in table I,
we can see that there are no substantial charge transfers to or from P to Fe, and the 3d
occupations are nearly the same for Fe; and Fep atoms, which shows that the difference
between the moments of the Fe; and Fepg atoms cannot result from their different d
occupations.
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Knowledge of the crystal structures of FesP [23] tells us that an Fep is surrounded by
five P atoms which are at distances of 2.38 and 2.48 A from an Fey atom; however, an
Fe; atom is surrounded by four P atoms which are at distances of 2.22 and 2.29 A. So the
interaction between Fe; and P atoms is much stronger than that between Fey and P atoms.
In figure 3, we show the charge density onthe z=0and z = % planes. ¥t can be seen that
there is hardly any overlap of charge density between Fey; and P atoms (figure 3(a)) while
the charge density spatially extends over the Fer and P atoms (figure 3(5)). Therefore, the
influence of P on Fey is less than that on Fer; this results in a magnetic moment of Feyp
which is larger than that of Fe;.

(o) =F

Figure 3. Charge density for the host cluster;
{2) on the Fep~P plane; (&) on the Fe,—P plane.
The contours are from 0.06 au™3 to 0.49 au™3
in steps of 0.03 au—?,

As to the mechanism by which P influences the Fe magnetic moment, one can think
of the P p states as interacting with Fe d states and forming bonding and antibonding p—
d hybrids. Whereas the bonding hybrids lie in the field valence region, the antibonding
hybrids lie above the Fermi level. To accommodate the total charge, some charge must
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migrate to the antibonding bybrids and, since the Fermi energy is below the latter, the
charge is accommodated in the empty states near the Fermi energy, which are mainly
minority-spin states. Here it is worth pointing out that the effect of P neighbours is to
displace majority-spin electrons to minority-spin states while maintaining the total number
of d electrons as nearly constant. So, in FeP, the local magnetic moments for Fe; and
Fep atoms are very different owing to their different local environments, while the electron
occupations are nearly the same for Fe; and Fey atoms.

The DOS is a very important quantity for understanding the energy spectrum of valence
eigenfunctions. The DOS for the cluster model is obtained by Lorentzian broadening (0.1 V)
of the cluster discrete energy levels to simulate solid state bands. Figures 4(a) and 4(b)
show the local 3d DOSs for Fey and Fe; atoms, respectively. There are obvious differences
between the local 3d POSs of Fep and Fe;.

(1} The Fey; 3d DOS has much broader features than the Fep 3d DOS does, which results
from the greater interaction between the Fe; atom and its environment.

(2) The energy splitting between the main (majority- and minority-spin) 3d peaks is
larger for the Fep site than for the Fe; site, which shows that the average d—d exchange
interaction for Fey; atoms is greater than for the Fe; atoms.

On the basis of the above discussion, we note that, for FepP, the Fe; atom bonds with
P atoms sirongly; its 3d electrons are spatially extended. On the other hand, the Fey atom
is surrounded loosely by P atoms; its 3d electrons are almost localized on the Fey atom.
Therefore, the Fep magnetic moment is larger than the Fe; magnetic moment.

3.2. (FeyoNiy )2 P compounds

Above we have studied the electronic structures and magnetic moments of FesP. In this
section, we shall investigate the interesting magnetic behaviours of Ni-substituted Fe,P
compounds. Massbauer experiments on the (Fe,_,Ni, )P system [24] have revealed that
Ni atoms occupy the M; site preferentially in the range 0 € x < 0.3, but the My site
for x > 0.7. We considered two clusters: one is FesFe;FegNigP1P12P2, and the other
FesNiaFegsFegPPioP;. The tetrahedral or pyramidal Fe sites are replaced partly by Ni
atoms.
We first examine the effects of Ni occupying tetrahedral sites on the electronic structures
and the magnetic moment of pyramidal Fey atoms. The magnetic moments and electron
- occupation numbers of cluster atoms are summarized in table 2.

Table 2. Calculated magnetic moments y; and electron occupation numbers n; of various sites
with Fey atoms of the host cluster replaced by Ni.

Atoms in Le3d Hasedp  Mowl A3 M4g ap Rs+3p

Site Cluster Position (up) {um) (em)
© Pyramidai  Fej z=0(n}Fey 228 0I2 240 631 05% 065

Pyramidal  Fe; =0 (mediate 299 021 320 613 084 089
Pyramidal  Feg z = 0 (out) 378 035 433 602 123 067
Tetrshedral  Nig 2=14 Nj 012 00 013 873 061 07

Py z=0 —0.08 4.85

P12 1=} —0:20 5.16

P g= =1 0.15 5.06
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Figure 4. Local 3d poss for {a) the Feq site in the cluster FesFesFegFesP1 P 2Pz, (b) the Fey

site in the cluster FeaFezFegFegP| P 2Pz, (¢) the Fey site with the Ni replacement for Fe; atoms
of the host cluster and (d) the Fey site with the Ni replacement for Feyy atoms of the host cluster.

