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The effect of the local environment on the magnetic moment and its convergence to bulk value
has been studied self-consistently by using a molecular-cluster model within the framework of spin-
density-functional theory. We show that the magnetic moment of the central atom in clusters of 43
Ni atoms and 27 Fe atoms can reproduce the bulk values very well. The moments of atoms sur-
rounding the central site increase as one approaches the surface—a consequence of decreasing
coordination number. The defects such as vacancies and carbon and phosphorous impurities have a
strong effect on the magnetic moment of the nearest host atom: The vacancies enhance the mo-
ments while the impurities quench them. The former is caused by a reduction in the coordination
number, whereas the latter is caused by pd hybrids formed out of interacting impurity p and host d
states. The effect of multiple defect complexes on the host magnetic properties has also been inves-
tigated, and the results are compared with available experimental data.

I. INTRODUCTION

In a previous paper,1 hereafter referred to as I, we have
discussed the effect of the near-neighbor environment on
the magnetic moments of Fe, Co, and Ni. The coordina-
tion number (defined as the number of atoms in the
nearest-neighbor shell) of the magnetic atoms was varied
by considering linear chains, surfaces, and thin films of
different crystallographic directions. Using a simple and
computationally efficient ab initio tight-binding method
(ATB) we showed that the magnetic moments of atoms
are significantly influenced by their local environment
and that our results were in agreement with available ex-
perimental and other sophisticated theoretical results.

In this paper we have studied this problem from the
point of view of clusters modeled as fragments of their
crystalline structures. These studies illustrate two
different but complementary aspects of the problem: the
convergence of magnetic moments to bulk values as clus-
ters grow and the effect of coordination number. These
results also shed light on recent experiments on magnetic
moments of free clusters.?

There have been many experimental studies® of the
magnetic properties of transition metals containing im-
purities. Using the cluster technique, we have investigat-
ed the role impurities like carbon and phosphorous play
on the magnetic properties of Fe and Ni. We are also
able to identify the mechanisms underlying the demag-
netization of host atoms adjacent to the impurities.

A brief outline of our theoretical procedure is given in
Sec. II. The results of the electronic and magnetic prop-
erties of perfect and imperfect clusters of Fe and Ni are
presented and discussed in Sec. III. A summary of our
conclusions is contained in Sec. IV.

II. THEORETICAL APPROACH

We have used the self-consistent-field linear combina-
tion of atomic orbitals molecular-orbital (SCF-LCAO-
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MO) method within the density-functional formalism to
carry out electronic structure calculations of Ni,, Fe,,
Ni, P, and Fe,C,, clusters (» <43 for Ni and < 30 for Fe,
m =2 for C) confined to their bulk geometries. The
Rayleigh-Ritz secular equation (H —ES )C =0 was solved
using the discrete variational method* (DVM). In short,
the DVM involves use of numerical atomic orbitals in the
construction of molecular orbitals. In this work, orbital
configurations 3d°, 4s%%, and 4p°®°! for Ni, 3d7, 4s°%,
and 4p°°! for Fe, 3s2, 3p%%, and 3d%°! for P, and 2s°
and 2p? for C were employed to generate the valence or-
bitals for these atoms. The effect of the rest of the bulk
was simulated through an embedding scheme.’ The secu-
lar equation was then solved self-consistently using ma-
trix elements obtained via three-dimensional numerical
integrations performed on a grid of random points by the
diophantine method. About 500 sampling points around _
Ni and Fe sites and 600 around P and C were employed.
These points were found to be sufficient for convergence
of the electronic spectrum to within 0.01 eV. The details
of the method are well documented in literature®> and
are not reproduced here. The geometries of the Ni and
Fe clusters studied here are given in Figs. 1 and 2, respec-
tively.

III. RESULTS AND DISCUSSION

We discuss our results in three different steps. First,
we study the cluster size and the local environment
effects on the magnetic moments of pure Fe and Ni clus-
ters. This is followed by our results on Ni, P and Fe,C,,
clusters.

A. Pure clusters

In Figs. 3(a) and 3(b) the local densities of states on the
central atom site in Ni,; and Ni,; clusters are presented.
These results are compared with the density of states
(DOS) obtained from band-structure studies® in Fig. 3(c).
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FIG. 1. Geometries of clusters used to model Ni and NiP.
The four shells of atoms in the Ni,; cluster are labeled 4, B, C,
and D. Nij; and Nijy clusters (not shown) only have shells 4
and B and A4, B, and C, respectively. Ni, P clusters corre-
spond to Ni, clusters with central Ni replaced by P.

