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Structure and magnetic properties of Fe-Ni clusters

B. K. Rao, Susana Ramos de Debiaggi,* and P. Jena
Physics Department, Virginia Commonwealth University, Richmond, Virginia 23284-2000

~Received 22 December 2000; published 20 June 2001!

Using a first-principles molecular-orbital approach, we study the equilibrium geometries and binding ener-
gies of small Fe-Ni clusters containing up to four Fe and four Ni atoms. We find that the clusters are
ferromagnetic with magnetic moments enhanced relative to the bulk values. For some specific cluster sizes and
compositions, different isomers~corresponding to different geometries and clearly different energies! are found
to have the same magnetic moment. This behavior is in contrast to the common understanding that magnetism
usually depends on the cluster geometry. Calculations have also been carried out by modeling Fen21Ni (n
52,9,15,27) clusters as fragments of a bcc lattice to determine the preferred site of Ni and its effect on the
magnetic properties. The results are used to analyze the recent experimental study of the magnetic properties
of FeNi nanoparticles.

DOI: 10.1103/PhysRevB.64.024418 PACS number~s!: 75.75.1a, 75.40.Mg, 36.40.Cg, 61.46.1w
de
ls
r-
th
he
siz
ib
s
re
si
ed
ily
.

er
w
h

r
th
ing
rl
as
in
f-
y

te
an
ie

nd
et
ye

a
hi

o

the
any
the

nt,
nt.
ld

-
r-
of
the
nd
cc
2.8
at
of
ll

ng
mo-
face

ra
-Ni

Fe
del
lu-
ge

he
etic
ne.
e to

dif-
ved
be

ns.
and
lso
the
I. INTRODUCTION

Theoretical and experimental studies in the last two
cades have demonstrated that magnetism of materia
strongly affected1 by their dimensionality, size, and inte
atomic separation. This has been clearly illustrated in
studies of multilayers and gas phase atomic clusters w
sizes can be controlled at the atomic level. The strong
dependence of cluster properties have opened new poss
ties to design materials with specific and tailored propertie2

In this sense, transition metal clusters are of special inte
due to their central role in both magnetism and cataly
Although mixed transition metal clusters can be produc
most of the current work being done in this area primar
involves systems containing only one atomic component
systematic microscopic understanding of the properties
mixed transition metal clusters is still lacking.

The study of the magnetic properties of monoatomic f
romagnetic nanoparticles, and more generally lo
dimensional systems such as surfaces and multilayers,
demonstrated that the magnetic moment is enhanced ove
bulk value. The magnetic moment is quite sensitive to
overlap of the electronic distribution between neighbor
sites, with the magnetic moment decreasing as the ove
increases.3 Consequently, it is also expected that an incre
of the coordination would tend to reduce the moment. Us
a Stern-Gerlach magnet, Apselet al.4 have measured the e
fective moment of Nin clusters containing 5–740 atoms. B
applying the superparamagnetic model,5 the magnetic mo-
ments were found to be larger than the bulk value (0.6mB),
and decreased monotonically with the size of the clus
Similar results were also obtained earlier by de Heer
co-workers6 on Fe, Co, and Ni clusters. Theoretical stud
using both ab initio3,7–10 and semiempirical tight-binding
models11 have qualitatively explained the experimental tre
in homonuclear transition metal clusters. However, magn
properties of mixed transition-metal clusters have not
received similar attention.

In this paper, we present theoretical studies of the m
netic properties of mixed Fe-Ni clusters. The choice of t
system was motivated by many interesting properties
0163-1829/2001/64~2!/024418~6!/$20.00 64 0244
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Fe-Ni alloys. In the bulk phase, Fe-Ni alloys are among
most widely studied magnetic materials and they pose m
anomalies as a function of composition. For example, in
‘‘Invar’’ alloy phase12 containing 36% Ni, the Fe-Ni alloy
exhibits extremely small thermal expansion coefficie
maximum lattice constant, and maximum magnetic mome
To study how the magnetic properties of Fe-Ni alloy wou
behave in the nanophase; Liet al.13 recently synthesized ul
trafine particles by varying the alloy composition. The pa
ticle size ranged from 10 to 100 nm with a mean size
30–40 nm. For Fe content below 60%, the authors found
particles to have fcc structure with a lattice constant arou
3.5 Å while for larger Fe concentration, the particles had b
structure with a much reduced lattice constant of around
Å. The most interesting result of their study, however, is th
the saturation magnetization of the ultrafine particles
Fe-Ni was consistently lower than their bulk value for a
range of composition studied. This is particularly surprisi
as one expects the particles to have higher magnetic
ments with reduced size due to increasing number of sur
atoms.

