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The magnetic properties and electronic structure of bcc Fe—Co alloys and multilayers are
investigated with the first-principles molecular cluster discrete variational method. The density of
states and the contact interactions are obtained for the central atom of each cluster. Besides the local
magnetic moment and the isomer shift the occupanciedofd3, and 4 shells are investigated

when Co atoms are introduced in the immediate vicinity of iron sites. The calculations indicate a
varying magnetic moment for Fe atoms and a constant value for Co atoms which is in agreement
with experiments. For the superstructures, our results indicate a strong dependence of the local
moment, contact field, and isomer shift for Fe atoms with the thick of iron layers. The internal field
increases for thicker Fe layers while the local moment decreases which is also in accordance with
experimental predictions. €999 American Institute of Physids$0021-897@9)01608-4

I. INTRODUCTION composition, and the observed increase is caused by an in-

Over the years, the magnetic properties of the bcc phas%reage of the local iron moment., while thg cobalt .moment
of Fe—Co alloys have been investigated by means of severfgmains constant. The magnetic properties of disordered
theoretical™” and experimental techniquési®”18 mostly Fe—Co alloys have been also calculated by using a tight-
concerning the dependence of the bulk magnetization witinding scheme in a single-site approximation, employing
composition as well as the ordering—disordering process. Fdhe Slater—Koster parametrized mettfo@ihe calculations
cobalt content up to about 0.7 at. %, these alloys form a solidndicated that the magnetization of the alloys at the cobalt-
solution with B2 structure. The Fe—Co alloys have an exdich side depends on the number of availathleoles, while
tremely high Curie temperature and the highest saturatiofor the iron-rich alloys it is influenced by a weak electron—
induction at room temperature; 24.5 kG at 35 at.% Coglectron interaction, being that the intersection of these two
which deviates from the Slater—Pauling curve. Higher pereffects occurs at about 30 at. % Co, where it produces the
meability and lower values of saturation induction are ob-sharpest maximum on the Slater—Pauling curves.
tained in equiatomic alloys, because of their low magneto-  The local density of 8 electrons at Fe atoms in different
crystalline anisotropy. These alloys exhibit face-centeredconcentrations in Fe—Co a||0ys were investigated by Ham-
cubic (fcc) structures above 912-986°C at about 70 at. %jeh et al, by electron-energy-loss spectrometi§ELS).'>
Co, whereas the low-temperature structure is body-centeregkccording to their results, the change in the total number of
cubic (bco). _ _ _ 3d electrons at the iron atoms was much smaller than the

In earlier studies, the magnetic behavior of these alloy$,crease in the value, which indicated changes in the popu-

with composition was explained with the additivity of lation of both spin-up and spin-down bands. Besides, the
the contributions from solutes in the nearest shells of nEighl'”nagnetic moment increased from 2:22in pure iron to

bprs around an |lr§)_nlsalté)m, which vyorked reasonab_ly well Mabout 3.Qug at 70 at. % Co. In fact, the results showed that
dilute sample$: ~° Further improvements in the

experimentdP2 and theoretica>7 works were at- the average number of spin-ujl &lectrons increases in this

tempted in order to describe the observed results and th%oncentrattlontLange_,tr\]N thhereas thlet§ pln-lslown OCClJtEancy de-
somewhat unusual physical properties of this alloy system(.:reases’ ogether wi & population. Moreover, the av-

The concentration dependence of the saturation magnetizﬁ-rage hyperfine field increases steadily up to about 20 at. %

tion has been interpreted as a transition from weak to strongo' A disordered crystalline solid solution of Fe—~Co can also
ferromagnetism in the range of composition up to 30 at. %P€ formed by mechanical alloyirt§. The safuration magne-
Col5 tization measured in the samples so obtained is proportional

