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The magnetic properties of HEry inclusions in a Fe matrix are calculated as a function of the Cr number of &tbatzero temperature,

and forN < 168. The electronic structure is determined by using a realigtéband Hamiltonian. The local magnetic moments) at the

various cluster siteisare calculated selfconsistently in the unrestricted Hartree-Fock approximation. The results show clearly the importance
of the local geometry and the magnetic interactions between neighbors. The matrix Fe atoms couple always antiferromagnetically to the Cr
atoms, imposing for smallV spin arrangements that overcome the antiferromagnetic interactions of the Cr cluster. The antiferromagnetic
arrangement becomes possible in the interior of the cluster as the number of Cr atoms becomes larger than 88.

Keywords:Nanoinclusions; magnetic properties; magnetic local moments

Se calculan las propiedades maticas de inclusiones de #€ry en una matriz de Fe, como una fubicidel umeroN de atomos de Cr,

a tempe ratura cero y valores de< 168. La estructura eledbnica se determina usando un hamiltoniano que toma en cuenta electrones de
los tiposs, py d. Usando la aproximaén irrestricta de Hartree-Fock se calcula autoconsistentemente el momentetic@pcal .. (z) en

los diferentes sit io$ del dimulo. Los resultados muesran claramente la importancia de la geiamhoesl y las interacciones magficas

entre vecinos. Loatomos de Fe de la matriz se acoplan siempre antiferrogtiggmente a loatomos de Cr, imponiendo arreglos deiasp

gue sobrepasan el antiferromagnetismo e ntre ionesitello de Cr para valores pedies deN. Los arreglos anti ferromagticos se
presentan dentro delimulo de Cr cuando elimmero de 'atomos de Cr es mas grande que 88.

Descriptores:Inclusiones nano#tricas; propiedades magficas; momentos locales magitos
PACS: 75.50.Rb

1. Introduccion as a model system, in which, the structures produced exper-
imentally [6, 7] can be closely approximated by the theoreti-
The ability to produce experimentally systems with dimen-cal models §-10]. This is important because of the big influ-
sions in the nanometer range and the unexpected propertiedice that the physical structure has on the magnetic proper-
observed, make nanoclusters a very attractive field of reties. Nowadays, high quality Fe/Cr/Fe structures are possible
search. In particular magnetic nanostructures are expected b2cause of the excellent Fe-Cr lattice mateh)(6%).
revolutionize the magnetic information industry.[ Recently a number of important anomalies in the mag-

Low dimensional systems involving Fe and Cr havenetic properties of the Fe/Cr and Fe/Cr/Fe systems have
been studied widely, mainly Fe/Cr/i@®1) trilayers and arisen, specifically with regard to the change in surface mag-
Fe/Ci(001) multilayers because they exhibit interesting prop-netization at low Cr coverage, the antiferromagnetic order-
erties, like an oscillatory magnetic interlayer exchange couing between Cr layers, and the size of the Cr moment.
pling [2, 3], a giant magnetoresistanck B], and short-period  Several experiments have detected these particular proper-
oscillatory exchange coupling]l Although throughout the ties; scanning electron microscopy with polarization analy-
last decade Fe/Cr/F@01) has served as a model system insis (SEMPA) measurementsl], alternating gradient mag-
the field of thin-film magnetism and by now it belongs to the netometer measurementk2], polar Kerr measurements in
most studied systems, both experimentally and theoreticallyze/Cr/Fe (01) [13], and Mossbauer spectroscopi4]. On
many questions are still open. An example is the dependenaie other hand, several theoretical calculations exist in the
of the short-period oscillatory component of the exchangescientific literature where these anomalies are predicted in
coupling with the structural properties of the interfaces inlow dimensional systems with Fe and G+L0] and in Cry
Fe/Cr/F€001) trilayers B, 7]. clusters embedded in bulk F&3].

Significant progress has been made in the understanding There has been a great interest on studying how the in-
of the phenomena of exchange coupling between ferromagderface will affect the properties of thin magnetic films, such
netic layers separated by magnetic and non-magnetic layeras coercivity, magnetic domain structure, magnetization re-
In part, this knowledge has been obtained by using Fe/Cr/Feersal and magnetoresistandé+19]. These magnetic prop-



520 P.G. ALVARADO-LEYVA, J.M. MONTEJANO-CARRIZALES, AND J.L. MORAN-LOPEZ

erties greatly affect the applications of thin magnetic filmsin  The rest of the paper is organized as follows. In Sec. 2
the magnetic recording industry, as well as other applicationsie present the details on how the electronic calculation was
in magnetoelectronics. So far, there are only a few theoretperformed, which parameters were used and we give specific
ical examinations discussing the effects of surface/interfaceaformation on the geometry of the atomic inclusion. The re-
on magnetic films. This is probably due to the complicatedsults obtained are presented and discussed in Sec. 3. Finally,
nature of the problem. In addition to surface/interface effectsn Sec. 4 we present the conclusions of this work.

