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Magnetism of Fe clusters embedded in a Co matrix from first-principles theory
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We have calculated spin and orbital moments for Fe clusters of sizes up to 700 atoms embedded as
impurities in a bcc Co matrix. The calculations have been carried out using relativistic first-principles real-
space density functional theory, and we have made a comparison with earlier experimental studies. For Fe
atoms close to the Fe Co interface, the spin moments are found to increase while atoms far from the interface
exhibit bulklike moments. The Co moments remain essentially unchanged and close to the moment of bulk bcc
Co. With increasing cluster size, the average moments of the cluster atoms decrease due to the decreased
surface to volume ratio. The orbital moments of both Fe and Co are calculated to be small and they stay almost
constant regardless of cluster size. Our results for spin moments agree with experimental data but the calcu-
lated orbital moments are slightly underestimated. A simplified model indicates that a compound of close-
packed Fe clusters surrounded by Co show higher average total moments compared to bulk and multilayer
systems with a similar concentration. This increase seems to disappear when cluster-cluster interactions are
taken into account. The general trend is that for a given alloy concentrationGbfg clustering tends to
lower the average magnetic moment compared to that of ordered structures and random alloys.
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I. INTRODUCTION polarized neutron diffractioid studies show, this behavior is

Magnetic nanoscale clusters of transition metals have redue to an increase of the Fe spin moment for an increasing
cently attracted much attention since such clusters may hae0 concentration. The spin moment of Fe increases from the
novel properties that are different from bulk, multilayer, or bulk value to a maximum of-3ug/atom for 50% Co. The
molecular systems. The progress of improving depositingco moment stays nearly constant over the whole concentra-
techniques with increasing accuracy of size distributions antion range. The average magnetic moment follows the Slater-
characterization of clustérias also made it easier to com- Pauling curvé® with a maximum magnetic moment of
pare well-defined systems with calculations. One system that 2.45uz/atom for a concentration 0f30% Co. This peak
shows interesting behavior and that has been thoroughly exaso gives the highest known saturation field for bulk mate-
amined is Fe clusters. Stern-Gerlach experiments of free Feals with a value of~2.45 T. In many applications it is
clusters by Billaset al?2® have shown increased magnetic desirable to increase this number. One way to break this
moments for small clusters with an oscillating decrease toeurrent limitation and to increase the saturation magnetiza-
wards the bulk value for large cluster sizes. Theoretical workion might be to use tailored systems that behave differently
on similar free Fe clusters has examined the magnetifrom bulk materials, such as multilayers and cluster-based
propertie4-5 as well as equilibrium structurés? materials.

Improved techniques for producing clusters with well- In this paper we study the magnetic behavior of Fe clus-
controlled size distributions, and methods of depositing clusters within the size range of 1-701 atoms embedded in Co.
ters while embedding them in another material, have inSuch systems seem promising for producing materials with
creased the research activity in this fiéld! which has high saturation magnetization, and have been extensively ex-
paved the way for creating cluster-based materials with taiamined experimentally. Bakest al,?* Binns et al.,?® and
lormade compositions and properties. Many of these noveEdmondset al?® have performed x-ray magnetic circular
properties from embedded clusters are interesting for applidichroism (XMCD) measurements on exposed and Co-
cations. Examples of this are granules of Co that in a noneoated Fe clusters and have noticed an increase in the spin
magnetic matrix are known to exhibit giant moment and an even larger relative enhancement of the or-
magnetoresistante!® (GMR) and Co clusters embedded in bital moments in comparison with bulk Fe. Despite intense
insulating matrices that have shown large tunnelingexperimental efforts, theoretical works on embedded Fe clus-
magnetoresistant®(TMR). Theoretical work on binary sys- ters in Co are essentially lacking. Some calculations have,
tems with Fe clusters has mostly been done for adatoms drowever, been published, e.g., by Xie and Blackifanho
clusters on surfacés'8while studies of embedded clusters based their calculations on a parametrized tight-binding
are more limited®>-2* method that neglects spin-orbit coupling. The present work is