The evolution of the DOS with cluster size and the ap-
pearance of fine structure in larger clusters are quite ap-
parent. Although the DOS of the Ni,; cluster contains
the salient features found in the band-structure studies,
the results of Ni,; agree much more closely with the bulk
value. In the Ni;; cluster the central atom is surrounded
by only one shell of atoms whereas in the Nig; cluster,
there are four shells of atoms that decorate the central
site. We had earlier calculated the DOS in the Nig clus-
ter, which is not too different from that in Ni;;. This
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FIG. 2. (a) Fe;s cluster with 4, B, and D shells. The Fe,,C
cluster has central Fe substituted by C. (b) Fe;; atom cluster
used in Fe;qC, model studies. The central Fe is vacant and the
two C move along the [100] direction. The Fe,; cluster (not
shown here) is obtained from the Fe;, cluster by including shells
A, B, D, and E shown here and adding four atoms to complete
the E shell around the central site. Fe,C, is obtained from Fe,,
by substituting a pair of off-centered C atoms in place of the
central Fe atom.

clearly suggests that for the DOS of the cluster to con-
verge to bulk value, one needs to decorate the central site
with at least three nearest shells of atoms. The decora-
tion of the central site can also be looked at from a
different perspective. In a fcc lattice, if one includes all
the atoms that are nearest to the second shell of atoms in
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FIG. 3. (a) The local spin density of states on the central site
of a Ni,; cluster. (b) The local spin density of states on the cen-
tral site of a Ni,; cluster. (c) The spin density of states of bulk
Ni obtained from band-structure calculations of Ref. 6.
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Fig. 1, the total number would be 55. In the Ni,; cluster
we are missing one nearest neighbor for every atom in the
second shell whereas in the Ni;; cluster we are missing on
the average three nearest atoms. Thus one could also say
that for the bulk properties to be realized, both the cen-
tral site and its nearest neighbors should have their
nearest shells complete. This result is consistent with the
findings of slab calculations’” where the central layer of a
five-layer film has bulklike properties. In Table I we
compare the magnetic moments for the central atom (A4)
and those in surrounding shells (B, C, and D) for Ni,;,
Ni,o, and Niy; clusters. Note that the central site has the
lowest moment in all the clusters and that the moments
tend to increase as one approaches the surface atoms.
The latter trend is due to the decrease in the coordination
number as remarked in I. From the Ni,; to the Ni g clus-
ter the central site moment is not changed significantly
since only six out of 24 third-nearest-neighbor atoms are
present in the Nig cluster. We should remark that our
results for Ni,, as presented here are slightly different
from those published earlier.! As we had remarked in
that paper,? the calculated magnetic moments can be re-
duced by about 0.3up by placing an attractive potential
well that pulls in the electrons. To illustrate this more
clearly, we plot in Fig. 4 the moment on the central atom
in a Ni;; cluster as a function of the depth of the attrac-
tive potential well. Placing of the potential wells is neces-
sary while modeling a bulk system since the electrons
must be confined in such a way that the overlap of the
electrons to adjoining cores is minimal. The choice of the
depth, however, is not completely unambiguous. We see
in Fig. 4 that the moments on the central atom, as well as
the average moment per atom in the cluster, converge to
a steady value as the well depth increases. In the present
calculation we have put a well of depth equal to —0.25
eV since it brings the calculated central moment to
closest agreement with experiment. For all subsequent
calculations, we have kept the well depth to be constant
at —0.25 eV. We also note that the central atom mag-
netic moment in the Niy; cluster is in good agreement
with the experimental value of 0.6p 5. We recall that the
DOS for this site also agreed well with the band-structure
value.® We could thus conclude that a 43-atom Ni clus-
ter could reproduce bulk features. We find that, analo-

TABLE I. Spin moment and the d occupation of various sites
(A4,B,C,D) in the Ni, and Ni, P clusters (see Fig. 1).