many other factors, such as film thickness, composition, crys-

talline structure of the magnetic film, magnetic domain distri-

bution and correlations contribute to the magnetic energy an2. Model

determine the magnetization mechanism of a film. These are

very important factors that cannot be neglected in practice2.1. Electronic part

However, in order to distinguish which factor dominates, a

more detailed study is necessary. Here, we calculate the ground state solution of the electronic
structure. Due to the particular characteristic that magnetic

Frpm a fundamental point of view, one (.)f the most in- transition metals present some properties that can be ex-
teresting features of such systems is the existence of strong_. . : :
long range interlayer magnetic coupling (IMC) between tWopﬁalned on the basis of localized models and others in the

g rang Y 9 ping framework of itinerant models, the calculation of the finite

successive ferromagnetic layers separated by nonmagnetic or L
9 4 P Y g temperature properties is still an unsolved problem.

antiferromagnetic spacers. These IMC were first observed by The magnetic and electronic properties of transition metal

Grunberget al [2] and by Carbone and Alvarad@(] on : . .
Fe/Cr/Fe (001) sandwiches. They found that the interactiongILISterS are d_e_termlned by thd B'_”era”t electrons, which
re very sensitive to the local environment of the atoms. We

were antiferromagnetic (AF), that is, the magnetizations of* id listi del Hamiltonian for th |
two successive Fe layers were aligned antiparallel. Later onC,onSI er a reafistic mode! Hamiltonian for the valesce
ndd electrons, which includes intra-atomic Coulomb inter-

in Fe/Cr (001) superlattices, these AF IMC, which have beerfNC . . S
observed for a wide range of Cr thickness, have been shovx/?‘ncuons n the unrestncte_d ngte_e—chk approximation. In the
to be related to giant magnetoresisteneahd explained by usual notation, the Hamiltonian is given by

spin-dependent electron transp@t]l The different magne- ) aBat 4

toresistivities for the parallel/antiparallel configurations for H= ZEWU"W’ + Z Ztu CiaoCifos @)
adjacent magnetic layers was measured using differential mi- ad @b i7j

crowave absorption methodd]. It was found that the IMC
oscillates from AF to ferromagnetic (F) with the Cr thickness
up to 5A with a period of about 18 (the magnetizations of
two successive Fe layers alternate parallel/antiparaligl) [

wherei andj refer to the atomic sitesy and to the orbitals
(a, B = s,p,d), ando to the spinz!__ andé, s, are the cre-
ation and annihilation operators, respectively. The hopping
integralst%ﬁ are obtained from the canonical two-center ap-
The aim of this paper is to study in detail the interdepen-proximation p5] and the environment dependent energy lev-
dence of the cluster inclusion and the magnetic interactionslse,,,, are given by
between Fe and Cr atoms. The geometrical structure consists
of one Fe atom surrounded by Cr-atoms (V < 168) lo-
cated inbcc onion-like shells, and embedded in a Fe-bulk.
The Cr-atoms are located as substitutional impurities. This
specific problem has been chosen not only for its potentiall-he s

technological relevance, but for the rich magnetic behavio&tomi in the paramagnetic solution of the bgig, Cr or Fe

of Fe/Cr interfaces23, 24]. The second term in Eq. (2) takes into account the level shifts
In a previous papefip] that deals with pure Gf clusters  due to the redistribution of the spin polarized electron den-
with N < 51, embedded in Fe, it was shown that the com-sity and to the resulting intra-atomic Coulomb interactions.
petition between the AF coupling in the Fe/Cr interface withAv;s = vis — v, wherevis = (71 + g, ) is the average
the tendency to the antiferromagnetism of Cr offers a particelectronic occupation of the orbitab and l/?ﬁa the corre-
ularly interesting physical situation for studying the interplay sponding average occupation in the bulk (paramagnetic solu-
between the magnetic properties of clusters and those of then). ;3 = (37 — i) refers to the spin polarization of
environment. Moreover, the study of finite embedded clusthe orbitali5. The intra-atomic direct and exchange Coulomb
ters stresses the local aspects of the magnetic interactions bategrals are denoted Wy, 3 and.J,g, respectively. Finally,
tween ferromagnetic and antiferromangetic materials. Herehe last term in Eq. (2) takes into account the environment-
we complement that study by analyzing the effect of a Fedependent energy-level shifts due to non-orthogonality ef-
atom in the center of the Cr cluster and report results for muclfects 25—27] and to the crystal-field potential of the neigh-
larger clustersy < 168). In this particular system, the mag- boring atoms 28], which are approximately proportional to
netic behavior is not monotonic but changes as a function othe local coordination numbef;. The average occupations
the cluster size. Vi @and the local magnetic momenis, at sitei are deter-