In order to explain this anomalous behavior, Gueva
et al.14 have investigated the magnetic properties of a Fe
cluster in the Ni-rich region, near to the FeNi3 composition
by assuming that the cluster has the bulk structure with 47
atoms and 178 Ni atoms. They used a tight-binding mo
with parameters taken from the bulk. The most stable so
tion they obtained is a ferromagnetic one, with an avera
magnetic moment of 1.25mB per atom, which is slightly
larger than the bulk alloy value for that composition. T
authors also found the existence of many antiferromagn
solutions lying very close in energy to the ferromagnetic o
The authors have, however, cautioned the reader that du
the approximate nature of their calculations the energy
ferences may not be very accurate. However, they belie
that the lowering of magnetization in the nanophase could
due to coexistence of ferro- and antiferromagnetic solutio
It should be remarked that other effects such as disorder
segregation, which were not taken into account, could a
play a role in the decrease of the total magnetization of
system.
©2001 The American Physical Society18-1
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There are very fewab initio theoretical calculations in the
literature on the properties of Fe-Ni clusters. Kaspar a
Salahub15 had earlier used molecular-orbital calculatio
with the self-consistent-fieldXa scattered-wave method t
explain, from a molecular point of view, several of the Inv
anomalies. For this, clusters containing 13 ato
(Fe13, Fe12Ni, Ni13) were used as a model of the bulk. Th
presence of strongly antibonding majority-spin orbitals a
nonbonding minority-spin orbitals at the Fermi level w
shown to account for the anomalies in the Invar concen
tion range.

Small Fe-Ni clusters containing up to four atoms we
later studied by Cheng and Ellis10 using the discrete varia
tional method and local-density approximation to t
density-functional theory. Their aim was to determine effe
tive many-body potentials~pairwise, three and four-body po
tentials! by fitting to the calculated binding energy as a fun
tion of interatomic distance. However, their results for t
magnetic moment of Fe2 and Ni2 dimers are in disagreemen
with some recent theoretical results~see Table I!.

In this paper we have studied the structural and magn
properties of Fe-Ni clusters usingab initio self-consistent
molecular-orbital theory16 within the density-functional for-
mulation. We present here two series of results. First,
examine the equilibrium geometries, binding energies,
magnetic moments of free (FeNi)n clusters withn<4. In the
second part, we model Fe-Ni clusters in the Fe rich com
sition range by considering them as a portion of the b
phase having bcc symmetry. Our objectives have bee
investigate if the magnetic moments of small FeNi clust
are indeed smaller than their bulk value and if there are
ergetically nearly degenerate isomers that exhibit antife
magnetic ordering. The study of the equilibrium geometr
will also enable us to see if there is any tendency of Fe
Ni to segregate, i.e., if Fe-Ni bonding is less favored o
Fe-Fe and Ni-Ni bonding. By comparing the results of fr
clusters with those where clusters mimic the bulk structu
we can study the sensitivity of the magnetic moment to cl
ter topology. In the following, we discuss these results a
their possible connection with related experimental meas
ments.

II. COMPUTATIONAL PROCEDURE

The calculations have been carried out using molecu
orbital theory where the cluster wave function was co
structed as a linear combination of atomic orbitals cente
at the atomic sites. The atomic orbitals were represented
double numerical basis with added polarization funct
available in theDMOL software.17 The total energies were
calculated using the density-functional theory and gene
ized gradient approximation for the exchange-correlation
tential. For the latter, we have used the Becke-Perdew-W
form of the functional.18

We carried out two separate calculations. In the first,
have studied the equilibrium structure, energetics, and m
netic properties of free (FeNi)n clusters containing up to fou
Fe and Ni atoms. The geometries were optimized by relax
the structures until the forces vanished at each atomic
02441
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Different initial configurations were tried to examine if th
clusters possess any nearly degenerate isomers.