Band-structure calculations using the augmented!o the average hyperfine magnetic field, which increases with

spherical-wave method were performed in the bcc Fecdhe addition of cobalt in the matrix of bcc iron. The current
(equiatomi¢, in the local-spin-density approximation interpretation of the observed results is that the increase in
(LSDA), to study the behavior of the magnetic moment andthe mean magnetic moment is due to the increase of the
the equilibrium lattice constantsThe results indicate that magnetic moment at the Fe atoms, while the Co atoms
the average magnetic moment does not vary linearly wittshould maintain a constapt value at about 1.8&g .*>’
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General-potential linear augmented plane wdwvePW) crete variational(DV) method* to obtain the electronic
calculations of the electronic structure in equiatomic Fe—Cgstructure of disordered bcc Fe—Co alloys and multilayers in
was performed by Liu and Sindlin order to investigate in spin-polarized calculations in the LSD approximation. For
which extent the LSDA considering spherical approxima-the potential of the exchange-correlation energy is adopted
tions for the potential was responsible for the observed disthe Barth—Hedin approximaticii.Since the DV method has
crepancies between polarized-neutron-scattering studies abéen described in detail in the literature listed above, we will
the first-principles calculations of Schwarz and Salahub.concentrate our attention particularly on the discussion of the
The lattice parameter obtained for the equiatomic FeCo isesults of the present calculations.
slightly smaller(3%) than the measured value. Besides, al-
though this treatment gives some improvement regarding the
asphericity of the spin density some differences still remainsl,l' RESULTS AND DISCUSSION

which lead them to conclude as being a underestimation of T solve the self-consistent one-particle Kohn—Sham

the LSD approach. One feature pointed out in this work is, agquations, the molecular orbitals are expanded on a basis of
the radius of the atomic Sphere is increased from 2.15 to Zatomm numerical Orbitajs’ where we adopted the minimal
a.u., the amount of interstitial charge decreases from aboyasis, which includes st-4p orbitals for both Fe and Co.
2.9 to 2.1 electrons per cell, whereas the spin polarizationghe molecular clusters representing the alloys in the bcc
within the spheres change by less than 0.02 electrons, whigbhase were built up with 15 atoms, including two shells of
reflects the fact that the moments arise from the polarizatiomeighbors around the central atom. The known experimental
of the 3d orbitals. Indeed, the calculations also confirmed anvalue of 5.416 a.u. was used for the lattice spacing of bcc
enhancement of the Fe moment in this composition over th@on. The origin of coordinates is at the body centered site.
bce iron, while the Co moment is similar to the value in For the superlattices, we used also a 15 atom cluster with the
hexagonal-close-packéeticp Co. same lattice spacing as before but now with [th&0] direc-
Multilayer films consisting of ferromagnetic elements tion parallel to thez axis. Thus, the cube is rotated so that the
also have attracted much attention because of high magnetigst nearest neighborhodtiN) consists of eight atoms equi-
flux density. More recently molecular beam epitsa®BE)  distant of the central atom, at the corners of rectangles, four
grown Co/Fe superlattices with thickness varying in thein the planez=0 and four in the plang=0. The next near-
range from 5 to 42 A have been grown on G&H<)  est neighbor$NNN) are four atoms in the plane=0 distant
substrate$? The x-ray diffraction(XRD) and nuclear mag- a/+2 from the origin of coordinates. Furthermore, there are
netic resonancé€NMR) analysis of the chemical short range two atoms in thex axis at+a. The adopted superstructures
order confirm that cobalt can be stabilized in a bcc structurare: (i) a Fe/Co interface, where the atoms in #we0 and
up to a critical thickness of 21 A. Fe—Co films deposited inthe lower planes are Fe atoni#i) a Co/Fe interface, with a
an alternating multilayer structure were also obtained by &lane of Co atoms a&=0; (iii) a Fe/Co monolayeiplane Fe
magnetron dc-sputtering method, which have an artificial suat z=0), and(iv) a multilayer, consisting of three planes of
perlattice structure with crystallographic coherence betweefe(Co) atoms, with the middle plane of Fe atomszatO0.
constituent layer&® The films so obtained are bce with10)  The potential crystal was made up of about 400 atoms. Po-
planes parallel to the film surface and its lattice constant isential wells in the crystal region were truncated near the
smaller than for bulk iron, and decreases linearly to abouFermi surface in order to prevent the migration of electrons
2.81 A with increasing cobalt layer thickness. The films arefrom the cluster toward low-lying states in the crystal. The
ferromagnetic with an easy magnetization direction in theembedding scheme is well described in detail elsewhere in
film plane. In comparison with that of Fe—Co alloy films, the the literaturé’® As usual the central atom of each cluster is
magnetization is smaller for multilayers with a thicker Fe chosen as the probe atom which is expected to exhibit bulk-
than Co layer and larger for those with a thinner Fe than Cdike properties.
layer. Thus, the large magnetization of Fe—Co films is attrib-  In Fig. 1 are displayed thed3partial density of states
uted to the large magnetization of bcc Co relative to bulk hcgPDOS for the central atom representing pure bcc ifan
Co. for single Co impurity in bcc iron hogb), and for the cluster
Most of the calculations that have been done previouslywith eight Co NN atoms around the central iron at@n As
in Fe—Co alloy systems are concerned with orderingbne observes in Fig.(4) the majority PDOS are entirely
disordering processes or on the description of the magnetiulfilled and the hole states are in the spin-down band as
zation with cobalt concentration at the equiatomic composiexpected, whereas the Fermi energy falls into a minimum of
tion or ordered phases. There is still a lack of a fullthe minority-spin DOS. For the single Co atom, Figh)1
description of a microscopic point of view of the hyperfine shows a sharp resonance just at the Fermi energy for spin-up
properties, such as the contact field and isomer shift, as weditates(which indicates that these electrons indeed give the
as how the occupancies of thel 3pin-down states and the major contribution for the electronic specific heat coefficient
slike states depend on the cobalt concentration. In this ary, C.(T)=+T) and another one above it for spin-down
ticle, we discuss the effect on the magnetic properties oftates. However, in spite of the high intensity of this peak the
replacing each atom in the immediate neighborhood of a Feopological features of this PDOS are similar to that for pure
atom by Co atoms. We investigate also the dependence @icc Fe showed in Fig.(4). The smaller exchange splitting
the magnetic properties on the thick of iron layers in multi-for Co is also clear in Fig. (b), with a high peak aEg which
layered structures. In the calculations, we employ the disforms a partially occupied bound state. Moreover, tle 3
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FIG. 1. 3d PDOS for:(a) pure bcc ironjb) a single Co impurity, andc) a Fe atom with eight Co NN atoms.