Fe clusters in Co are interesting for applications where dased on a parameter-free, fully relativistic, self-consistent
high magnetization density is desirable. The reason is thesal-space linear muffin-tin orbital atomic-sphere approxima-
analogy with Fe—Co alloys that might cause interesting be- tion (RS-LMTO-ASA) technique that can calculate spin and
havior. Body-centered-cubic FeCo alloys show a nonlin- orbital moments for different sizes of Fe clusters embedded
ear concentration dependence of the magnetic moment. As Co in a highly accurate way.
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The RS-LMTO-ASA techniqu¥ is a self-consistent 1,280.
method that is similar to the ordinaktspace LMTO-ASA = 560
method?®29 except that the eigenvalue problem is solved by ~ § L
means of the recursion meth&tlt is a method that is well ® 2,403_'-"-" ——————— %
suited for complex systems without periodicity since the E i
computational effort scales linearly with the number of in- g 220
equivalent atoms and has been successfully applied to stud- g -
ies of impurities and other defects in mefaland also on % 2.00
metallic surfaces. It has recently been used for calculations .g_ I
on Fe—Co multilayers as wefi2 The LMTO-ASA method v’ 1.80
is a linear method with solutions accurate around a lineariza- 0
tion energyE, usually taken at the center of the occupied Distance from center [A]

part of the bands. Starting from the orthogonal representation _ )

of the LMTO-ASA formalism, where the overlap matrix is FIG. 1. Local spin moment per atom for each shell for different
approximated as the unity matrix, an expansion that is accufluster sizes. The calculated individual Fe moments increase up to
rate to (E-E,)2 can be constructed. In this scheme the~2.6,uB/atom for atoms close to the FeCo interface. The Co
Hamiltonian can then be expressed in terms of potential pa"’—ltomS have almost constant moments of abelit7ug/atom.

rameters from the tight-binding representation of LMTO- )
ASA as is accurate, with an error of less thanl%, and we have

o used this approximation for the Fe clusters that are larger
H=E,+h-hoh (1)  than 150 atoms.
The continued fraction in the recursion method is termi-
nated after 30 recursion steps with the Beer-Pettifor
h=C- Eﬁﬁ. 2) terminator’® To simulate the surrounding bulk, more than
. . . 15 000 Co atoms surrounding the Fe cluster are used. Finally,
HereC, 0, andA are potential parameters afds the struc- we have used the von Barth-Hedin exchange-correlation
ture matrix in the tight-binding LMTO-ASA representation. functional within the local spin-density approximation
These potential parameters are related to the solutions of tHeSDA).*’
Schrddinger-like equation inside the atomic spheres around
each site, and are determined self-consistently. The spin-orbit
interaction is treated at each variational step. This method of . RESULTS
including spin-orbit effects is known to give very similar
results to calculations based on the Dirac equation, both in
terms of details in the electronic structure as well as spin and The thickness of the covering Co layers on the Fe clusters
orbital moments. For instance, the spin and orbital momenin the previously mentioned studiés*®was estimated to be
of Fe, Co, and Ni were in Ref. 34 calculated with a Dirac 10 A and thus we find it reasonable to treat the Fe clusters as
LMTO-ASA method and they agree within a few percent tofully embedded in Co. For small Fe clusters, the crystal
the calculation in Ref. 35 that used a similar method forstructure is not fully known, but the bcc structure is generally
treating relativity as we do here. In addition, orbital assumed. Since Co is known to be stabilized in the bce struc-
polarizatio® is included. ture in thin Fe—Co multilayers, we have assumed a bcc
Since the Fe clusters in this study are embedded in Catructure both for the Fe clusters and the surrounding Co
they are treated as a local perturbation to the surroundingnatrix. In our study, we have considered clusters with a
host, where Co atoms far from the cluster have fixed potenspherical growth pattern. This can be viewed as the clusters
tial parameters of bulk bcc Co, while Co atoms closer to theéhaving an onionlike structure, consisting of an increasing
Fe cluster are treated self-consistently. Charge transfer be&umber of shells of equivalent atoms. For large clusters, this
tween the self-consistent region and the surrounding bulk isnay be a severe approximation since the clusters would
taken care of by integrating the density of states up to théninimize their surface energy and consequently have large
Fermi level of the surrounding bulk Co and then distributingareas of principal surfacéHowever, the studied clusters in
the excess charge from the perturbation to the nearest butkis article are of limited size and then this effect is weak due
neighbors’’ to the small surface area. In most of the calculations we have
The Co atoms that have been treated self-consistentlysed the experimental lattice parameter for bcc Fe. For some
have potential parameters that are almost identical to the p@alculations we have also compared with results given for a
tential parameters of bulk Co. The charge transfer betweelattice parameter corresponding to that of bcc Co when ex-
Fe and Co atoms is also small for these systems. This allowtsapolating the experimental lattice parameter for bcc
us to make the approximation that the calculated propertiee—Co alloys to the limit of pure C& This parameter is
of the Fe atoms do not depend on whether the surroundinkgss than 2% smaller than the lattice parameter of pure Fe.
Co atoms are treated self-consistently or not. We have tested In Fig. 1 we show the local atomic spin moment per atom
this approximation for a cluster of 51 atoms and found that ifor each shell of the clusters. The central Fe atom of each

