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Structural and magnetic properties of Fen clusters at the Al „001… surface: Early transition
from paramagnetic to ferromagnetic Fen
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Using the~re!modified embedded atom method, an extension of the embedded atom model that includes
angular forces and second-nearest-neighbor interactions, we performed quenched molecular-dynamics simula-
tions to compute the lowest-energy structures of Fen clusters (n52 –20,25) supported on or embedded in the
top few layers of the Al~001! surface. Embedded clusters were always more stable than adsorbed clusters, and
formed either linear chains~for n53 or 5! or warped single-layer close-packed islands~for n54 or n>6).
Determination of the spin-polarized electronic structure using a self-consistent tight-binding method showed
that, due to hybridization between the Alsp and Fed states, the embedded Fen clusters are nonmagnetic for
n52 –10. However, for larger sizes they can sustain magnetic moments.

DOI: 10.1103/PhysRevB.69.115427 PACS number~s!: 61.46.1w, 75.70.Cn, 36.40.Cg
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I. INTRODUCTION

The structure and properties of thin or ultrathin~mono-
layer range! films of transition metals~TM’s! on Al surfaces
has been the subject of considerable attention in recent y
due to their potential technological applications as metalli
tion layers on semiconductors1 and thin magnetic devices.2,3

For instance, Smith and co-workers have used high-en
ion scattering/channelling~HEIS!, x-ray photoelectron spec
troscopy ~XPS!, and low-energy ion scattering~LEIS! to
analyze the growth modes, interface structures, and sto
ometries of ultrathin Ni, Pd, Fe, and Ti films deposited
single-crystal Al surfaces at room temperature.4–11 They
found that, of these four metals, only Ti grows epitaxially
the Al ~001! surface; the others intermix with the substrat

To obtain insight into the structural and electronic pro
erties of such TM-Al systems in the initial stages of th
formation, small clusters of TM atoms at Al surfaces ha
been investigated theoretically. In particular, we recen
used the embedded atom model~EAM!, with the potential
proposed for Ni-Al systems by Voter and Chen,12 to compute
the ground-state structures of Nin clusters at the Al~001!
surface.13 Our calculations showed that embedded clust
are always more stable than adsorbed clusters. Using a
consistent spd tight-binding ~TB! method14,15 we also
showed that, due to hybridization between the Alsp and Ni
d states, embedded Nin clusters~and adsorbed or embedde
Ni monolayers! are nonmagnetic. A similarsp-d hybridiza-
tion effect was later also found for Nin clusters at the~110!
and ~111! surfaces of Al.16

In the present paper we used a similar strategy to ana
the structures and magnetic moments of clusters of the m
complex, magnetic TM Fe at the Al~001! surface. To com-
pute the ground-state structures of the Fen clusters (n
52 –20,25) we used the modified embedded atom met
~MEAM ! ~Ref. 17! as recently extended by Baskes a
co-workers18,19 to allow its application to bcc TM’s such a
Fe. In previous work, the MEAM has proved capable
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correct description of the ‘‘anomalous’’ outward relaxation
Al at the ~001! and ~111! surfaces.20

To analyze the magnetism of the Fen clusters, we used a
self-consistent TB method similar to that employed in R
13, which is known to describe adequately the electro
structures and itinerant magnetism of a great variety of T
systems, including free clusters,21 supported clusters,14 and
surfaces and multilayers.22 As will be seen, our magnetic
results show that the ground-state Fen clusters at the Al~001!
surface are nonmagnetic forn52 –10 due tosp-d hybridiza-
tion effects, in consonance with the results obtained forn
clusters at the same surface.13 However, for larger sizes the
Fen clusters can sustain magnetic moments, in strong c
trast with Nin .13

Details of the MEAM, of the computational procedu
employed to obtain the ground-state structures of Fen clus-
ters at the Al~001! surface, and of the method used to det
mine their magnetic moments are given in Sec. II. In Sec.
we present and discuss our results, and in Sec. IV we s
marize our main conclusions.