Jo
Ciag = E?Q + Zﬁ: (UagAuw — J2ﬁﬂi6> + 2 Q4. (2)

ymbok?  stands for the energy level of the orbitabf
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mined self-consistently by requiring

(o) = | " i () de, @3)

— 00

wherep;oo(€) = (—1/7)Im Gia0,i00(¢) refers to the local
density of states (DOS) of the spin-orbitalo. In the case

of finite embedded clusters, the Fermi enetgyis given by

the matrix (in the present case Fe). Notice that charge trans-
fers generally occurs between atoms and spin orbitals hav-
ing different local environments. The local Green'’s functions
Giao.iao (€) are calculated from Egs. (1) and (2) by using the
recursion method2p]. The number of level$/ of the con-
tinued fraction expansion @, i« IS Chosen large enough
so that the calculated orbital occupations and magnetic mo-
ments are independentigf(in practice we usé/ = 15-20).

All the recursion coefficients are determined exactly without
any spurious boundary effects. Therefore a large number of

atoms (about 25 000—40 000) is involved in the rea|_spaCéFIGURE 1. A cluster with 51 sites belonging toteclattice. The
expansion. numbers correspond to theh neighbor shell to the central atom

denoted by zero and the sites belonging to sublaticgs) are
shown as shaded (open) circles.

2.2. Parameters

In Table | we list some of the geometrical characteristics
The parameters used in the calculations are determined as féif this bccarray up to the20™ shell. In the first column we
lows. The hopping integralﬁf between atoms of the same give the number of atoms in the shell. The shell numbers are
element are fitted to band-structure calculations for the purgiven in the second column and first row. In the rest of the
elements $0, 31]. The heteroatomic hoppings at the cluster- Table we give the number of first neighbors of an atonin
matrix interface are obtained as the geometric average of thghell located inj-shell. For example, an atom in shell 5 has
corresponding homoatomic hoppings. This has been proveli nearest neighbor in shell 1, 3 in shell 4, 3 in shell 7, and 1
to be a very good approximation in calculations for alloys andn shell 10. Since we are dealing withbac lattice, the total
multilayers of transition metal$), 32]. In the case of Fe and number of NN must sum eight.
Cr, thed-electron exchange integrals are chosen to yield the The shells are ordered as the radius increase. It is worth
proper magnetic moment and exchange splittings in the bulkoticing that although shells 10 and 11 (and shells 14 and 15)
atT = 0 [J4q(Fe) = 1.05 eV andJ44(Cr) = 0.86 eV]. Ex-  are at the same distance they are considered as two different
change integrals other thafy, are neglected. For simplicity shells because their atoms have a different environment. This
we ignore the differences betwesandp Coulomb integrals ~ can be clearly seen in Table I.

(e, Uss = Uyp = Upp andU,q = U,q) and take the ratios In the present work the central site is a Fe-atom. The
between the direct Coulomb integrdls, : Usy : Ugq from spacer between the central atom and the Fe-matrix (the bulk)
atomic Hartee-Fock calculation3d]. is formed by Cr-shells. The number of shells depends on the

total number of Cr-atoms. The Cr atoms are located as sub-

stitutional impurities in the Fdcc lattice. Small strain ef-
2.3. Geometrical aspects fects resulting from the differences in the lattice constants

are modeled by taking the nearest-neighbors distdngeat
The systems studied here consist of a central site (denoted O)e cluster-matrix interface as the average between the NN
and its neighbor shells, onion-like, around it ilbecarray.  distances of the pure elements. The electronic spin-density
A shell is a set of atoms located at the same distance frordistribution is calculated self-consistently in each one of the
the central site and with the same number type of neighborsion equivalent atomic sites.
The lattice structure is illustrated in Fig. 1. Here the numbers It is important to note that in order to describe the antifer-
label the atomic sites in the different shédllsThe first shell romagnetism in the Cr inclusion, it is necessary to subdivide
(sites 1 in Fig. 1) contains the 8 first nearest neighbor (NNYhe inclusion lattice sites into sublattices. Thus, the sites that
atoms, located at the vertices of the cube. The next shell dielong to the sublatticé are those in shells 1, 4, 7, 10, 11,
neighbors (sites 2) has 6 atoms at a distant&dyy (dnn iS 13, 17, etc. and to the sublattice are the sites in shells, 2,
the nearest neighbor distance), and are located on the squaeg5, 6, 8, 9, 12, 14, 15, 16, etc. In Fig. 1 we show a cluster
face sites of the next generation cube. Shell 3 is formed by 1@ith 51 sites in which the sites belonging to sublatticé3)
atoms at a distancke52dnn from the center, and so on. are shown as shaded (open) circles.
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the interface between the cluster inclusion and the Fe matrix
TABLE |. The coordination numbers of an atom in shelbcated  phecomes more complex as the number of Cr-atoms increases.
in shell, for thebccspherical arrangement. In addition, the fact that the Cr lattice consists of two sublat-
tices, makes the interface unique of each cluster. For exam-
ple, for N = 8 the interface is between the 8 Cr-atoms in