with

A. Cluster impurities
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FIG. 2. Local orbital moment per atom for each shell for differ-
ent cluster sizes. The calculated orbital moments on the Fe atoms
are constant at around 0,06/atom. The Co atoms have a higher
orbital moment that decreases slightly close to the—Keo
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cluster is located at zero on tleaxis. For every cluster size Br .
the local magnetic moment per shell is then plotted. For in- Yt
stance, the kg cluster consists of three shells of Fe atoms E-E_[eV]

and from the fourth shell on there are only Co atoms. For this

cluster, the outermost Fe shell has a local spin moment of FIG. 3. Local density of stated DOS) for atoms in a Fgsy;
~2.6ug/atom and the neighboring Co shell has a moment ofluster. The LDOS shown are for a Co atom in the bulk region, an
~1.75ug/atom. In all calculations we find that the spin mo- Fe atom at the interface and an Fe atom in the center of the cluster.
ments of the Co atoms are essentially insensitive to the numkhe density of states for the Co atoms at the interface is almost
ber of surrounding Fe atoms. In every curve in Fig. 1 theldentical tq that fpr bulk Co atoms and _are_therefore not_disp!ayed.
“step” in the magnetic moment characterizes the transitioﬁrhe Fermi level is at zero energy and is given as a vertical line.