In the second set of calculations, we studied the energe
and magnetic properties of Fen ,Fen21Ni (n59, 15, 27),
and Fe7Ni2 clusters having a structure of that of the b
phase of bulk iron. The energies of Fen21Ni clusters were
then calculated by placing the Ni atom on successive sh
~see Fig. 1!. The objective was to see if Ni in a Fe nanopa
ticle would prefer to reside on the surface or within the bu
and if this preference affects the total magnetic momen
the cluster. In the following we present these results se
rately.

III. RESULTS AND DISCUSSIONS

A. Optimized geometries, electronic structure, and magnetic
properties of „FeNi…n „nÏ4… clusters

We begin with a discussion of the results on dimers: F2,
Ni2, and FeNi. The present results are compared with so
earlier calculations7–10 using various levels of theory in
Table I. The measured bond lengths of Fe2 range from 1.75
Å to 2.04 Å, while that of Ni2 is 2.16 Å. All calculated bond
lengths agree well with the experiment.19,20 For FeNi no ex-
perimental bond length is available, but our calculated va
agrees well with those of Cheng and Ellis.10 However, the
magnetic moments of the dimers calculated by Cheng
Ellis are not in agreement with our calculations as well
those of earlier authors. It is important to note that the bo
lengths of all the three dimers are very close to each ot
However, there are marked differences between various
culations of the binding energy per atom. This disagreem
in the binding energies occurs partly due to the errors in
energies of the free atoms as well as due to the treatmen
the exchange-correlation energy functional. However,
relative energies of the isomers are expected to be influen
less since they do not involve inaccuracies in the energie
the free atoms.

In Fig. 2 we plot the equilibrium geometries of th
(FeNi)n (n<4) clusters. The resulting binding energies,Eb
5@E(FenNin)2nE(Fe)2nE(Ni) #/n and magnetic moment
per atom are given in Table II. We note that the geometry

FIG. 1. A 27-atom cluster mimicking the bcc structure of t
Fe-Ni alloy in the Fe-rich phase.
8-2
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STRUCTURE AND MAGNETIC PROPERTIES OF Fe-Ni . . . PHYSICAL REVIEW B 64 024418
the (FeNi)2 is planar with a Fe-Ni distance of 2.29 Å an
Fe-Fe distance of 2.16 Å. Note that these distances are c
to their respective dimer values given in Table I. Howev
the Ni-Ni distance in (FeNi)2 is 4.04 Å, which is much

FIG. 2. Equilibrium geometries of (FeNi)n (n<4) clusters. For
Fe4Ni4, geometries of two isomers with close energies are give

TABLE I. Binding energies per atom, bond lengths, and to
magnetic moments for Fe2, Ni2, and FeNi dimers.

Authors Fe2 Ni2 FeNi

Re(Å) Present 2.02 2.14 2.08
Ref. 7 2.00 2.10
Ref. 10 2.22 2.12 2.06
Ref. 8 2.01
Ref. 9 2.13
Expt. ~Refs. 19, 20! 1.73–2.04 2.16

BE ~eV!/atom Present 1.70 2.83 2.33
Ref. 7 1.62 1.74
Ref. 10 1.42 1.44 1.39
Ref. 8 1.13
Ref. 9 1.31
Expt. ~Refs. 19, 20! 0.61–1.28 2.07

m(mB) Present 6 2 4
Ref. 7 6 2
Ref. 10 8 2.28 6
Ref. 8 6
Ref. 9 2
Expt. ~Refs. 19, 20! 6 2
02441
se
,

larger than the Ni2 bond length of 2.14 Å in Table I. This
implies that the relative bonding between Ni atoms
(FeNi)n clusters is weak and the stability of these clust
could be enhanced by promoting Fe-Fe and Fe-Ni bonds.
will see if that remains the case not only in larger (FeNn
clusters but also in clusters used to model the bcc phas
bulk FeNi alloy. The total magnetic moment of (FeNi)2 is
8 mB with 3.14mB localized at each Fe site and 0.86mB lo-
calized at each Ni site. The magnetic moments/atom in2
and Ni2 are, respectively, 3mB and 1mB . Thus, Fe and Ni
appear to retain their magnetic character as they would
very small homoatomic clusters.