afaafaafaaf fafaaaflaall

No- of §h§|| shell 1 (a cube of length siz2dxy, see Fig. 1) and the
atomsi j01234567891011121314151617181920 5o -0 o0 o (a cube of length size’Zdxy) in shells 2, 3,
1 008 and 5 (see Table I). FaN = 14, the interface is between
8 1 103301 the 14 Cr-atoms in shells 1 and 2 (a cube of Cr-atoms with
6 2 04004 one atom over each face) and the 44 Fe-atoms in the shells 3,
12 3 02004002 4, apd 5(a cgbe with 4 atoms over each _face).NOt 26
o4 4 0012011021 the interface is betwegn the 26 Cr-atoms in shelI; 1,2 and 3,
and the 56 Fe atoms in shells 4, 5, and 7. The interfaces of
8 501003003001 the cluster withV = 14 and 26 have the geometrical shape
6 6 00004000000 4 of a cube without the corner sites.
24 7 0001010022001 0012 . .
Starting with N = 50 some Cr shells are totally sur-
4 8 200200020 2 rounded by Cr atoms; the 6 Cr-atoms in shell 2 have that
24 9 10020011020001 property; the same occurs for the 18 Cr-atoms in shells 2
8 10 10003000003000°1 and 3 forN = 88. One has to notice further that the sites
24 11 1021000010201 in shells 2 and 3 belong to the same sublaticand are
12 12 2000004000000 2 hot negrest neighbor;. Simillarly the 50 atoms in shells 2,3,4,
48 13 110010011010 and 5 in theN = 144 inclusion form a compact core of Cr
atoms surrounded only by Cr-atoms.
6 14 400000000
24 15 1001002000 2 1 Taking into account all the various non-equivalent sites
in the cluster, we calculated selfconsistently the electronic
2416 2020000000 local density of states (LDOS). In Fig. 2 we show the results
24 17 100000200110 ¢ qome particular cases that illustrate the hybridization be-
24 18 1020001000 tweenthe Feand Cr electrons. In the upper panel we show
8 19 10000003000 thelLDOS forbulk Fe (thick line), and the LDOS for the Fe
24 20 10010000 central atom forV = 8 thin broken line) and 136 (thin solid
o4 21 1020100 lne). We_notice that the LDOS for th® = 8 cluster dif- _
oa 22 2000000 2 fers gonS|derany from the bul!< spectrum. In the down spin
density of states there are various peaks produced by the in-
48 23 0001001 teraction with thed electrons of the 8 surrounding Cr atoms.
24 24 0100010 Asaresult, the magnetic moment of the central Fe results
48 25 010100 hegative. When the number of Cr atoms increases to 136,

the LDOS gets smoother but the number of down electrons is
also larger than the up electrons, producing a negative mag-
netic moment. In the lower panel we show the bulk Cr LDOS
) ) (thick solid line), and the average density of states of the Cr
3. Results and discussion atoms surrounding the Fe atom and embedded in the Fe ma-
) o trix, for the two cluster sizes. Most of the Cr atoms are lo-
In all the cases studied local charge neutrality is imposed &ated at the boundary and the electronic spectra is strongly
each sitd, i.e, Av;g = 0[30]. The self-consistent calcula- jnflyenced by the Fe atoms. In all the cases the magnetic mo-
tions involved the central Fe atom, all the Cr cluster atomsyent of these atoms are large and negative.

and the Fe-matrix atoms at least up to the fifth shell away
from the interface between the cluster and the matrix atoms. The results are better understood in terms of the local