Cluster A B C D
Niy; Spin 0.89 1.37
d charge 8.69 8.64
Nij Spin 0.86 1.02 1.17
d charge 8.76 8.68 8.65
Nig; Spin 0.60 0.82 0.91 1.06
d charge 8.77 8.74 8.69 8.70
Ni;sP Spin 0.94 1.31
d charge 8.70 8.65
Nig,P Spin 0.61 0.82 1.07
d charge 8.81 8.75 8.69
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FIG. 4. The spin moment on the central site and the average
spin moment of a Ni;; cluster as a function of depth of the at-
tractive potential well used to simulate bulk effects.

gous to the band-structure results, most of the contribu-
tions to the magnetic moments are coming from the d
electrons. The total charges on the d shell calculated
from a Mulliken analysis are, however, nearly the same
for all atoms in all of the clusters studied.

In Figs. 5(a), 5(b), and 5(c) we plot the DOS for the Ni
atoms lying on the second, third, and fourth shells of the
Niy,; cluster, respectively. It is clear that the structure in
the DOS begins to disappear as one moves outward. This
is caused by a decrease in the coordination number. The
DOS for the second shell resembles the central site more
closely than any other DOS.

In Figs. 6(a) and 6(b) we present the DOS’s at the cen-
tral site of the Fe,;5 and the Fe,, clusters and compare
them to the band-structure results® in Fig. 6(c). As in the
case of Ni, the central site DOS in the Fe,, cluster resem-
bles the bulk value more closely than that in the smaller
cluster. Even in the Fe,; cluster, we have a single peak in
the DOS at 3 eV for the majority spin which should have
split into two peaks to resemble the bulk structure. Thus
we conclude that one needs to consider bigger Fe clusters
to reproduce the fine structures in the bulk DOS.

In Table II the magnetic moments of the various shells
of Fe in Fe 5 and Fe,; are given. The general trend in the
spin and d-charge distribution is again the same as ob-
served in Ni, namely, the magnetic moments of atoms on
the outer shell are larger than those in the inner shell—a
consequence of decreasing coordination number. The
magnetic moment of the central atom in the Fe,, cluster
is 2.47up and does not agree as closely with the experi-
mental value of 2.2uy as observed earlier in Ni. Thus
another shell of atoms decorating the central Fe atom is
necessary to achieve quantitative agreement with experi-
ment. We note that the DOS in the Fe,; cluster was also
not in perfect agreement with the bulk result.

B. P impurity in Ni

We next examine the effect of impurities on the host
magnetic moment. We first discuss the magnetism of the
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NiP system, which is the most widely studied problem in
metal-metalloid glasses. We had discussed in a recent pa-
per® the mechanism by which the Ni atoms get demag-
netized with increasing P concentration. We showed that
this arises due to a change in the majority and minority
spin population induced by P. Our results were based

M. R. PRESS, FENG LIU, S. N. KHANNA, AND P. JENA 40

upon cluster calculations consisting of up to 19 Ni atoms.
Here we present additional results for the Nig,P cluster
and provide a simple physical picture for the electronic
structure.

In Fig. 7(a) we plot the DOS at the P site in the Ni,,P
cluster. It carries a small moment of 0.17ug, most of
which is confined to the P 3s and 3p shells. The P atom
has the strongest effect on the magnetic moment of the

4001 nearest Ni atoms which decreases from 0.82u 5 to 0.61up
1 (a) \ (see Table I). This change is manifested in the spin densi-
] ty of states of the nearest Ni atoms as shown in Fig. 7(b).
300 The effect of P diminishes as one goes outward and the
)
.’."g_
& 2001 ) i 501
o ]
g ] (@)
3 ]
100 = %
4 w -
p e
=4
1 e A ¥
4 _5’ 20_
(S ————————_———— Q
-15 -12 -9 -6 -3 0 3 3 o]
E (eV)
o.
300+
( b ) -lo‘ T T T T )
-15 -10 -5 [} 10
E (ev)
¥ 2004 501
E
3 (b)
B 40
g ool z L[
S 1001 5 30]
o
S
8 20
o
] -
r_T 7777 104
-15 -12 -9 -6 -3 o 3
E (eV) o] : ‘
-15 -10 -5 0 5 10
14007 E (eV)
1300
1200 (c) 3.50 T
1100 300 " (c)
__ 1000 \ 00 =
N ] F
g 900 ok
o 8007 ’ * 2 L
5 7007 5 200
8 6007 £ |
S 5001 5 150
400 1 8 L
300 1.00 |-
200+ -
100 0.50 |-
o r T T T A T T v T T 0 A
-15 -12 -9 -6 -3 0 3 o -8
E (eV)

FIG. 6. (a) The local spin density of states on the central site
of an Fe;s cluster. (b) The local spin density of states on the
central site of an Fe,; cluster. (c) The spin density of states of
bulk Fe obtained from band-structure calculations of Ref. 6.