II. MODEL POTENTIAL, COMPUTATIONAL
PROCEDURE, AND THEORETICAL BACKGROUND

The MEAM has been discussed in detail elsewhere,17–19

and we give here only a brief description. As in the EAM23

the energyE of a system is, in practice,

E5(
i

FFi~r i !1~1/2! (
j (Þ i )

Si j f i j ~Ri j !G , ~1!

wherer i is the background electron density at the position
atom i, Fi(r i) is the energy required to embed atomi into
this background density,f i j (Ri j ) is the pair interaction be-
tween atomsi andj, which are separated by the distanceRi j ,
and Si j is a screening function that limits the range of t
pair interaction, and which is also used in the calculation
r i to limit the number of contributions to this quantity
Whereas in the EAM the host electron densityr i is approxi-
©2004 The American Physical Society27-1
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mated by a linear superposition of spherically averag
atomic electron densities,23 in the MEAM this approximation
is augmented by angle-dependent terms.17–19

The embedding functionFi depends on the element th
atom i is an atom of, but is blind to the source of the dens
r i . For atoms of a particular element it is given by

F~r!5AEc~r/r* !ln~r/r* !, ~2!

where A is an adjustable parameter,Ec is the zero-
temperature, zero-pressure sublimation energy when the
ment adopts a structure of a certain reference type~e.g., fcc;
the reference type is usually but not necessarily the equ
rium structural type of crystals of the element!, andr* is a
scaling constant that improves the performance of Eq.~2!,
and which is appropriately taken to bereq

0 , the background
electron density at 0 K and 0 Pa when the element adopts t
reference structure.

The pair interactionf(Ri j ) for atoms of a single elemen
is calculated by applying Eq.~1! to the reference structur
type for that element, viewed as a family of structures
rametrized by the nearest-neighbor distanceR. Defining
Eu(R) as the direct energy contribution of a single atom
this structure@given by the term in square brackets in E
~1!#, this gives

c* ~R!5Eu~R!2F@r0~R!#, ~3!

wherec* (R)5(1/2)( j (Þ i )Si j f(Ri j ) andr0(R) is the back-
ground electron density at the sites of the reference struc
with first-nearest-neighbor distanceR. The right-hand side
here can be evaluated by using forEu(R) the ‘‘universal’’
equation of state proposed by Roseet al.,24

Eu~R!52Ec~11a* !e2a* ~4!

with

a* 53A~BV/Ec!~R/r e21!, ~5!

where r e , V, and B are, respectively, the nearest-neighb
distance, atomic volume, and bulk modulus of the refere
structure at equilibrium. If, now,Si j are such that interaction
are limited to first-nearest neighbors, which are totally u
screened from each other, thenc* (R)5(Z1/2)f(R) ~where
Z1 is the number of first-nearest neighbors!, which allows
f(R) to be calculated from Eq.~3!; this was the approach
taken in pre-2000 implementations of the MEAM. Howev
for bcc metals such as Fe, Cr, and Mo, second-nearest ne
bors are only about 15% farther away than first-nea
neighbors, and must also be taken into account. In this c
with Si j that limit interactions in bcc structures to first- an
second-nearest neighbors but still leave first-nearest ne
bors totally unscreened from each other,

c* ~R!5~Z1/2!f~R!1~Z2S/2!f~aR!, ~6!

where Z2 is the number of,aR the distance to, andS the
screening between second-nearest neighbors, and this c
inverted to give
11542
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f~R!5~2/Z1!(
0

`

~2Z2S/Z1!nc* ~anR!, ~7!

allowing f(R) to be calculated to the required precisio
When the MEAM is applied to alloys rather than elemen
the pair interaction between unlike atoms is obtained, w
out much further complication, using average single-at
energy contributions calculated by applying the univer
equation of state to a suitable intermetallic compound.17,19

In our MEAM calculations on Fen /Al(001) systems in
this work, the parameters for the fcc metal Al were tak
from Ref. 17 and had been obtained using the earlier, fi
nearest-neighbor MEAM, but for Fe we used parameters
ported in Ref. 18 for the second-nearest-neighbor MEA
potential of this metal. It is worth pointing out that these
parameters, having been obtained by fitting the potentia
data for Fe, implicitly take magnetic effects into account,
is shown in particular by the fact that, unlike the firs
nearest-neighbor MEAM, the version that includes seco
nearest neighbors correctly reproduces the bcc ground-
structure of bulk Fe,18 which is induced by magnetic inter
actions ~Fe would have a close-packed structure if it fo
lowed the general trend of the periodic table!.