from Fe shells to Co shells. orbital moments for the Co atoms are approximately
In general, when moving outwards shell by shell from theO.14,uB/atom whereas the orbital moment of the Fe atoms
center of a cluster, the number of neighboring crystallo-are of the order of 0.Q,/atom, regardless of the position of
graphic sites that are occupied by Co atoms increases. Ashe atom in the cluster. The latter number is lower than the
suming dominating nearest-neighbor interactions, the shapsxperimental value for similar systems, since values around
of, e.g., the Fg result(Fig. 1) can then be interpreted as 0.15u5 have been reported.However, our calculated values
follows: An atom in shell 5 and below has no Co atoms asare in quite good agreement with the bulk value of bcc Fe,
nearest neighbors and in this region the magnetic momertt.08ug/atom.
changes slowly with distance from the center of the cluster. The reason why the experimental values of the clusters
From shell 6 and above the number of nearest neighbors thate larger than theory may be explained either from difficul-
are Co atoms is increasing and the local Fe moment hendes in determining orbital moments via the XMCD sum
increases quite dramatically. Our interpretation of this resultules, or due to the fact that there might be relaxation effects
is that the spin moment of Fe is enhanced by the proximity tan the experimental clusters. These relaxations lower the
the Co atoms. This analysis is consistent with what is knowrsymmetry and change the coordination for the Fe atoms,
from bulk alloys, surfaces, and interfac@s?? The effect is  which therefore might increase the orbital moments.
not long range but seems to be limited to nearest neighbors. We now turn our attention to the mechanism why the spin
In addition to the interface effect, quantum-well effects origi-moments of bcc Fe are enhanced at the interface with Co,
nating from multiple scattering at the cluster boundaries mayand for this reason we display in Fig. 3 the local density of
affect the magnetic moments. However, our calculated magstategDOS) of selected cluster atoms. As can be seen in Fig.
netic moment on the central atom in the clusters does nd® the Fe atom in the center of the cluster has a DOS that is
show oscillatory behavior for different cluster sizes as wouldvery similar to bulk bcc Fe. However, although the Fe atom
be expected from such interference effects. at the interface with Co has similar features as the Fe atom at
In Fig. 2 we show the calculated orbital moments for thethe center of the cluster, there is a marked difference in that
same systems as in Fig. 1. We find that the trend is differenthe band filling is much higher. In particular, one encounters
from the spin moments since now the Fe moments are almost situation where the spin up band of the interface Fe is full,
constant and low, whereas the Co moments show a smadl situation normally referred to as “strong” ferromagnetism.
decrease in the proximity of the Fe atoms. For both types oSince there is very little charge transfer between any atom in
atoms we see only a small effect on the orbital momentshe clusterthere is a small charge transfer of 0.05 electrons
from the number of foreign nearest neighbors. Our calculateftfom the interface Fe atom to gahis means that the inter-
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FIG. 4. Averaged total moments for the Fe atoms as a function FIG. 5. Averaged local spin moments of Fe atoms as a function
of number of cluster atoms. The black squares represent experiment cluster size. The nonmonotonic decrease is due to different co-
tal (XMCD) data(Ref. 25 and gray squares represent another set ofordination for the Fe atoms. Comparison is made with parametrized
XMCD data(Ref. 44, corrected for a systematic error. Open circles tight-binding calculationgRef. 19.
represent theoretical calculations with the bcc Fe lattice parameter

and open triangles theoretical values with the bcc Co latticeng is clear from Fig. 4, theory and experiment agree very

parameter. well for larger Fe clusters. The corrected experimental values
. . re approaching asymptotically the bulk value of bcc Fe

face Fe atom has transferred some of its spin-down eleCtror%slightly larger than 2,2g/atom, whereas the theoretical

to spin-up electrons, with an increased spin moment as Salue aporoaches a  somewhat laraer bulk moment of
result. It may even be observed in Fig. 3 that the most con; bp . . 9
%.S,uB/ atom. This small discrepancy between theory and ex-

spicuous peaks of especially the spin-up band of the interfac eriment is well known for LSDAand generalized gradient

Fe atoms are almost coinciding with the corresponding pea . . .
9 X gp approximation based theorie® For smaller clusters theory

of the interface Co atom, a result of strong hybridization nderestimates thecorrected experimental values with
between these two atoms. We end this paragraph by nounio.],ug/atom. Hence we draw the conclusion that the

that a full analysis of these effects may be found in the text- . i
book of Mohni3 present calculation reproduces the measured moments with

In Fig. 4 we show the average Fe magnetic moment oftn error not exceeding 5%, and that theory som_etimes under-
each cluster, i.e., the sum of the spin and orbital momentgsgma:es ttlp]e mome(ﬁgn?lller (I:Iustelljsan%sortne_t|mest_ovetzr-
divided by the number of Fe atoms in a cluster. Experiment hs |m§ es he mlomerq u vafues. 3 Oad?F 0 |Inve|s |g:i;a_e
data from Binnset al254 are also shown. The average Fe ¢ © ect on volume we performed additional calculations
magnetic moment is decreasing when the cluster size b using the Co Wiegner-Seitz radius. As is clear from Fig. 4

comes larger both in the calculations and in the experimench'SSmggei?&:g;;Eee ;(?[garlngn%rg\?:taomy r:oerarﬁ(r)nrﬁgrﬂe%r:r?.bulk
We interpret this as a result of a smaller surface to volume 9

ratio for the larger clusters, and since the enhanced Fe m(_g)i_toms and generall_y the rat|q between "?te”‘ace_ and bulk
}oms decreases with increasing cluster size, an increase of

rents ae ocaled 1 he surace egion e sversge Mo custersize general lowersthe ol magnetc moment
average moment to approach the bulk moment of bcc F ut for the small clusters we find _that this trend is not always
asymptotically as 1R, whereR is the radius of the cluster '_tarue. The number of Fe atoms with many Co n_elghbors var