Beyond this shell the spin-density distribution is taken tomagnetic moments. In Table 1l we present the results for the
be the same as in pure Fe. Due to the characteristics of tharious cases studied here. For each cluster there are three
system studied here, there are two interfaces: one betwee&aws, in the first row we give the kind of atoms in each shell,
the Fe-central site and the Cr-atoms of the spacer and thee or Cr, in the second row the value of the magnetic mo-
other between the boundary atoms of the Cr inclusion and thment.(¢) of atoms in sites of shell and in the third row the
Fe-matrix. As it can be seen from Table I, the central site onlynumber of NN-Cr(Fe)-atoms to Fe(Cr) in shellwWe recall
coordinates with the 8 Cr-atoms of the first shell, then this in-that the total number of NN is eight. The various cluster sizes
terface is the same for any valuegf> 8. On the other hand were obtained by adding a full shell of Cr atoms to the
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particular cases. In the upper panel the LDOS for bulk Fe (thick
line), and the corresponding to the Fe central atonfo£ 8 (thin
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FIGURE 2. The electronic local density of states (LDOS) for some the largest number of frustrated bonds Afe= 64 and 168

neighbor atoms in shellg. The information on the sublat-
tice type in the Cr inclusion is also included. We present
the results forN = 26,136, and 168. If the magnetic in-
teractions would follow the bulk behavior, one would expect
an arrangement in which the central Fe atom is coupled AF
with the first shell of Cr atoms, the Cr atoms would couple
AF among themselves and the Cr atoms at the boundary of
the inclusion would couple AF with the Fe matrix. Since
the tables are symmetric with respect to the diagonal and the
F-order in the Fe-matrix is unchanged, the tables contain only
the shells to which the boundary Cr atoms are connected to
the Fe matrix. The vertical heavy line marks the boundary
between the inclusion and the matrix. To illustrate the infor-
mation contained in the tables, in the caseNof= 26, the

Cr atoms in the third shell (the most external Cr atoms) cou-
ple AF the Cr atoms in the first shell and also AF with the
Fe-matrix atoms in shells 4 and 7.

One can observe that the AF interaction between the Fe
matrix and the Cr atoms at the boundary, rules the magnetic
arrangement of the cluster. Due to the geometry oftite
lattice there is frustration and not all the boundary atoms
can fulfill an AF arrangement. The cases in which there
are no frustration bonds in the cluster boundary are those for
N =8, 14,64, 160, and 168. However, itis interesting that in
the first case the coupling among the eight Cr atoms and the
central Fe atom is ferromagnetic. The other cadés; 64
and 168 present a large number of frustrated bonds in the Cr
cluster;i.e. the interaction between themselves is F.

The casesV = 26 and50 are the ones with less frustra-
tions in the whole system. The only frustration in the first
(second) case is between the Cr atoms in the first (third) shell
with the Fe atoms in the fifth (seventh) shell. The cases with

where the Cr atoms in the fifth and tenth shells couple ferro-
magneticaly with other Cr atoms within the cluster, respec-

Cr LDOS (thick solid line), and the average density of states of thet'vely'

Cr atoms surrounding the Fe atom and embedded in the Fe matrix,

for the two cluster sizes.

previous cluster. The largest cluster consists of the central Fce
atom surrounded by the 11 Cr neighbor shells. To understand
the results is important to notice that the Cr piece of Iatticef
has to be subdivided into two sublattices. Assuming that the
Fe central atom is in an-site, the shells that belong to the
same sublattice are 2, 3, 5, 6, 8, and 9. On the other hand, t
shells 1, 4, 7, 10, and 11 belong to thesublattice.

e

In relation with the magnitude of the local magnetic mo-
ments we can notice the following trends. a) One can notice
that in cases with a large number of frustrated bonds, the self-
onsistent solutions yield very small values for the magnetic
moments. One can notice thati) ~ 0 for Cr-sites that co-
ordinates to more than two frustrated sites. For exam(i¢

or N = 58 andu(2) for N = 64. b) On the other hand, in
Situations where the number of frustrated bonds is small, the
agnetic momentg(i) in sites occupied by Cr-atoms that
coordinate only with Cr-atoms is close to the magnetic mo-
ment of the bulk for Cr. Examples arg2) for N = 50 and

as a function ofN. We notice that the sign of the interac- for stes that coordinate with four or more Fe-atoms without
tions as well as the magnitude of the local moments depenglystration; for example:(2) andy(3) for N' = 26, 1u(4) for
strongly on the size of the inclusion. This reflects the highyr — 50 and (7) for N = 88. D) With respect to the Fe
dependence of the solutions on the geometrical environmentoms at the boundary, the value of the magnetic moment of
With the aid of Tables | and Il we build Table Ill, which Fe in sites that coordinate with Cr-atoms is smaller than the
contains the type of interaction (antiferromagnetic AF or fer-value in bulk Fe. As the Cr-coordination increases, the value

romagnetic F) between the atoms in shiellith their nearest

of u(7) decreases from 2.24 to 1.68.
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TABLE Il. The occupation (Cr or Fe) of the sites at the various shelise local magnetic moments(s) (in units of 4 3), and the type of
neighbor for the various cases in the systetnFe, /Cry/Fe... The lattice structure and the labglfor the different atomic sites are shown
in Fig. 1.