FIG. 5. (a) The local spin density of states on the second shell
(B) of a Nig; cluster. (b) The local spin density of states on the
third shell (C) of a Niy; cluster. (c) The local spin density of
states on the outermost shell (D) of a Nig; cluster.
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TABLE II. Spin moment and the d occupation of various sites (4,B,D,E,F) in Fe, and Fe,C,, clus-

ters (see Fig. 2).

Cluster A

B D E F

Fes Spin 2.77
d charge 6.73

Fe,; Spin 2.47

d charge 6.69

Spin

d charge

Fe,,C, Spin
d charge

Fe,C Spin

d charge

Spin

d charge

Spin

d charge

Spin

d charge

Spin

d charge

Fe 14(vacancy)

FeMC
[100]
F614C2[100]

Fe,4C,[100]

Fe;C,
[100]

3.23 3.48

6.56 6.55

2.41 2.90 3.96

6.67 6.61 6.40

3.33 3.50

6.49 6.53

3.10 3.31

6.54 6.55

2.46 2.96 3.94

6.65 6.59 6.36

291 2.70

6.58 6.58

3.11 2.80

6.53 6.56

2.12 2.37 3.98

6.72 6.69 6.40

2.50 1.75 3.53 3.68
6.63 6.89 6.53 6.49
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FIG. 7. (a) The local spin density of states on the P site in a
NiyP cluster. (b) The local spin density of states on Ni sites
nearest to P in a Nig,P cluster.

third layer (D-shell) atoms in Nig,P exhibit nearly the
same magnetic moment as in the Niy; parent cluster.
This demonstrates that the itinerant Ni electrons screen
the P charge within about a lattice spacing.

To understand ‘the origin of the reduction in the host

“magnetic moment, we give in Table I the magnetic mo-

ments of nearest-neighbor Ni atoms due to P in Ni P
and Nig,P clusters. The results are compared with the
corresponding host Ni;q and Ni4; parent clusters. Note
that the net charge on the nearest Ni atom with or
without P is not sensitive to cluster size. The situation
for the spin occupation is however different. The mag-
netic moment on the nearest Ni atom (shell B) due to P is
reduced only by 0.08u5 in the NigP cluster from the cor-
responding value in Ni;q. The reduction, however, is
much larger in the Niy,P cluster where the nearest Ni
moment is 0.4up smaller than the value in the perfect
system. This strong cluster size dependence of g arises
due to the interaction of Ni atoms with the embedding
potential incorporated to simulate the crystalline envi-
ronment. In the Ni;gP cluster the B-shell atoms are
separated from the embedding atoms by only one shell of
atoms, whereas in the Nig,P cluster there are two shells
of atoms separating the B-type atoms from the embed-
ding medium. Thus the magnetic moment of B-shell
atoms in the Nig,P cluster is influenced much less by the
embedding potential than that in the Ni 4P cluster. Since
the embedding atoms are magnetic, their interaction with
cluster surface atoms makes them more magnetic. A

‘second point to note is that while the net charge on the

Ni atom does not change significantly with or without P,
the magnetic moment undergoes appreciable modifica-
tion. Since most of the charge and the spin reside on the
3d shell, it is clear that the reduction in the moment is
caused by transfer of electrons from majority to minority
spin band and not due to any charge transfer between P
and Ni. This result is particularly evident from the Ni,;
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cluster. As we have indicated earlier, Ni,; is a large
enough cluster to simulate the bulk electronic properties.