Fe3Ni3 forms a three-dimensional structure. The evoluti
of this structure from that of (FeNi)2 can be viewed by not-
ing that the planar rhombus structure of (FeNi)2 bends as the
third Fe atom binds to two Fe atoms and one Ni atom in
tetrahedral coordination. The stability of this structure aris
by maximizing the number of Fe-Ni bonds~there are six
Fe-Ni bonds, while there are two Fe-Fe bonds and one N
bond!. The total magnetic moment of (FeNi)3 is 14mB with
the magnetic moments at the three Fe and three Ni s
distributed as 3.63, 3.63, 3.44mB and 1.13, 1.12, 1.06mB .

We found two isomers of Fe4Ni4 with very different ge-
ometries. The lowest-energy structure@Fig. 2~e!# is 1.1 eV
lower than its higher-energy isomer@Fig. 2~d!#. It should be
pointed out that the ground-state geometry in Fig. 2~e! is
again dominated by a propensity of Fe-Ni bonds~there are 8
Fe-Ni bonds while there are only two Fe-Fe and two Ni-
bonds!. The higher-energy isomer@Fig. 2~d!#, on the other
hand, contains four Fe-Ni bonds, four Fe-Fe bonds, and f
Ni-Ni bonds. A closer examination of the ground-state g
ometry of ~FeNi!4 in Fig. 2~e! reveals that it is built of two
bent rhombus structures of (FeNi)2 , reminiscent of the struc-
ture in Fig. 2~b!, lying on top of each other. Since we ob
served the appearance of the same structure in Fig. 2~c!, it
indicates that the (FeNi)2 may be a building block in large
(FeNi)n clusters. Building blocks are usually energetica
more preferred structures. This is also the case here. F
Table II we see that the gain in the binding energy per at
in adding an FeNi pair increases by 0.86 eV in going fro
FeNi to (FeNi)2 , while it increases only by 0.47 eV from
(FeNi)2 to (FeNi)3 and 0.18 eV from (FeNi)3 to (FeNi)4 .
Thus, (FeNi)2 can be considered as a magic number a
hence the building block of larger clusters.

The magnetic moment per atom of both the isomers
(FeNi)4 have the same magnetic moment, namely, 2mB .

l TABLE II. Binding energies per atom and magnetic momen
per atom of (FeNi)n clusters.

BE ~eV!/
atom

Magnetic moment
(mB)/atom

FeNi Fig. 2~a! 2.33 2
(FeNi)2 Fig. 2~b! 3.19 2
(FeNi)3 Fig. 2~c! 3.66 2.33
(FeNi)4 Fig. 2~d! 3.73 2
(FeNi)4 Fig. 2~e! 3.87 2
8-3



tr
T
ar
o
it

it

wo
F
y
t
th
d

th
m

or
a

th
m
bu
m

s
ve
p
gy
W
b

lie
s

ller
tic

es
m

face
the
of

tal
-

of
par-

not
he

ob-
ther
.
e

cal-
ng

As
he
rgy

nd
m at

the

The
ain

the

ite

or-

ty

ts

B. K. RAO, SUSANA RAMOS de DEBIAGGI, AND P. JENA PHYSICAL REVIEW B64 024418
This is rather unusual, as it is well known that the geome
of a cluster has strong effect on its magnetic moment.
understand this anomaly, we plot in Fig. 3 the molecul
orbital energy levels for majority and minority spin states
these two isomers. The highest occupied molecular orb
~HOMO! corresponding to minority spin~↓! electrons of the
ground-state isomer plotted in Fig. 3~b! is 0.4 eV above the
HOMO of the majority spin~↑!. This energy difference is
large and as the structure changes to a different isomer,
unlikely that the rearrangement in the spin↑ and spin↓ lev-
els can significantly influence the total population of the t
spin states. This is what indeed happens. As seen from
3~a!, the HOMO of spin↑ electrons move to higher energ
while those of spin↓ move slightly lower. But this does no
affect the total population of either spin state. Hence
magnetic moments of both the isomers remain unchange