' ~., ies for these small clusters, so that the decreasing trend is not

When comparing our calculations with the IOre‘/iouslyentirel monotonic. For instance, an Fe cluster consisting of
mentioned experiments, it is worth pointing out that even y : ' 9

though the mass for these clusters is well defined, the shapglg1 Fe atoms has 14 Fe atoms with 4 Co neighbors each,

and lattice parameters of the clusters are not known. Thnei"iba:)r:ssstaﬁitsomeF:vglr;Stgrmhoariei? iIS:?lia:]c;T?OI\’Ntlft]he ?arcgr
crystallographic structure is not fully known either but at g ’ 9 9 g

least the inner parts of the clusters are expected to have cAuster. This can be seen in Fig. 5 where we compare our

bulklike bcc structure. There might also be some aIoningcalcmmfed §§'p'n moments  with _Previous _pz_arametnzed
present in the Fe-Co interfaces present in the experimentscalcmat'on - Both types of calculations give similar values
that is neglected in the calculations. Nevertheless, our calcdeEnd the same trend.

lated total moments agree with the trend of the experimental
data. As regards a quantitative comparison one must first
note that in Fig. 4 we show two sets of experimental values: Since Fe clusters show high total moments, it is reason-
one is from a direct measuremé&husing XMCD, which  able to assume that a cluster-based-Feo alloy may ex-
unfortunately gives somewhat too low a moment for bulkhibit high saturation magnetization. As is seen from our cal-
bcc Fe. For this reason a smaller correction was made in eulations, the most important factor for enhancing the
second experimetft also based on the XMCD technique. magnetic moment of the Fe clusters is to maximize the num-
This correction amounted to a small momédtl 7ug/ atom) ber of Co neighbors for the Fe atoms. But since the Co atoms
being added to the measured Fe spin moments of all clustersave an almost constant magnetic moment, that is lower than

B. Cluster-based alloys
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FIG. 6. Theoretical data of the average total magnetic moment
for various Fe—Co systems with 25% Co concentration. The ) ) )
squares represents Fe clusters covered with Co. The dashed line F1G: 7. (Color onling The supercell used in the calculations for
refers to ordered REo (DO bulk alloy. The result from a super- packed_F@o- clqsters embedded in 2_5% Cq. For this low concentra-
cell calculation simulating close-packed;Eelusters surrounded by 10N néighboring clusters are sharing their outmost Fe atoms.
~25% Co is also shown. For this packed structure, the average
moment is decreased due to cluster-cluster interactions. 2. Interacting clusters

the Fe moment, an increased number of Co atoms in the In the noninteracting cluster model mentioned abO\_/e, th_e
material tends to decrease the total magnetization densitgtall moment for smaller clusters at lOW.CO concentrations Is
Hence, the key to high saturation magnetization density is t 'ghef than t_hat for bulk alloys, suggesting that high mome'.’“
minimize the amount of Co atoms while maximizing the mgtenals ”?'ght be bunt'from SUCh. systems. Howeyer, I

number of Co neighbors for the Fe clusters. The number o'fn_'ght be d.'ff'C“_'F to retain t_hese high moments achieved
Co atoms needed to fill out the voids between clusters can b‘@f'th'n our_3|mpl|f|ed model, since for the low Co concentra-

minimized if the Fe clusters are packed as close together gon that is necessary to keep the average moment high

possible in the Co matrix enough, the Fe clusters will not have the same coordination
' of Co neighbors as in the model case. The clusters will have
1. Noninteracting clusters more Fe neighbors instead, which results in interactions be-