Ni O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Fe Cr Fe Fe Fe Fe Fe Fe
8 —1.28 —-1.79 1.79 2.05 2.27 2.17 2.24 2.27
8Cr 8Fe 4Cr 2Cr 8Fe 1Cr 8Fe 8Fe

Fe Cr Cr Fe Fe Fe Fe Fe
14 —1.05 -0.77 —0.50 2.00 2.14 2.16 2.22 2.27
8Cr b5Fe 4Fe 2Cr 1Cr 1Cr 8Fe 8Fe

Fe Cr Cr Cr Fe Fe Fe Fe Fe Fe
26 —0.20 0.56 —1.11 —1.56 1.90 2.05 2.26 2.15 2.27 2.27
8Cr 2Fe 4Fe ©6Fe 3Cr 1Cr 8Fe 1Cr 8Fe 8Fe

Fe Cr Cr Cr Cr Fe Fe Fe Fe Fe Fe Fe
50 0.34 —0.50 0.49 0.24-1.21 1.68 1.70 2.12 199 214 229 2.27
8Cr 2Fe 8Cr 2Fe 5Fe 4Cr 4Cr 1Cr 2Cr 1Cr 8Fe 8Fe

Fe Cr Cr Cr Cr Cr Fe Fe Fe Fe Fe Fe Fe
58 0.35 —-0.22 0.28 0.02—-0.84—0.42 1.77 1.98 2.01 2.13 217 2.26 2.27
8Cr 1Fe 8Cr 2Fe 4Fe 4Fe 4Cr 2Cr 2Cr 1Cr 1Cr 8Fe 8Fe

Fe Cr Cr Cr Cr Cr Cr Fe Fe Fe Fe Fe Fe Fe
64 0.11 0.05 —0.004—0.21—-0.41-0.73—0.89 1.97 1.97 2.13 2.18 2.13 2.28 2.27
8Cr 1Fe 8Cr 2Fe 3Fe 4Fe 4Fe 2Cr 2Cr 1Cr 1Cr 1Cr 8Fe 8Fe

Fe Cr Cr Cr Cr Cr Cr Cr Fe Fe Fe Fe Fe Fe Fe Fe Fe Fe
88 0.17 —0.52 0.50 0.55-0.75 0.45 —-0.35—1.41 1.74 1.89 2.09 2.19 2.062.28 2.24 2.16 2.26 2.30
8Cr 1Fe 8Cr 8Cr 3Fe 1Fe 4Fe 6Fe 4Cr 3Cr 1Cr 1Cr 2Cr 8Fe 8Fe 1Cr 8Fe 8Fe

Fe Cr Cr Cr Cr Cr Cr Cr Cr Fe Fe Fe Fe Fe Fe Fe Fe Fe
112 —0.02 0.07 —0.04 —0.09 0.02 —0.08—0.71—0.54—0.68 1.80 2.06 1.89 1.98 2.14 2.26 2.16 2.26 2.28
8Cr 1Fe 8Cr 8Cr 1Fe 1Fe 4Fe 4Fe 4Fe 3Cr 1Cr 3Cr 2Cr 1Cr 8Fe 1Cr 8Fe 8Fe

Fe Cr Cr Cr Cr Cr Cr Cr Cr Cr Fe Fe Fe Fe Fe Fe Fe Fe Fe Fe
136—-0.196 0.45 —0.45 —0.45 0.49 —0.47—0.91 0.23 —0.98—1.20 1.67 1.75 2.002.01 2.32 2.12 2.28 2.16 2.26 2.29
8Cr 1Fe 8Cr 8Cr 8Cr 1Fe 4Fe 2Fe 4Fe 5Fe 4Cr 4Cr 2Cr 2Cr 8Fe 1Cr 8Fe 1Cr 8Fe 8Fe

Fe Cr Cr Cr Cr Cr Cr Cr Cr Cr Cr Fe Fe Fe Fe Fe Fe Fe Fe Fe Fe Fe

144 —0.18 0.37 —0.38 —0.36 0.41 —0.31—0.87 0.12 —0.91—-0.88—0.39 1.75 1.97 2.10 2.31 1.97 2.28 2.12 2.26 2.16 2.25 2.27
8Cr 1Fe 8Cr 8Cr 8Cr 8Cr 4Fe 2Fe 4Fe 4Fe 4Fe 4Cr 2Cr 2Cr 8Fe 2Cr 8Fe 1Cr 8Fe 1Cr 8Fe 8Fe