What we find interesting in these small clusters is that
magnetic moments are not only larger than their bulk co
position, but they also remain insensitive to their size. M
importantly, the magnetic moment per FeNi pair remains
4mB of which Fe retains nearly 3mB . We found no evidence
of an antiferromagnetic coupling in these clusters nor
segregation of like atoms. As expected, the magnetic
ments in the cluster phase remain larger than that in the
phase for bimetallic systems, which at the 50:50 Fe-Ni co
position is about 3.5mB /pair.

B. FenNi clusters as models of the bcc crystalline phase

In this part, we have confined Fen21Ni clusters to assume
the bcc structure of Fe~Fig. 1!. The lattice constant wa
chosen to be that of bulk Fe, which is 2.87 Å. We ha
considered clusters containing 9, 15, and 27 atoms. The
ferred site of Ni was obtained by minimizing the total ener
with respect to all possible sites that Ni could assume.
first discuss results on pure Fe clusters since these have
studied for Fe9 and Fe15 clusters earlier by other authors.21,22

In Table III we compare our calculated moments with ear
results. We note that the binding energy per atom increa

FIG. 3. Molecular-orbital energy levels of majority and minori
spin states of (FeNi!4 isomers—~a! higher-energy state,~b! ground
state.
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monotonically with cluster size and for the Fe27 cluster, the
binding energy per atom of 3.67 eV is somewhat sma
than the bulk cohesive energy of 4.28 eV. The magne
moment atom agrees with previous first-principl
calculations.21,22 Although the magnetic moment per ato
decreases with cluster size as expected, for the Fe27 cluster
~i.e., 2.96mB!, it is still larger than the bulk value of 2.2mB .
This is because clusters contain a large proportion of sur
atoms. Thus, the magnetic moments of Fe clusters in
cluster phase are larger than the bulk value irrespective
their geometry. This is also borne out in the experimen
study of the gas phase clusters.6 Note that the magnetic mo
ments of ultrafine Fe-Ni particles measured by Liet al.13 is
consistently smaller than their bulk values for all ranges
composition, i.e., the magnetic moments of pure Fe nano
ticles and pure Ni nanoparticles measured by Liet al., are
also smaller than their respective bulk values. This is
only in disagreement with previous theory but also with t
experiment on gas phase clusters. This suggests that the
served reduction in the magnetization must be due to o
factors. We will discuss this possibility later in the section

To study the effect of Ni substitution in the Fe lattice, w
have replaced the Fe on the central~site #1! and on succes-
sive layers in the Fen clusters~Fig. 1!. The total energies and
corresponding magnetic moments of these clusters were
culated without relaxing the geometry. The resulting bindi
energies,Eb defined as

Eb5@E~Fen21Ni!2~n21!E~Fe!2E~Ni!#/n

and the magnetic moment per atom are given in Table IV.
pointed out earlier in the discussion of the FeNi dimer, t
replacement of a Fe atom by Ni increases the binding ene
by 1.26 eV and lowers the magnetic moment by 2mB . In the
Fe8Ni cluster, we have calculated the energy difference a
changes in the magnetic moment by replacing the Fe ato
the central site~#1! and first-layer site~#2!. Table IV shows
that while the energy is gained in both cases, replacing
Fe atom on the first layer by Ni in Fe9 is 0.98 eV more
preferable than that when the central Fe is replaced.
changes in the magnetic moments, on the other hand, rem
unaffected, namely, the total moment is lowered by 2mB in
both cases. It is energetically preferable for Ni to occupy
surface site of a cluster.

In Fe14Ni, Ni has been assigned to occupy the central s
~#1! or the outer layer sites~#2 and #10!. The binding energy
results in Table IV again shows that it is energetically fav

TABLE III. Binding energies per atom and magnetic momen
per atom in Fe9, Fe15, and Fe27 clusters.