From table 2, it may be seen that on comparison with the results of the host cluster
FeyFesFegFegP1 P12P; shown in table 1, both Fep 3d and 4s--4p moments increase slightly,
the influence of six Nif atoms on the outer Fe atoms is very small, and there is only a
very small value for the Niy magnetic moment. The magnetization measurements [12] show
that the Fe magnetic moment changes little in the range 0 < x < 0.3 for the (Fe|_,Ni,),P
compounds, since Ni atoms substitute preferentially for Fe( atoms in this range; this meaps .
that substitution of the Ni atom on the tetrahedral Fe site produces little change in the Fe
magnetic moment. Our calculated moment is in accord with the experimental value.

in table 2, one can observe that the 3s and 3p electron counts decrease slightly compared
with table 1, i.e. Ni substitution for Fe; atoms results in a small amount of charge transfer
from P valence orbitals. As is well known, it is easier for Fe to lose electrons than Ni in an
alloy or compound; since M sites are surrcunded closely by four P neighbours, electrons
concentrate more among Ni; than P atoms than among Fey and P atoms; thus the influence
of P neighbours on Fey becomes weaker, which leads to a very small value for the Ni;
magnetic moment and an increment in the Fep moment.

It is worth pointing out that, on the substitution of Ni for the Fe, site, the value of
the central P magnetic moment decreases. As discussed above, p—d mixing results in a
reduction in the Fe 3d magnetic moment; in the meantime, it also makes P negatively
polarized. Both the decrease in the P magnetic moment and the slight increase in the Fey
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moment mean that the interaction between Fe and P weakens. It is now well recognized
that the origin of magnetism can be attributed to intra-atomic and interatomic d—d exchange
interactions, that p—d hybridization dilutes the d character of the wavefunction, and that
the tendency towards magnetic moment formation and long-range moment coupling is
reduced. The reduction in the interaction between Fe and P strengthens the ferromagnetism
of (Fe)_;Ni)2P compounds; therefore its Curie temperature is raised, which is in agreement
with the experimental result.

 The Fey 3d Dos for Ni occupying Fe; sites is shown in figure 4(c). On comparison with
figure 4(a), which depicts the Fey 3d DOS of the host cluster Fe;Fe;FegFegP P2 P2, we can
note that, in the case of Ni substitution for Fe; atoms, the main 3d peak of minority-spin
states is becoming sharper, the majority-spin states move downwards and the exchange
splitting becomes wider. As a result, the 3d moment of the Fep atom increases.

Table 3. Calculated magnetic moments p; and electron occupation numbers »; of various sites
with Fep atoms of the host cluster replaced partly by Ni.

Atoms in ' Had [lig+dp HMeotal N34 Nis fap 7’135-0-31:
Site Cluster Position (up)  (up) (up) -
Pyramidal Fey z = 0 (in} Fey 202 006 2.08 637 050 079
Pyramidal Nij 7z =0 (mediate}  0.03 0.05 0.08 870 073 077
Pyramidal Feg z = 0 (out) 377 056 433 6.02 L1 074
Tetrahedral ~ Feg z=1q Fer 120 003 125 634 049 087
P z=0 —-0.23 5.13
P z=:ki -0.18 5.18
P z==%1 -0.27 533

Next, we investigate the influence of Fep atoms partly replaced by Ni on the
magnetic moments and the electronic structures of Fej sites. In table 3 are displayed
the individual atom magnetic moments and electron occupation numbers for the cluster
Fe;NiaFegFegP P1oPa. From this table it is seen that the Fe; moment is reduced rapidly;
there is hardly any change in the magnetic moments of the rest of the Fey sites, while
Ni atoms at pyramidal sites show a negligible moment. The resuit is consistent with the
experimental fact that the magnetic moment per Fe atom decreases with increasing x for
x > 0.3 since in this range, Ni atoms begin to occupy pyramidal sites partly.

From table 3, one may note that, different from the case of Ni occupying tetrahedral
sites, there is little change in the electron occupation numbers with the substitutions of Ni
for Fe atoms at pyramidal sites in comparison with the host cluster. In M;P compounds,
the M at the pyramidal sites is loosely surrounded by P neighbours. So it is more difficult
for Ni at pyramidal sites to attract the valence electrons of P than for Ni at tetrahedral sites.
Accordingly, the interaction between Fe; and P strengthens relatively when Ni occupies the
pyramidal sites, which results in a decrease in the Fey magnetic moment.

In table 3, it can be seen that the central P atom magnetic moment increases relative
to the case of the host cluster. For the same reasons as above, one can deduce that the
interaction between P and Fe strengthens, which results in a reduction in the ferromagnetism
of (Fe;_,Ni)sP. Therefore the Curte temperature of (Fe;_,Ni, 2P compounds is raised in
small-x region; then it decreases on further increment in x.

In figure 4(d) is drawn the Fe; 3d DoS for the cluster FesNisFegFegPiP1aPa. On
comparison of figure 4(d) with figure 4 (&) for the Fe; 3d p0$ of host cluster, it can
be noted that, with Ni-atom replacement of Fey sites, there is hardly any change in the
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minority-spin state, while the main peak of majority-spin states becomes slightly low and
slightly wide; so the empty states of a majority spin increase, which results in a decrease
in the Fe; magnetic moment.

4. Conclusion

We have performed local-spin-density calculations with the DvM for embedded clusters
representing FepP and (Feq_.Ni;)2P compounds. The electronic structures and magnetic
moments of the distinct Fe sites in FesP have been obtained, and the influence of
Ni replacement of Fe; and Fep sites on the local magnetic properties of (Fei_;Ni,)oP
compounds has been investigated. The following is a summary of our results.

{1) For Fe;P, the local magnetic moment of Fep is larger than that of Fe; owing to the
greater hybridization of Fer with P, which is in accord with experimental results,

(2) When Ni substitutes on tetrahedral Fe sites, there is a small increment in the Fep
magnetic moment, and the ferromagpetism of (Fe;.. Ni,)};P compounds is strengthened,
which results from the weakening interaction of Fey with P. On the contrary, the Fe
magnetic moment decreases when Ni replaces pyramidal Fe sites.
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