Fe Cr Cr Cr Cr Cr Cr Cr Cr Cr Fe Cr Fe Fe Fe Fe Fe Fe Fe Fe
160 —0.02 0.05 —0.004—0.03 0.02 —0.09 0.09 —0.18—0.25—-0.64 1.64 —0.69 1.96 1.96 1.74 2.10 2.00 2.15 2.13 2.29
8Cr 1Fe 8Cr 8Cr 8Cr 1Fe 8Cr 2Fe 2Fe 4Fe A4Cr 4Fe 2Cr 2Cr 4Cr 1Cr 2Cr 1Cr 8Fe 8Fe

Fe Cr Cr Cr Cr Cr Cr Cr Cr Cr Cr Cr Fe Fe Fe Fe Fe Fe Fe Fe Fe Fe
168 0.01 —-0.09 0.12 —0.12—-0.11 0.11 0.20 —0.32—0.10—0.31—0.82—0.83 1.951.96 1.72 1.96 2.01 2.12 2.12 2.16 2.25 2.28

8Cr 1Fe 8Cr 8Cr 8Cr 8Cr 8Cr 2Fe 2Fe 3Fe 4Fe 4Fe 2Cr 2Cr 4Cr 2Cr 2Cr 1Cr 1Cr 1Cr 8Fe 8Fe
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ably enhanced as compared to the bulk valye= 0.645|
TaBLE III. The interaction between the sites in shelvith sites ~ @nd it is antiparallel to the Fe matrix. Similar trends hold for
in shell j (A antiferromagnetic and F ferromagnetic), for the vari- larger Cry spacers, and for Fe/Cr multilayers2[ 24, 34].
ous cases in the systdmcFe /Cry/Fe,; N = 26, 136 and 168.  The antiparallel alignment at the interface spacer-matrix was
Numbers in boldface mean that the magnetic moment is very smallexplained in terms of the hybridizations between Fe and Cr
d orbitals B, 15]. The hibridizations between Fe and €or-

N =26 bitals at the interface tend to shift the majority (uplevels
BafBBalpsa of Fe to higher energies and the minority (down)dHevels
to lower energies. This reduces the energy and stabilizes the
ferromagnetic solution8]. The value ofu(3) is decreased

1701 2 3 4567

pO AF approximatelyl8.4%, because these sites have 4 Cr NN and
a1l AF AFAF F 4 Fe NN whose moments point in opposite directions (see
82 AF AF Table Il and Fig. 1).

33 AF AF AF A much more interesting behavior is found as the thick-

ness of the Cr spacer increases. No& 14 there are two Cr-
shells and both form the interface with the Fe matrix. Here,
BapfpfapffapfaalBap B a  theAF coupling between Cr sites and Fe matrix dominates
ij0 12 3 456 7 8 9 101112 1314 15 16 17 but the magnetic behavior of the Cr atoms is ferromagnetic-
30 AF like. Furthermore, there is an antiparallel alignment between
the central Fe atom and the first shell of atoms in the Fe-
matrix. In the cluster withV = 26, one of the cases that

N =136

a 1 AF AFAF AF

B2 AF AF present less frustrations, appears the typical antiparallel (AF)
83 AF AF AF alignment between the Fe atom and Cr elements, and into the
a4 AFAF AFAF AFAF Cr spacer, but still exists the AF coupling between the Fe cen-
35 AF AF AF AF tral atom and the first shell of the Fe-matrix (see Table Il1).
36 AF AF For N = 50, the other case with less frustrations, there
o7 AF AR AFAF E F is a transition |n.the allgnment bet\_/veen the centra_l Fe atom
and the Fe-matrix. The alignment is parallel, p@0) is re-

B8 AF AF AF AR markably decreased with respect to the Fe bulk magnetiza-
B89 AF AF AFAF  AF AF  tion. This reduction can be explained in terms of the smaller

N = 168 exchange splitting at the Cr atoms surrounding the Fe atom.

BaBRaBRafBlRaafBalBlfa Ir_1the Cr spacer there are magnenc mlsmatches;_the.typ.eS

— 1 2 p p 1011 12 1314 15 16 17 site has a reduced magnetic moment because this site is at
130 3 56 8 9 10 3 516 the interface and has NN Cr-atoms in the first and in the

80 AF fourth shells. The magnetic coupling betweg(3) with his
al AF AFF AF NN shells is AF-like but with his Fe NN shell is ordered
32 AF AF ferromagnetically. This mismatch produces the small value
53 F F F of (3).