C. Point defects in Fe

We have considered three kinds of defects; a monova-
cancy, carbon-monovacancy complex with carbon occu-
pying various positions with respect to the vacancy
center, and polycarbon vacancy complexes. In Table II
we note that the moment on the nearest-neighbor Fe
atom (B shell) in Fe;, due to the vacancy increases while
the moment at the next-near-neighbor shell (D shell)
remains practically unchanged. As pointed out in I, the
enhancement of the moment in the B shell is caused by a
reduction in overlap between atomic orbitals. The
second shell (D) is shielded from the vacancy by the eight
Fe atoms in the B shell and consequently is unaffected.
The introduction of carbon at the center of the vacancy,
however, has the opposite effect,” causing the nearest-
neighbor moment to decrease. This is caused by the in-
teraction of the carbon 3p with the Fe 3d orbitals. As
discussed for P in Ni, the decrease in the moment is due
to the transfer of spins from majority to minority states
and not due to any charge transfer between carbon and
Fe atoms.

There is theoretica as well as experimental evi-
dence!? that the equilibrium position of carbon is at an
off-center vacancy site. To illustrate how this affects the
magnetic moment, we plot in Fig. 8 the magnetic mo-
ments of the Fe atoms in the B and C shells of an Fe,,C
cluster with carbon moving along the [100] direction
from the vacancy center. At the origin (carbon at the va-
cancy center), the moment of the D shell is slightly higher
than the B shell as seen in Table II. As carbon moves,
the moments on both the shells tend to decrease and as-
sume a single value for a displacement of around 1.6 a.u.
At this position, carbon is equidistant from the Fe atoms
on the D shell and the four Fe atoms on the B shell that
share the corners closest to carbon. Beyond this position,
the carbon distance from the body center Fe decreases
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FIG. 8. The magnetic moment of the Fe atoms in the B and
D shells of the Fe,C cluster as a function of the C position
along [100] direction.

much faster than its distance from the other four atoms
discussed above. Consequently, there is a sharp decrease
in the magnetic moment of the nearest Fe atom—a
consequence of strong overlap between carbon 3p and Fe
3d orbitals.

To further illustrate that the charge transfer between C
and Fe does not play a role in the strong dependence of
Fe moment on Fe-C distance, we note that in Table II the
3d charge on all Fe atoms with or without carbon is
6.610.1.

We have also calculated the energetics of carbon mov-
ing along various symmetry directions. Contrary to ear-
lier assumptions, we found that!! the equilibrium
configuration of carbon is along a special direction given
by [y =xta /4] where a is the lattice spacing. In this
direction, carbon is at a distance of 3.35 a.u. from the va-
cancy center and has three nearest-neighbor Fe atoms.
The moment on these atoms is reduced to 2.5u, whereas
for the equilibrium position along [100] the correspond-
ing moment is 2.9u 5. Experiments on positron annihila-
tion'? have been carried out to locate the equilibrium site
of carbon. While the experiment clearly suggests that
carbon is situated at an off-center vacancy site, it cannot
distinguish between the equilibrium sites along [100] or
[y =x=*a/4]. This is because the positron lifetimes for
carbon at the minimum in these directions are nearly the
same. It will, therefore, be useful to probe, experimental-
ly, the magnetic moment in carbon vacancy complexes in
Fe since we demonstrate that the moments are clearly
different for these two sites. No experimental data are
available at this time.

Positron annihilation studies'? as well as theoretical
calculations!! have also suggested that a vacancy in Fe is
capable of trapping more than one C atom. We have
therefore studied the effect of carbon decoration on the
magnetic moment in Fe,,C,, and Fe,C, clusters. The re-
sults are again presented in Table II. We first point out
that the atoms on the D and E shells in pure Fe clusters
are each split into two subsets in clusters containing two
carbon atoms. This is caused by the fact that as each C
atom occupies an off-center position, four of the six
atoms in the D shell are at a different distance from the
carbon atom than the other two. In Table II we only give
the moment on those Fe atoms that are closest to carbon.