System B.E.~eV!/atom

Magnetic moment/atom (mB)

Present Ref. 22 Ref. 21

Fe 4.0
Fe9 2.70 2.89 2.89 2.89
Fe15 3.61 3.20 2.67 2.93
Fe27 3.67 2.96
8-4
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TABLE IV. Binding energy and magnetic moment of Fen21Ni clusters~n52, 9, 15, 27! with Ni occu-
pying various sites shown in Fig. 1. The binding energy is defined asEb5@E(Fen21Ni) 2(n21)E(Fe)
2E(Ni) #/n.

System B.E.~eV!/atom Magnetic moment (mB)/atom Dm5m(Fen21Ni) 2m(Fen)(mB)

Ni site: #1 #2 #10 #1 #2 #10 #1 #2
FeNi 2.33 2.0 22.0
Fe8Ni 2.74 2.85 2.67 2.67 22.0 22.0
Fe14Ni 3.65 3.66 3.69 3.07 3.07 3.07 22.0 22.0
y
, t
t
o

te
ti

a
e
b

f
-

at
th
th
u

,
s
e
s
gi
th
V

r t

t in
s the
for
tion
V
all
d.
ar-

nd,
Fe

r a

of
e-

d by

po-

ent
m-
lus-
ies

ally
axi-
rk-
ain
ent

spe-
o-
nt;

etic
he

re
of
e

the

d

r

able for Ni to occupy the surface site and this occupanc
0.54 eV more preferable than the central site. Once again
magnetic moments of these clusters are unaffected by
precise site occupied by Ni and the magnetic moment
Fe14Ni is lowered by 2mB compared to that of Fe15. We have
also studied a Fe26Ni cluster by replacing the central Fe si
with a Ni atom. While the cluster gains 0.77 eV, its magne
moment is again lowered by 2mB .

From the above studies several conclusions can be m
~1! The substitution of a surface Fe atom by Ni is preferr
for all clusters studied and the net energy gain ranges
tween 0.5 eV to 1.3 eV.~2! The magnetic moment of a
Fen21Ni cluster is 2mB less than a Fen cluster independent o
the location of the Ni atom.~3! The average magnetic mo
ment per atom of a Fen21Ni cluster is larger than their bulk
values.

C. Ni site distribution in a Fe7Ni2 cluster

In order to determine if the successive addition of Ni
oms to a Fe cluster having the bulk bcc phase would lead
Ni atoms to form nearest neighbors, and the possible role
could play on the resulting magnetic moment, we have st
ied various forms of the Fe7Ni2 cluster. Here the two Ni
atoms could assume four different configurations: sites 1
2, 3; 2, 7; and 2, 8 in Fig. 1. The Ni atoms occupying site
and 2 would form nearest neighbors. The separation betw
Ni atoms would continually increase as they occupy site
and 3, sites 2 and 7, or sites 2 and 8. The binding ener
per atom of these four different configurations along with
resulting magnetic moment per atom are given in Table
The binding energies of Fe7Ni2 clusters with two Ni atoms
occupying the cube corners are nearly the same whethe
Ni atoms are nearest neighbors~sites 2 and 3!, next nearest
neighbors~sites 2 and 7!, or farther apart~sites 2 and 8! as

TABLE V. Total binding energy~defined as the energy neede
to dissociate the cluster into individual atoms! and magnetic
moments/atom of Fe7Ni2 cluster with the Ni pair occupying fou
possible configurations of a bcc cluster shown in Fig. 1.

Site occupation
of Ni pair

Total B.E.
~eV!

Magnetic moment
(mB)/atom

#1, #2 26.11 2.67
#2, #3 27.03 2.44
#2, #7 26.96 2.44
#2, #8 27.00 2.44
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seen in Fig. 1. The reason for this surprising result is tha
each case the number of nearest-neighbor Fe-Ni bonds i
same, i.e., two. Note that it is energetically unfavorable
Ni atoms to become nearest neighbors as the configura
with Ni atoms occupying sites 2 and 3 is about 0.9 e
higher. We had earlier observed the same trend in sm
Fe-Ni clusters where the geometries were fully optimize
Thus, we believe that in large FeNi clusters and nanop
ticles, segregation of Ni atoms is unlikely. On the other ha
Ni atoms are expected to occupy the surface sites of a
cluster as long as they do not form nearest neighbor fo
given composition.