states are well localized in the energy space, and a smathan that for Fe, owing to the extra electron for Co, which in
peak is also observed just at the Fermi energy for tde 3 turn has a lower value to the magnetic moment. In Fig) 3
spin-down states. The lower-lying occupied spin-down statesne can verify that for Fe atoms in a monolayer theé 3
are separated from the higher antibonding states by a minspin-up states are more spread out in energy, as well as a
mum just above the Fermi surface, as is typical for bcc metbonding character for the spin-down states. For the
als. The ordered equiatomic condition is represented by theultilayer, in Fig. 3b) is clearly observed a loss of coupling
cluster with eight Co NN atoms around the central iron atomfor the 3d electrons of Fe atoms in the middle plane and an
whose PDOS are showed in Figcl This result is in agree- increase of the population of spin-dowrelectrons, which in
ment with earlier calculations, which have shown that theturn should decrease the local moment.
majority-spin 31 states are fully occupied and a very promi-
nent peak appears above the Fermi surface for both Fe and
Co atoms for minority spins in this caédn fact, by com- a ' T ag T T
paring the Figs. (8 and Xc) one observes very similar fea-
tures between these diagrams. It has been pointed out befor I ] kjk
\

that Fe is magnetically weak because of an insufficient
electron—electron interaction to the bandwidth ratio, while in i
disordered FeCo this interaction for the Co atoms could as-g

sists the weaker interaction in Fe in saturating the bulk 2 |
magnetizatiorf. This should arise from the enhancement of )
the exchange splitting relative to pure Fe, as can be observe YA
in these diagrams, which confirms indeed that equiatomic V
FeCo is a strong ferromagnet.