The Al ~001! surface was modeled by the top~001! layer
of a 15-layer slab of atoms with the bottom four layers fix
and periodic boundary conditions in the@100# and @010# di-
rections. Each layer comprised 450 Al atoms. The atoms
the slab were initially arranged as in bulk Al, but befo
addition of the Fe atoms the top 11 layers were relaxed to
minimum energy configuration using a conjugated gradi
procedure.25 As in Ref. 13, we computed the lowest-ener
structures of Fen clusters at the Al~001! surface by consid-
ering, for each value ofn, numerous starting configuration
of various shapes~some supported on the surface and oth
embedded in the top few layers! and calculating, for each
configuration, the minimum energy of the cluster1substrate
system using a quenched molecular-dynamics minimiza
technique.26 In some embedded starting configurations t
cluster was embedded in just one layer~each cluster shape
was tried in each of the top four layers!, and in others it
occupied various layers. In all cases the initial positions
the displaced Al atoms lay above top-layer fourfold symm
try sites located above the embedded clusters.

Before initial relaxation, the interlayer spacing of the sl
in the @001# direction wasd5a/2, wherea54.05 Å is the
bulk lattice constant of Al.27 Initial relaxation ~without Fe
atoms! increased the top and second interlayer spaces
2.44% and 0.18%, respectively, values which are somew
higher than the MEAM results obtained by Wanet al.,20

0.79% and 0.06%, respectively. The predicted ‘‘anomalou
outward relaxation of the Al~001! surface by 2.44% is con
sistent with the experimental figure reported by Da
et al.,28 1.8%, and with the result obtained by Bohnen a
Ho29 using first-principles calculations, 1.2%; it is not repr
duced by other semiempirical potentials~see Ref. 20!.

Using the cluster geometries and interatomic distan
obtained as described above, the spin-polarized electr
structures of the Fen/Al ~001! systems were determined b
self-consistently solving a TB Hamiltonian for thes, p, andd
7-2
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STRUCTURAL AND MAGNETIC PROPERTIES OF Fen . . . PHYSICAL REVIEW B69, 115427 ~2004!
valence electrons in a mean-field approximation.13–15 In the
usual second quantization notation, the real-space Ha
tonianH is given by

H5 (
i ,a,s

e iasNias1 (
i ,a,s
iÞ j

t i j
abcias

† cj bs , ~8!

wherecias
† (cj bs) is the operator for the creation~annihila-

tion! of an electron with spins and orbital statea (b) at
atomic sitei ( j ), andNias is the number operator. Electro
delocalization within the system is described by the hopp
integralst i j

ab , which we included up to the second neighbo
and assumed to be independent of spin. The heteronu
hoppings were calculated as the average of the correspon
homonuclear hoppings. The spin-dependent diagonal te
e iasNias include electron-electron interaction through a c
rection of the energy levels, thee ias being given by

e ias5e ia
0 1zs(

b
~Ji ,ab/2!m ib1V ia , ~9!

wheree ia
0 is the bare energy of orbitala at site i ~that is,

excluding Coulomb interactions!, V ia are adjustable site
and orbital-dependent potentials~see below! and the second
term is the correction for spin polarization of the electrons
site i (m ib5^Nib↑&2^Nib↓&), that is, the local magnetic mo
ment excluding the orbital part. In this second term, theJi ,ab
are the exchange integrals andzs is the sign function (z↑
511; z↓521). As usual, we neglected the exchange in
grals involving sp electrons, taking into account only th
integral corresponding to thed electrons of Fe, although w
note that spin polarization of the delocalizedsp band is also
possible as a consequence of hybridization with thed states.