We also find from Table V that the magnetic moment
Fe7Ni2 for the energetically preferable configurations is r
duced by 4mB from that of the Fe9 cluster. Thus, for every Ni
that replaces a Fe atom, the magnetic moment is reduce
2mB . However, the total magnetic moment of a FexNiy clus-
ter is still larger than the bulk phase with the same com
sition.

IV. CONCLUSIONS

Using density-functional theory and generalized gradi
approximation, we have calculated the equilibrium geo
etry, binding energies, and magnetic properties of FeNi c
ters, for different sizes and Ni content. Two different ser
of calculations have been performed: (FeNi)n (n<4) clus-
ters with fully optimized geometries and Fen21Ni ~n59, 15,
27! clusters as fragments of a bulk bcc lattice.

The equilibrium geometries found for small (FeNi)n clus-
ters have a large number of FeNi bonds, and energetic
preferable isomers are those where Fe-Ni bonds are m
mized. All clusters are found to be ferromagnetic. A rema
able result, which contrasts the behavior found for cert
homoatomic systems, is the fact that the magnetic mom
per atom of these clusters are almost insensitive to the
cific geometry of the clusters. In all cases, the magnetic m
ment is higher than the bulk value and almost consta
2mB /atom.

In Fen21Ni ~n59, 15, and 27! clusters mimicking the
bulk bcc structure, we found that the system is ferromagn
with magnetic moments higher than the bulk value. T
magnetic moment of a Fen21Ni cluster is 2mB less than a
Fen cluster, independent of the location of the Ni atom. Mo
importantly, this reduction is independent of the location
the Ni atom. For low Ni concentration, Ni prefers to mov
toward the surface as observed from the point of view of
energetics.
8-5
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The closest experimental results to compare with
those of Li et al., which refer to nanometer FeNi particle
Their measurements reveal a decrease of the saturation
netization in the whole composition range of Ni conte
which is opposite to our finding. It should be pointed out t
the experiment deals with a powder sample, and it has
suggested by Guevara and Llois14 that the anomaly in the
magnetic behavior in ultrafine particles could come fr
phase segregation, antiferromagnetic coupling of Ni and
or defects. It should be pointed out that the measuremen
the saturation magnetization of pure nanocrystalline
~6-nm size! revealed a reduction by about 40% relative to
saturation magnetization of bulka-Fe.23 This reduction is
attributed to a number of factors; the interatomic spacin
the interfacial region are different from bulka-Fe, the
boundary regions differ structurally and chemically from
crystalline state, and the orientation of magnetization
tween two neighboring nanocrystallites is governed by
isotropy and magnetic interaction across the interface. In
studies, such factors do not arise as we are dealing
isolated clusters.

Our ab initio calculations indicate that Ni segregation,
least for low Ni content, is energetically not favored. Mo
importantly, the Ni-Ni distance does not change the magn
properties of the cluster, which remains ferromagnetic
e
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with a magnetic moment higher than the bulk. We also fou
no evidence of antiferromagnetic coupling between Fe-
Ni sites. From Fig. 8 in Ref. 13, it can be observed that e
in the pure~homoatomic! ultrafine particles~pure Ni and Fe
particles! the magnetic moments are reduced with respec
the bulk values. This result is in clear contradiction with t
trend observed for free clusters, due to the enhanced ma
tism of surface atoms. The present calculations for sm
FeNi clusters as well as the earlier one for a larger clu
(Fe47Ni178), using tight-binding empirical approximation,14

indicate that the magnetic moments in isolated nanoparti
are enhanced, not reduced. It is well known that nanop
ticles of magnetic elements exhibit superparamagnetic
havior and in the free clusters the observed magnetic
ment in a Stern-Gerlach experiment4 is known to be less than
its intrinsic magnetic moment. Thus, further experimen
and theoretical studies on FeNi clusters in the gas phase
ultrafine particles will be very worthwhile.
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