In Figs. 2 and 3 are displayed thed 3¥DOS for the
superstructures. For the Fe atom at the interface, R@). 2
shows some loss of structure in thé 8ubbands, whereas for
the Co atom at the interface showed in Figb)2one ob- j
serves a high peak just above the Fermi surface for the spin- . E . . . = , .
down 3 hole states. Observing these diagrams, one can se¢ % <% 43 a2 415 4% 4% 25 420 15
how the majority-spin @ PDOS for both Fe and Co atoms at Energy (ev) Eneroy (eV)

the interface are very similar. HO_WG\(GI’, the Bwinority-spin FIG. 2. 3d PDOS for:(a) a Fe atom at a Fe/Co interfagd) a Co atom at
PDOS for the Co atom showed in Figlh2 has more weight a Co/Fe interface.
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T
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T T " ad T T T 2 TABLE Il. Calculated parameters for the central atom: total magnetic mo-
a b ment (u), the contribution from the conduction band-44p (u.), the
T charge transfefQ), the contact fieldil.), and the isomer shiftS), relative
| to a-iron. a-Fe means pure bcc iron in another type of cluster, adopted for
L the superstructures. The multilayer results account for Fe atoms in a super-
i structure consisting of three planes of(€e) atoms.
= M\ | f\ Cluster u e Q HJ(kG)  IS(mm/g
£ w |
g ) Wl " { L . FeFgFe; 229 -0.35 017  —347
3 Ty 7*WWW* Rt Yas CoFegFe; 165 -047 -011  —465
& WM ‘ / \ CoFeCoFe, 127 —040 —0.06  —449 .
2 ! \ L \ FeFeCo,Fe; 161 -037 —0.19 —425 0.14
g \ FeFqCoFes? 222 -035 -010 —476 0.06
&0 FeFqCo,Fe;” 222 -0.33 -010  —458 0.06
I FeFaCo,Fe;° 2.48 —0.30 —0.11 —462 0.06
FeFgCo,Fe;" 242 -0.27 —0.09 —457 0.06
FeCgFe; 272 -020 -0.08 —420 0.06
l l E FeFgCoq 2.40 —-0.31 —0.07 —405 0.03
E: £
; L . . . . FeFgFe,Co, 163 -039 -0.19 —427 0.03
-120 -115 -110 -105 -100 -158 -150 -145 -140 -135 a—Fe 2.26 —0.29 0.14 —320 e
Eneray (V) Energy (eV) Felinterface 218 -028 -004 —419 0.07
FIG. 3. 3 PDOS for a Fe atom(a) in a monolayer, andb) at a middle gz/r':)t;;:fe ;g; :gig 88; :2(7)2 010
lane in a multilayer of three planes of (B®) atoms. . ) ' ) ’
P y P (&) multilayer 162 -040 —034  —470 0.01
D3y

In Table | are shown the partial charges for the centrafC,
iron atoms obtained in the present calculations. As one ob:-rd
serves, our results show that in Fe—Co alloys the irdn 3 ~*
population for spin-up electrons increases with the addition

of Co atoms in the first shell of neighbors around an irongpows au value close to hcp Co (1.75): the experimental
atom. Thus, the observed increase of thealue at the equi-  yagyjts is about 1,75 .° The addition of one Co atom in the
atomic composition arises from both the increase of the confrst neighborhood reduces the local moment at the central
tribution from spin-up electrons in this subband and from thecq aitom to 1.2%5. In fact, experimental results have indi-
decrease of the population of the spin-down states, relative {gateq that in dilute alloys the Co atoms do not fill randomly
pure iron. The contribution from spin-up conduction elec-ine |attice, since Co avoids to have Co first neighomlith
trons for the local moment of Co is similar to that for Fe, asye co NN atom. the central iron moment decreases to

one should expect considering that Co is magnetically Satu1 6145, coming up mostly from the reduction of the spin-up
rated. The local symmetry plays a minor rule for the orbital3y eletrons, which are being transfered to the spin-down

populations, as can be checked out in the table.