As in our recent study of Co clusters embedded in
surfaces,30 the parameters of the TB model@homonuclear
hoppings and the exchange integralJdd(Fe)] were obtained
by fitting them to TB linear muffin-tin orbital~TB-LMTO!
~Refs. 31,32! results for a single system, in this case an
monolayer embedded two layers below the Al~001! surface
~a structure hereinafter denominatedL3Fe). The TB-LMTO
method is an all-electron approach based on dens
functional theory~DFT!; in this work it was applied using
the Perdew form of the generalized gradient approxima
~GGA! for exchange and correlation.33,34 L3Fe was used a
the ‘‘template’’ system so as to implicitly take into accou
both the influence of the surface and hybridization betw
Fe and Al atoms, Fe clusters having been found in MEA
calculations to embed themselves in the Al substrate w
two layers of Al~the surface layer and an incomplete layer
displaced atoms! lying above the cluster layer~see below!;
the interlayer distances inL3Fe were determined using th
same geometrical optimization procedure as for the
1cluster systems. In fitting the TB model to the TB-LMT
data, the TB hopping parameters were obtained by
method described by Andersenet al.,31,32 which was origi-
nally developed for bulk solids but is easily adapted to str
tures such asL3Fe, and the value ofJdd(Fe) was then varied
until the TB model gave the TB-LMTO value for the ma
netic moment of the embedded Fe monolayer; the optimi
11542
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value of Jdd(Fe) was 0.81 eV. Parametrization of the T
model by fitting it to data for a single, related system is mo
satisfactory than fitting it to a data set comprising propert
of both the bulk minority element and those of supported a
embedded monolayers, the procedure employed in our
lier study of Ni clusters at the Al~001! surface.13 Finally,
the site- and orbital-dependent potentialsV ia were self-
consistently determined in order to obtain the TB-LMTOsp
andd occupations ofL3Fe. This ‘‘local neutrality’’ approxi-
mation, first introduced in research on surfaces and interfa
by Victora and Falicov,35 has been used in many studies a
is justified by the fact that in TM systems the local occup
tions are fairly insensitive to small changes in atomic en
ronment. The validity of making the ‘‘local neutrality’’ ap
proximation in using the potentialsV ia was corroborated by
the results of TB-LMTO calculations for systems consisti
of an Fe monolayer embedded either one layer below the
~001! surface or in bulk Al, the calculated charge transfers
these systems all being the same to within 0.1 electrons

The magnetic-moment distributions of the Fen/Al ~001!
systems were determined by integrating the majority and
nority local densities of states~LDOS! up to the Fermi en-
ergy. The LDOS were obtained from the diagonal eleme
of the Green function, which were computed using the rec
sion method36 with a sufficient number of levels in the con
tinued fraction to ensure the stability of the results. In ord
to correctly simulate the semi-infinite Fen/Al ~001! systems,
the number of atoms taken into account in the calculati
must be large enough to avoid the neighborhood of the
bedded cluster interacting with fictitious surfaces in dire
tions other than~001!. Exactly how large the acceptabl
minimum number is depends on the number of levels of
continued fraction; in this work we used 12 levels of t
continued fraction and between 10 212 and 16 338 ato
depending on the cluster size.

III. RESULTS AND DISCUSSION

A. Preliminaries

As indicated in Sec. II, the parameters of the se
consistent TB method used to calculate the magnetic
ments of the embedded Fen clusters were obtained by fitting
them to TB-LMTO results for an Fe monolayer embedd
two layers below the Al~001! surface (L3Fe). Figure 1
shows the LDOS in various~001! layers of this system as
calculated using the TB and TB-LMTO methods. The T
method reproduces the shape of the TB-LMTO LDOS ve
well, which is an indication of the quality of the TB param
etrization. Both methods show strong broadening of the
fective d bandwidth, which indicates hybridization betwee
the Al sp and Fed states. As was shown by Vegaet al.15 in
a study of free-standing Fen clusters using a TB model simi
lar to that employed here,sp-d hybridization tends to reduce
spin polarization because it increases the effectived band-
width to beyond the magnetic saturation limit. In the case
L3Fe the magnetic moment per atom is 0.88mB , much lower
than the value of 2.41mB obtained for bulk bcc Fe using th
TB-LMTO method with the TB interatomic distances~those
7-3
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obtained using the MEAM!. The fact that the magnetic mo
ment of bulk Fe given by the TB-LMTO method is slight
greater than the experimental value, 2.21mB ,27 is partly due
to the use of the GGA for the exchange and correlation
tential.