A similar behavior is found in Gg. ©(3) is almosto,

a4 AFFARARF F because the interface prefers the AF coupling with the ma-

g5 AF AF AF AF trix but a perfect AF coupling into the spacer is not possible.

36 AF AF This magnetic frustration is reflected in the small values of

a7 FE AF FE AF AF w(1) and p(2). Similar results were found in other Fe/Cr

38 = F EAF structures ).

59 F F EE AP AR The _strongest. effect of thg magnetic frustrations at the in-
terface is found in Gu. In this case the Cr shell§, 4, 5

a 10 AF F AF

and6 are located at the interface, and prefers the AF order

all AF F F AF  AF with the Fe-matrix but F coupling between themselves, see
Table llI, thereforeu(1) and (2) are strongly reduced (see
Table Il). The magnetic moment(2) is almost0. The par-

In the case FeCrs, the Fe|i(0)] is remarkably decreased allel alignment between the Fe elements is unchanged and
as compared to the magnetization of bulk kg € 2.2u5); 1(0) acquires the lowest value for all the cases. This type
this change in the modulus is approximaté®f;. Moreover  of results were also found in Fe/Cr multilayei$)]. Notice
one notices that the Fe moment is parallel to the Cr shelihat theu(:) of Fe atoms close to Gr are slightly reduced.

(i = 1) and antiparallel with the Fe-matrix & 3). Further- A similar behavior is found for atoms close to Cr atomic im-
more, the magnetic moment of the Cr atom{d) is remark-  purities B5] or at the interface of Fe/Cr overlayer8] [and
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multilayers B4]. This can be qualitatively understood as the
result of hybridizations between majority (minority) Ber-
bitals and the corresponding minority (majoritydrbitals of
Cr, which increase the effective loaddband width at the Fe
atoms of the interface.

Finally, we show in Fig. 3 the self-consistent solution of
the magnetic moment of the Fe central atom as a function
of chromium atoms in the cluster. As mentioned above the
magnetic moment of the Fe matrix atoms are imposed pos-

itive.

Thus, this figure illustrates, at a small scale, the os-

cillatory behavior of the magnetic coupling among Fe atoms
separated by Cr atoms.

4. Conclusions

Magnetic moment of the central Fe atom (U,

0.5

V

(=}

S
wn

|
—
T

|
n

60 80 100 120 140 160
Number of Cr Atoms

20 40

(=)

The interface effects on the magnetic moments in the sysFicure 3. The self-consistent solution of the magnetic moment of
tem Fe/Cry/Fe,, have been determined by solving a realis- the Fe central atom as a function of chromium atoms in the cluster.
tic spdband model Hamiltonian in the unrestricted Hartree-
Fock approximation. The competition between the ferro-
magnetic order of the matrix and the tendency of Cr to
antiferromagnetic-like order results in a remarkable depen- ¢) |n the Cr cluster, the magnetic order is very complex:
dence of the magnetic solutions on size and environment. The
main conclusions are summarized as follows.

a)

b)

The magnetic coupling between the Cr boundary atoms
and the Fe matrix is always antiferromagnetic, (&

of Cr atoms are enhanced considerably by the presence
of Fe atoms in their NN shele[g, (2) = —1.79upg in

Crg andu(3) = —1.56u 5 in Cryg]. On the other hand,
theu(i) Fe atoms close to the cluster usually tend to be
reduced, and the ferromagnetic order of the boundary
Fe atoms of the matrix is never altered by the cluster
atoms.

The magnetic coupling between the central Fe atom
and its first Cr NN shell is ferromagnetic for Cr
Cr14 and Cg4 and antiferromagnetic for the other cases
studied here. The value of the magnetic moment of the
central Fe atomu(0) increases fotV. = 8 to 26 and

for Cry4 itis F order, forV = 26 and50 it is AF order
and for N > 58 the AF and F order coexist. Mag-
netic frustrations are present when the AF order within
the cluster shells is not compatible with the antiparallel
alignment of the NN moments at the interface. These
frustrations lead to a small values gfi) in the clus-

ter [e.g, 1(3) = 0.02up in Crsg; (1) = 0.0545 and
,U,(Q) —0.004up in Cr64].

d) The self-consistent solution of the magnetic moment of

the Fe central atom as a function of chromium atoms
shows: i) the oscillatory coupling among this atom and
the matrix Fe atoms and ii) a reduction in magnitude.
This last fact is in accordance to the reduced value of
the magnetic moment of Fe observed in neutron scat-
tering experiments in diluted FeCr alloy3s].
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