The calculated magnetic properties are listed in Table Il._ 1.84u5. Since there, the iron moment increases steadly up
As one verifies, the local symmetry has no effect on the loca}, 2.78u5 for eight Co NN atomswhere pco=1.83ug),
moment. Besides, the conduction band contribution is alwaygnich is in good agreement with the experimental predic-
negative, and has opposite variation to that coming fbm ons.  With twdfouy Co NN atoms we obtained

electrons. The Co atom as a single impurity in this hOSt1.82(1.80).LB for the local moment at the Co atoms: so our

TABLE |. Calculated electronic distribution in the different subbands for

each cluster.

subband; for the Co atom in this cluster, we obtained

results also confirm a constant value for the magnetic mo-
ment of Co atoms in this matrix. The. contribution de-
creases in the table to a minimum for eight Co NN atoms.
Besides, one Co NNN atom causes the same effect on the

Cluster 3, 3d, 4s, 4s, 4p,  4p, local moment at the central iron atom as a substitution in the
FeFare, 45421 19027 02885 04489 02502 04377 f|rstr]ng|ghbfc3rhoog. In the tablltla or:je sees alfscr)]thlat thle Fe atom
CoFeFe, 47800 25891 03274 05003 02773 06023 att glnter ace shows a small reduction of the local moment
FeFeCoFe  4.3099 2.3318 0.3532 0.4825 0.2628 0.5021 relative to bulk atoms, whereas the Co atom have an en-
FeFgCoFe® 4.5495 1.9712 0.3336 0.4595 0.2958 0.5263 hanced value over the pure cobalt. For a monolayer, the Fe
FeF%COzFesi 45349 1.9827 03429 0.4527 03017 05211 atoms exhibit a largen value, besides a smaller contribution
FeFgCoFe° 4.6423 1.8633 0.3593 0.4558 0.3114 0.5127 : : :
FeFaCoFa’ 46001 19117 03551 03196 04374 0.5076 of the_ conduction electrons to the I(_)cal momer_1t. Fmally, in
FeCaFe, 47158 18027 03383 03668 02568 0364g the middle plane of three planes of iron atoms in a multilay-
FeFqCo; 46225 1.9513 0.3321 04343 0.2857 0.4516 €red structure is observed a lower value of the magnetic mo-
FeFeFeCo,  4.2693 2.2403 0.3575 0.4800 0.3056 0.5798 ment at Fe atoms. These features are confirmed by experi-
o mental result$>?’
be The Q value in Table Il shows the charge transfer in

2v . . .

s each case. The Co atom isolated in bcc iron host acts as an
9D,y atractor for electrons. Nevertheless, the presence of one Co
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NN atom decreases the ionization at the central Fe atomgne can see larger values for the contact field, as well as
which also changes signal. The further addition of Co atomsarger values foH, for multilayers with a thicker Fe layer.
in its immediate vicinity causes an inflow of electrons into Contrary to the contact field, the isomer shift is practi-

the iron site, which is decreasing as more solute atoms argy|ly insensitive to the introduction of Co atoms in the first

being added. Besides, the addition of one Co NNN atomheighborhood of the iron sites at 0 K. All calculated IS val-
brings out the same disturbance in the charge transfer aS\ s are positive, in accordance with experimental results

replacement in the first shell of neighbors around the centraflrom Mossbauer spectrometyWith the occupancies by Co

iron atom. However, for the ordered situation with the sec- . .
. . . atoms in the second shell of neighbors the IS values are even
ond shell of neighbors completely filled up with cobalt at-

oms, the central iron site has a small ionization. Because Cgmaller, although they are closer to the experimental results

is more electronegative than Fe the ionization of the iron sitét F00M temperature. In fact, it is known from experimental
is quite sensitive to the local atomic arrangement in this mat€Sults that for a disordered alloy with 30 at.% Co, IS in-
trix. Furthermore, for the iron atoms at the interface is ob-creases from 0.03 mm/s at room temperature up to about
served a small ionization, whereas the Co atoms do not suf.045 mm/s at 77 K, and is constant up to 40 at.% Co,
fer any charge transfer in this case. In the other hand, there tdecreasing thereafter to 0.04 mm/s at 50 at. % EoHow-
a striking difference between tt@@ values for the monolayer ever, for the superstructures IS is strongly dependent on the
and the multilayer. thick of iron layers, as can be seen in Table Il, and keep a
The contribution of the core orbitals to the contact field positive value too. Although these results are holding for 0