To test the TB parametrization, we first used it to calcul
the electronic structure of an Fe monolayer supported on
Al ~001! surface (L1Fe), a system which, like th
Fen/Al ~001! systems of interest, involves both surface effe
and Fe-Al hybridization. The value obtained for the magne
moment per atom, 2.12mB , agrees to within 6.6% with tha
afforded by TB-LMTO calculations, 2.27mB . Although
broad transferability of the TB parametrization was not o
purpose in this work, we also tested it on two systems t
are considerably less similar thanL1Fe to the fcc structure

FIG. 1. LDOS in the first five layers of the system formed by
Fe monolayer embedded two layers below the Al~001! surface
(L3Fe). Calculations were performed using both the TB-LMT
method~continuous line! and the TB method parametrized to repr
duce these TB-LMTO results~dashed line!. The vertical dotted line
a 0 eV indicates the Fermi level.
11542
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for which our parameters were optimized (L3Fe): bulk Fe,
which has a bcc structure, and the ordered compound F
which has a CsCl (B2) structure. For bulk Fe the TB an
TB-LMTO results (2.51mB and 2.41mB , respectively!
agreed to within 4%, and for FeAl they agreed to within 10
~for Fe in FeAl the TB and TB-LMTO results were 0.89mB
and 0.81mB , respectively!.

We also examined the extent to which the structural p
dictions of the MEAM model might be flawed by the ab
sence of explicit magnetic contributions to the energy in t
model. First, we compared the TB-LMTO energy ofL3Fe
atoms, obtained during parametrization of the TB meth
with the value obtained, likewise by TB-LMTO, when
paramagnetic solution was imposed. The difference betw
the two values was negligible, which is in keeping wi
Guenzburger and Ellis’ finding that the computed energy
an FeAl42 cluster embedded in a bulk Al potential was for a
relevant Fe-Al distances virtually independent of wheth
calculations using DFT were performed with or without sp
polarization.37 Guenzburger and Ellis attributed this result
the fact that as the Fe-Al distance increased from the grou
state value~in which the Fe atom was nonmagnetic!, the
increase in 3d↑ population responsible for increasing ma
netism was achieved almost exclusively at the expense o
3d↓ population, leaving the total 3d population almost un-
changed. In this work, our TB-LMTO results for the total 3d
populations of magnetic and paramagneticL3Fe were also
very similar. Additional checks on the influence of magn
tism on the structures of the Fen clusters investigated in this
work are described below.

B. The main study

In the computed ground-state structures of t
Fen/Al ~001! systems investigated in this work (n
52-20,25), the Fen clusters are embedded in the seco
layer of the substrate, forming linear chains forn53 or 5
and close-packed islands forn54 andn>6 ~Figs. 2 and 3!.
That these results are very unlikely to have been influen
by the absence of explicit magnetic contributions to the
ergy in the MEAM was verified by using the TB metho
described above to calculate the electronic contributions
the energies of both magnetic and paramagnetic config
tions of some of the ground-state clusters, and comparing
difference with the difference between the MEAM energ
of the ground-state structure and the isomer of next low
energy; in all cases examined, the former difference w
much smaller than the latter. Since all our starting geomet
assumed that the least-energy configuration of the Fe at
would be a single cluster rather than a collection of sma
clusters or single Fe atoms, we also investigated this is
we found that when two Fe atoms were embedded far a
from each other in the second Al layer, the total energy of
system~following relaxation! was 0.78 eV higher than whe
they were embedded in adjoining positions. Qualitative
this seems likely to be due to the Al matrix being less d
turbed by a cluster of Fe atoms in this layer than by a se
individual atoms. In similarly qualitative terms, the cause
the Fe atoms all lying in the second layer would seem to
7-4
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the relative looseness of the top Al layer~see Sec. II, para
graph 6!; the Fe atoms stop burrowing as soon as they re
the more tightly packed region of the Al slab.