A simple model of a material built up by Fe clusters sur-tween the Fe atoms in neighboring clusters and a possible
rounded by Co can be constructed in the following way. Ifdecrease of the moments. To investigate this, we have per-
the Fe clusters are considered as spherical and of the sarffgmed a supercell calculation within the RS-LMTO scheme.
size, then the number of Co atoms filling out the interstitial The supercell system consists of packegsfetusters with a
region can be minimized to a concentration of about 25%, bylobal Co concentration of 25%, as displayed in Fig. 7. The
close packing the clusters. By using this geometry and alsglusters were aligned ferromagnetically and no other mag-
assuming that the Fe clusters do not interact with each othefetic ordering was considered, since the clusters are close
our results for the magnetic moments of Fe clusters can b&nough to each other to share Fe atoms. _
used to estimate the average magnetization density for such The magnetic moment for each shell for the fsingle-
cluster-based materials. impurity cluster and the packed, fully interacting, Esuper-

With this geometry, the average moment of the cluster-
based material can then be calculated by taking the average Shell nzumbser . s
moment over not only the Fe clusters, but also a number of ' T ' ]
surrounding Co atoms, corresponding to 25% of the total
number of atoms. In Fig. 6 we investigate the total magnetic
moment of such hypothetical materials that are based on
close-packed monodisperse Fe clusters.

As can be seen in Fig. 6, the moments are decreasing with
increasing cluster size. This indicates that large clustering
effects in an Fe-Co alloy tend to lower the total magnetic
moment. In Fig. 6, the moment for an ordered,Ge (D05) oo Single cluster
bulk alloy is also plotted. Since this alloy lies almost at the 1.80 @@ Packed cluster
peak of the Slater-Pauling curve, the magnetic moment of e
this com_pound is a good reference value. Accordln_g to Fig. Distance from center [A]

6, materials based on clusters larger thaD atoms will not

have higher saturation magnetization than an ordinary FIG. 8. Total magnetic moment per atom for each shell for
Fe—Co alloy. However, alloys with clusters containing lesssingle and packed Fe clusters. For the packed cluster, the Fe mo-
than~50 Fe atoms could, in this model, yield a higher mo-ments close to the Fe-Co interface decrease since the nearest-
ment than the Slater-Pauling curve predicts. neighbor coordination is changed.

2

3

2.20

38

Total moment per atom [uB]
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cell is shown in Fig. 8. The magnetic moments of the Featoms are found to be sensitive to the local environment,
atoms are smaller for the supercell system than for the imwhere the presence of Co atoms as nearest neighbors in-
purity system, primarily for the atoms close to the interfacecreases the spin moment on the Fe atoms. We have compared
with Co atoms. This is consistent with the magnetic enhanceour results with previous XMCD measurements and the total
ment being caused by the nearest-neighbor interaction singagnetic moments show good agreement with an error not
for the single cluster, the outmost Fe atom has four Co neighexceeding 5%. For the orbital moments we observe a larger
bors while the corresponding atom in the supercell have n@jiscrepancy, where our calculated values are close to the
Co nearest neighbors at all. experimental bulk moment. The large measured orbital mo-
The average magnetic moment for this system is plottegnents are probably due to structural relaxation effects in the

in Fig. 6 and it is only 2.4z per atom, which is lower than  clusters or due to difficulties in interpreting the experimental
the estimation from our simplified model, described abovexmMcD results.

Since the average moment for this close-packed structure of By using a simple model without cluster-cluster interac-

the Fas clusters decreased significantly from the nonintertions, we have estimated that high saturation magnetization
acting cluster model, it is expected that the average momengan in principle be obtained by close packing small Fe clus-
would decrease for other cluster sizes as well. This indicate@rs in a Co matrix. However, when taking cluster-cluster
that, using theoretical spin and orbital moments for the clusinteractions into account, the magnetic moments decrease
ters, itis unlikely to obtain saturation magnetizations exceednotably. This implies that the saturation magnetization for

ing the current limit 0f~2.45 T for realistic systems of bcc clusters of bee Fe in a bec Co matrix will be smaller than that
Fe clusters embedded in bcc Co. for ordered alloys.

A better way to increase the magnetization density might
be to embed Fe clusters not in Co but in materials that lie
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