(Hc) are obtained by means of a atomic calculation inXge K one should keep in mind also that the effect of the cobalt

approximation, by using the converged electronic configuraggncentration on lattice spacing is not being considered in

tions from the molecular calculations, after an appropriate[he present calculations, which has a profound effect on the
diagonal weighed population analysis in order to obtain the

. : . : . : calculated hyperfine properties such Hg and IS. It is
atomic orbital populations. This treatment is advisable coni( that th itude of th tact field d
sidering the finite cluster size. The conduction electrons con-now_n atthe magni u ep € con ap eld decreases upon
tribution is obtained directly from the molecular orbitals. In qrdermg, an effect which is also cgnﬂrmed by our calcula?
Table Il one sees that,. is always negative and quite sen- tions. Actually, another feature depicted from these results is
sitive to the local symmetry in this matrix. This contact field that one should be very careful about the nonlocal contribu-
increases steadily up to the addition of four Co atoms in thdions to the contact field in order to understand the changes
immediate neighborhood of iron sites. At the equiatomicoccurring during alloying. However, our results are primarily
composition, our results indicate that a reduction of the inconcerned with the behavior of those quantities with compo-
ternal field is expected due to the lowest contribution fromsition through a microscopic description, and a good agree-
the 4s electrons in this case, which has the same signal tgnent of these trends with the experimental results is
that from the deep core electrons which gives the main congchieved.

tribution to the .Iocal field. For six_ Co NNN atoms is ob- In summary, we have performed first-principles calcula-
served a reduction of the contact field, which arises from thefions in LSDA to study local magnetic properties and the

reductlon .Of the _contr|but|c_>n from localized € lectrons to theeIectronlc structure of disordered Fe—Co alloys and multilay-
spin density at iron nuclei. It has been pointed out before . . ;

: : ers. In brief, the average magnetic moment increases due to
from band-structure calculations that the loss of spin-down

4s electrons upon alloying is responsible to the differencethe increase of the polarization of the irdrorbitals, besides

between calculated and experimental results for the contadf® changes in the population of both spin-up and spin-down
field.2® This occupancy should decrease with cobalt concen4S Subbands. The local Co magnetic moment is about the
tration, thus giving decreasing field values, which are negasame as in pure bcc cobalt, whereas the local iron moment
tive and have the same signal of the contribution from theéncreases with the cobalt concentration. In equiatomic FeCo
conduction electrons to the spin density at iron nuclei. Thean enhanced moment is obtained over the pure bcc iron
3d spin-down antibonding states formed during alloying arevalue. The local spin DOS for the equiatomic alloy shows a
repulsed to higher energy, pulling together the spin-down 4 fully occupied 31 subband, whereas thes 4ninority states
states through the exchange interactions. The overall changfas a strong effect on the enhancement of the iron moment.
in the 4s occupancy with alloying have a small contribution The saturation of the magnetization should arises from the
of spin-up 4 population. Moreover, one Co NNN causes thejncrease of the effective electron-electron interaction in the

same effect in théd. value at the iron nucleus as When it ., atoms. For the multilayers, our results predict a strong

occupies the first coordination sphere, thus confirming E%jependence for Fe atoms of the local moment, contact field

somewhat long range order mechanism in this case. Never- ' . o i .
theless, the highest,, value is not occurring when the satu- and isomer shift with the thick of iron layers. Actually, the

ration of the magnetization takes place, and no linear correcalculated internal field increases for thicker Fe layers, which

lation exists between them. The changes occurring in th& in accord with the experimental results. The hyperfine field
local field are mostly due to the variation of the core©f iron in the interface monolayers in the magnetic multilay-
eletrons spin density at iron nuclei, which is quite sensitive €rs is found to be substantially reduced compared with that
to the occupancy of the neighboring shells by Co atomsin the corresponding bulk metal, in strong contrast to the
Finally, for both Co and Fe atoms at the interface, in Table llhighly enhanced magnetic moments in the same monolayers.
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