The structures shown in Figs. 2 and 3 are mostly sim
to the ground-state structures of Nin clusters at the Al~001!
surface, which according to our earlier calculations using
Voter and Chen12 version of the EAM are all close-packe
islands that forn.2 are likewise embedded in the second
layer.13 These results for Fe are in keeping with the gene
tendency of Fe atoms to embed in the Al~001! surface that
was observed experimentally by Smith and co-workers,8 and
are consistent with the fact that Al has a lower surface ene

FIG. 2. Predicted ground-state structures of Fen clusters (n
52 –16) at the Al~001! surface. Gray spheres represent top-la
Al atoms, white spheres second-layer Al atoms, and black sph
Fe atoms, all of which are located in the second layer. For cla
some Al atoms of the first layer of the substrate, and the seco
layer Al atoms pushed out on top of the top layer by the embed
Fen clusters, have been removed to allow visualization of the la
11542
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than Fe.38 Although experimental results on the geometr
of Fen clusters at the Al~001! surface are as far as we kno
not available for comparison, the displacements of Al ato
in the vicinity of the Fen clusters that are predicted by ou
MEAM calculations are consistent with the displacements
Al atoms measured by ion scattering experiments.39

The computed Fen structures that are illustrated in Figs.
and 3 are not flat but significantly warped, as Fig. 4 shows
the case of Fe16. As will be seen below, this bending, whic
has also been found by Stepanyuket al.40 in a study of Con
clusterssupportedon the Cu~001! surface, is crucial for
explaining certain peculiarities of the magnetic behavior
the Fen/Al ~001! systems.

In the upper panel of Fig. 5 we show the average m
netic moment per atom of the embedded Fen clusters as a
function ofn. For n<13 the clusters are nonmagnetic exce
Fe11, but for n.13 their average magnetic moments p
atom increase monotonically withn ~bar a slight oscillation
aroundn518), although that of Fe25 is still much lower than
that ofL3Fe, 0.88mB , which must be the value converged
asn increases.

r
es
y,
d-
d
r.

FIG. 3. As for Fig. 2, but forn517–20, 25.

FIG. 4. Lateral view of the predicted ground-state structure
Fe16 at the Al ~001! surface, together with part of the Al substrat
Note the warped geometry. Gray spheres represent Fe atoms
white spheres Al atoms. The white spheres at the top of the fig
represent the Al atoms pushed out on top of the top layer of
substrate by the embedded Fe16 cluster. Letters on some Fe and A
atoms are used to refer to these atoms in Fig. 6.
7-5



io
ce
n
a

e
se
s

u
n

ize
ag

tin
d
u

er
in
de

llic

th
in
Fe
t

ee

of

of

g
er
s

t Al

tes
on-
e-
to
he

the
,

B
eir

ing
is-
t

and
m

e
en

the

ag-
ling
tted

ROBLES, LONGO, NOYA, VEGA, AND GALLEGO PHYSICAL REVIEW B69, 115427 ~2004!
Detailed inspection of the magnetic-moments distribut
within the magnetic Fen clusters reveals strong dependen
on the local environment. The Fe atoms located at the ce
of the cluster display magnetic moments close to the m
netic moment per atom ofL3Fe, 0.88mB ; that of the central
atom of Fe15, for example, is 0.78mB . However, the outer Fe
atoms have much lower moments as a consequenc
greater Fe-Al hybridization and consequently decrea
spin-polarization; this is illustrated in Fig. 6, which show
the magnetic moments distribution of the Fe16/Al ~001! sys-
tem pictured in Fig. 4. The nonmagnetic electronic config
ration obtained for the smaller clusters is also a conseque
of Fe-Al hybridization; it is necessary to reach a critical s
in order to overcome this hybridization and stabilize a m
netic moment.

The above results are consistent with the fact that star
from pure bulk Fe, the gradual replacement of Fe by Al lea
to a progressive decrease of the saturation magnetization
til the alloy eventually becomes nonmagnetic.41 They are
also consistent with experiments42 and theoretical
calculations42–44 suggesting that the presence of Fe clust
in the disordered Fe-Al alloys obtained by rapid quench
or cold working may be responsible for the magnetic or
that is observed even at Al concentrations of about 50%~Ref.
45!, and which contrasts with the fact that the intermeta
compound FeAl is nonmagnetic.