We begin by comparing the results for Fe,,C [100] and
Fe ,C, [100] clusters. In both of these clusters, the car-
bon atom(s) occupies the minimum energy configuration
along the [100] direction from the vacancy center. Note
that the magnetic moment as well as the charge of the 3d
shell on the Fe atoms on both the B and D shells are
nearly the same. This illustrates that the decoration of
vacancy by more than one carbon has little effect on the
electronic structure of Fe atoms. The interaction of car-
bon with its nearest-neighbor Fe atoms is much larger
than between the two carbon atoms. A second point to
note is that while the moment on the B shell is reduced
by only 0.2up due to carbon, the moment on the D shell
is reduced by as much as 0.6ug. This is due to the fact
that carbon along the [100] direction is closer to the Fe
atom on the D shell than to the Fe atoms on the B shell.
The same trend is preserved in the larger cluster Fe,cC,
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although the difference in the moments between the B
and D shell atoms are somewhat different. This is caused
by the effect of an additional 12 surface atoms in the
Fe,¢C, cluster. The magnetic moment on the outermost
shell of the Fe,sC, cluster is nearly identical with the Fe,,
cluster. Thus the effect of carbon on the electronic struc-
ture of Fe is short ranged due to an efficient screening of
the charge by the host conduction electrons. In all the
clusters in Table II, small or large, perfect or defected,
the charges on the 3d electrons are nearly the same
whereas the magnetic moments change over a wide mar-
gin. This result, which is analogous to the NiP system
discussed earlier,? clearly demonstrates that the dominant
interaction of the impurity with host magnetic moment is
primarily of magnetic origin. The charge transfer be-
tween impurity and host atoms does not play a major
role—contrary to what is known in metal-hydrogen sys-
tems. In the following, we describe a simple physical
model to account for the observed magnetic properties.
We note that in both Fe ,C, and Fe,sC, clusters, the Fe
atom directly above carbon in the D shell does not have
all of its nearest-neighbor Fe atoms. To calculate a more
accurate value of the magnetic moment of this Fe atom,
we have used an Fe;,C, cluster by decorating the above
atom with an additional four atoms (see Fig. 2). The re-
sults in Table II indicate that the moment of the atom on
the D shell is further reduced to 1.75u . Thus, for an ac-
curate determination of the magnetic moment of a host
atom due to an impurity, it is necessary to choose a clus-
ter which has at least the first near neighbors of the mag-
netic atom, under study, complete.

D. Simple theoretical model

To provide a qualitative picture for the mechanism of
spin quenching we give a schematic plot of the host den-
sity of states as well as the impurity atomic levels in Fig.
9(a). The interaction as remarked earlier is between im-
purity p levels and the host d band. The lower-lying im-
purity s states are somewhat broadened but do not over-
lap with the host conduction states. The major electronic
change occurs due to p-d hybrids formed out of the bond-
ing and antibonding interaction of impurity p and host d
electrons as shown in Fig. 9(b). There are two sets of p-d
hybrids belonging to majority and minority spin states.
Since the majority band is full, the pd hybrid correspond-
ing to the majority spin cannot accommodate all of the
electrons in the bonding state and some of these have to
occupy an antibonding state. If these antibonding states
are above the Fermi energy, the majority electrons occu-
pying these states would fall to lower states reserved for
minority spins. This transfer would then set up a mecha-
nism for converting majority spins into minority spins re-
sulting in a reduction in the magnetic moment while
maintaining the total charge. This behavior of density of
states has been witnessed in our computed density of
states discussed earlier.
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FIG. 9. Schematic diagram showing the interaction between
impurity (C or P) s and p levels and the d band of the host (Fe or
Ni). (a) shows the impurity levels and the host band while (b)
shows the pd hybrids.

IV. CONCLUSIONS

We have carried out self-consistent cluster calculations
of the magnetic properties of Fe and Ni containing im-
purities. Following is a summary of our results.

(1) The magnetic moment of the central atom in the
cluster can nearly equal its bulk value if it is surrounded
by three or more nearest-neighbor shells.

(2) The magnetic moment increases as the number of
host atoms surrounding the site under investigation de-
creases.

(3) Nonmagnetic impurities such as phosphorous and
carbon have a significant effect on the magnetic moment
of the nearest host atom causing a sharp reduction from
its value in the perfect state.

(4) The quenching of the moment is caused by a
transfer of majority spin electrons in the host impurity
hybrid band to the minority states. This quenching could
be accomplished without requiring a transfer of charge
from impurity to the host and thereby prohibiting a rise
in the Fermi energy. Current experiments!® tend to sup-
port this picture.

(5) The effect of the impurity on the host magnetic
properties is of short range and confined to the nearest
atoms.

(6) Formation of defect complexes appears to play a
less significant role in the distribution of the host magnet-
ic moment.
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