Another general trend observed in our results is that
slight magnetic moments induced by Fe in the surround
Al atoms are coupled antiferromagnetically with that of
~see, e.g., Figs. 4 and 6!. This antiferromagnetic coupling a
the interface is consistent with recent DFT results for fr

FIG. 5. Average magnetic moment per atom~in mB) of embed-
ded Fen clusters (n52 –20,25), as a function ofn ~upper panel!;
and average distance~in Å) between the central atoms in thes
clusters (n511–20,25) and the nearest Al atoms in the adjac
surface layer~lower panel!.
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standing FenAlm clusters (n1m515) obtained by Reddy
et al.46, and with the experiments and theoretical results
Arrott and Sato on Fe-Al alloys.47,48

Finally, the irregularities in the cluster-size dependence
the average magnetic moment per atom~Fig. 5, upper panel!
are attributable to the intensity of Fe-Al hybridization bein
influenced by the warping of the cluster and the Al lay
above it~Fig. 4!. In particular, inspection of Fe-Al distance
shows that in Fe12 and Fe13 this warping is such that the
central Fe atoms of the cluster are closer to their neares
atoms than in any other cluster larger than Fe10 ~Fig. 5, lower
panel!, which enhances hybridization and thereby elimina
both the magnetic moment of these central atoms and, c
sequently, their induction of magnetic moments in the p
ripheral atoms. The difference in warping with respect
Fe11 is attributable to the replacement of the Al atom at t
corner of Fe11 with an Fe atom~see Fig. 2!: since Fe has the
smaller atomic volume, this allows greater relaxation at
center of Fe12 and Fe13, and among the overlying Al atoms
than at the center of Fe11.

IV. SUMMARY AND CONCLUSIONS

In this paper we used the MEAM~Refs. 17–19! to com-
pute the ground-state structures of Fen clusters (n52
220,25) at the Al~001! surface, and a self-consistent T
model similar to that employed in Ref. 13 to determine th
magnetic moments. We found that the Fen clusters are al-
ways embedded in the second layer of the substrate, form
linear chains forn53 and 5 and warped close-packed
lands forn54 andn>6. This finding, which is consisten
with the tendency for Fe atoms to embed in the Al~001!
substrate that was observed experimentally by Smith
co-workers,8 is similar to that obtained for the related syste
Nin/Al ~001! using the Voter and Chen version of the EAM.13

t

FIG. 6. LDOS at some representative inequivalent sites of
Fe16/Al ~001! system~those indicated by letters in Fig. 4!, as calcu-
lated using the self-consistent TB model. The insets show the m
netic moments at these sites. Note the antiferromagnetic coup
between the Fe and the surrounding Al atoms. The vertical do
lines at 0 eV indicate the Fermi level.
7-6
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We also found, likewise in consonance with the results
tained for Nin clusters at the Al~001! surface, that the em
bedded Fen clusters are nonmagnetic forn52 – 10, 12, and
13 due tosp-d hybridization effects. However, forn511
and n.13, Fen clusters, unlike those of the less magne
TM Ni, can sustain magnetic moments. The irregularity
the size dependence of average magnetic moment per
betweenn510 andn513 is due to the distances of the ce
tral cluster atoms from their nearest Al neighbors being le
for Fe12 and Fe13, which increases the Fe-Al hybridization o
these atoms. Forn.13, the Fen clusters are increasingl
magnetic except for a small oscillation in this trend arou
Fe18.

Given the semiempirical character of the MEAM and T
methods used in this paper, it is probable that our struct
and magnetic results differ somewhat from those that m
be obtained using theoretically more accurateab initio meth-
ods. In particular, our methods do not fully take into acco
the effects of electronic correlations on the magnetic beh
ior of Fe-Al systems49,50 ~no models are available that allo
this for complex low-dimensional systems such as th
studied here!, and as other one-particle treatments~including
standard DFT approaches! must therefore afford magneti
moments that are slightly too high, with the result that t
paramagnetic-ferromagnetic transition may occur at a clu
p

c

R.

it

R

R

T.

-
air
,

.
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size somewhat larger than that observed in this study. H
ever, since the MEAM and TB methods are, respective
capable of describing the structural17–19and electronic14,21,22

properties of a wide range of systems, and in view of
results of the tests and checks discussed above, we be
that our results must certainly reflect the general trends of
behavior of Fen/Al ~001! systems. In particular, the findin
that a magnetic transition must occur at very small clus
sizes is of importance for both theoretical and technolog
reasons.
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