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Fe—Co alloys in ther phase are soft magnetic materials which have high saturation inductions over

a wide range of compositions. However, above about 1250 i, tany phase transition occurs. The
fcc-based, y, high-temperature phase is paramagnetic at this temperature. In this work the
low-temperature orderel2, or o', phase, as well as the disordered bcc phase of FeCo alloys, have
been studied with first-principles electronic-structure calculations using the layer Korringa—Kohn—
Rostoker method. The variation of moment with compositiSlater—Pauling curyds discussed.

For equiatomic FeCo, interatomic exchange couplings are derived from first principles. These
exchange interactions are compared to those obtained for pure Fe and Co, and are used within a
mean-field theory to estimate the hypothetical Curie temperature of phase. ©1999 American
Institute of Physicg.S0021-897809)76808-9

INTRODUCTION RESULTS

Over a wide composition range Fe—Co alloys exist in the The first set of calculations presented summarizes the
a or bee-based phase. These alloys are soft ferromagneti'@n9€es in magnetic properties that occur with changes in

materials with large saturation inductiof@out 15% greater alloy composition. Figure 1 shows the variation of the Fe and
. ) .
than Fe. For Co concentrations less than about 17%, th Co moments in the ordered’ and disorderedr phases of

Curie temperature is reached before théo v phase transi- ﬁ:eCo. The calculations were performed at that lattice con-
. P ) VP stant that minimized the total energy. These calculations dif-
tion. However, for greater Co concentrations the phase tran from the previous study by Schwar al® In that work
S'F'On fo the nonr_nagneu_gz phase oceurs wh|!e thephase is five ordered FeCo compounds were used to represent points
still ferromagnetic, leading to “virtual” Curie temperatures

. “ on the FeCo phase diagram. In this work, for the “ordered”
for the @ phase which are greater than theo y transition  ¢ysta) data, one sublattice is treated statistically, i.e., for the

temperature. This “virtual” Curie temperature is an impor- ge_rich side of the graph, the Fe site is left ordered and the
tant parameter, however, in theories which predict the temaycess Fe is placed on the Co site. The Co sublattice is,
perature dependence of the magnetic anisotropy and @herefore, disordered and is treated within the CPA. Con-
domain-wall pinning in these materials, for example. The versely, for the Co-rich material, the Co site is ordered with
to y transition occurs at about 1250 (&lthough this varies the excess Co placed on the Fe site. The influence of com-
some with composition FeCo alloys offer significant po- position is seen to be mainly on the value of the Fe moment,
tential as high-temperature magnets, in such applications as
rotors in electric aircraft engines. Extrapolation of specific
magnetization versus temperature data for equiatomic alloys Site resolved spin moments
suggests a Curie temperature of about 1500 dfe that y Fo on'Fo site o
exceeds that of elemental Co. 28; Fo (diZ(e;rglglgg g“;; =1
This article reports on studies of ordered and disordered 2.6} 1
FeCo alloys based on first-principles local spin-density 24}
electronic-structure calculations. These computations are 221 E/E/H’E"'
performed using the layer Korringa—Kohn—Rostoker I
(LKKR) method within the atomic spheres approximation.

1.8}
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N

Compositional disorder is modeled within the coherent po- 16l =
tential approximation(CPA).2® Details about the LKKR 14l o on Go site = -
method can be found in Refs. 4 and 5. In the case of equi- Co on Fe site +—

) . . . . 121 Co (disordered B2) 4 1
atomic FeCo, the interatomic exchange interactions are also ; . ' ' .
obtained. 20 40 o, o, 00 80 700

FIG. 1. Variation in Fe and Co moments fet (B2-based and disordered
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3.0 theory (ord) o moments due to filling minority states. On the Fe-rich side,

28] theory (dis.) o | however, the moment reduction could arise from the chang-
exp =— . . . . ..

26| ] ing occupancies of both minority and majority bands. How-

ever, this simple picture would predict a maximum in the
Slater—Pauling curve at a 50:50 alloy composition, which is
not observed experimentally. In fact, the Co moment remains
approximately constant over the whole composition range,
and only the Fe moment changes significantly. As the Co
161 1 content of the ordered’ alloy is increased, the alloy re-
141 ] mains a strong ferromagnet, and the moment falls primarily
12l ] due to the filling of minority Fed states as expected from a
rigid band model. In contrast, in the high-temperature disor-
dereda phase, the Fe moment increases very slightly with
FIG. 2. Calculated and measured Slater—Pauling curves for Fe—Co alloylr.]creasmg Co content. This was. found to be due to the ef-
The kink in the experimental data at around 70% Co is the result of th(jECts of disorder on the electronic structure. The density of
appearance of mixed and y phases. states for the Fe site is smoothed due to the disorder at all
compositions. The large peak in the unoccupied minority

] o ) density of states in the disordered alloy remains above the
with the Co moment remaining approximately constant ovelrgrmi energy, and does not change its occupancy apprecia-
the whole range of compositions studied. The largest Fe mQs)y.

ment is found for equiatomic FeCo. The variation of the Fe moment on the Fe-rich side is

Figure 2 shows the variation in the average moment pefqre complex, however, since there is a change in the occu-

atom along with the experimental values taken from Boz-ancy of hoth majority and minority states. In both ordered

orth’s book* The Slater—Pauling curve seen experimentally; 14 gisordered alloys, the number of majority Eestates

is reproduced nicely by the electronic-structure calculationsdecreases as the Co content of the alloy is decreased, as
a peak in the moment is seen at around 30 at. % Co in F&yq, 14 he expected in a rigid band model. In addition, we
The differences between the average moment per atom Qfserve that the number of minority e states also in-
ordered and disordered st.ructures are seen o be smgll. TE?eases, and this appears to be due to hybridization changes
calculated moments are slightly smaller than the experimens . iho occupied states near the Fermi energy. As a result, as
tal values, the most likely reason for this is that the theoret;[he Co content of the alloy is decreased, a more rapid de-
ical values only include the spin contribution to the moment. rease in Fe moment is observed The’Fe site density of
The orbital moment is almost qugnched in trapsition metaﬁtates is found to change smoothly to that of bcc Fe, which is
alloys due to the strong crystal-field perturpatlon on the no longer a strong ferromagnet. Thus, it is the combination
electrons, however, typical values of the orbital moment ares ihe roughly constant Co moment and varying Fe moment

between 0.1 and 0.AB. .that accounts for the maximum in the Slater—Pauling curve

The density of-states for. Fe .and Co atoms in eoIUi";‘ton“%ccurring at around 30 at. % Co, rather than at the equi-
orderedB2 FeCo is shown in Fig. 3. As can be seen fromatomicBZ FeCo '

Fig. 3, the crystal is a strong ferr(.)mag.net with the majcnii-ty This behavior is in agreement with the neutron diffrac-
bands of both Fe and Co essentially filled, and only parnally,[ion experiments of Collins and ForsytfTheir experiments,

filled minority Fe and Cad bands.. _Smce Co has one more using polarized neutrons, revealed that the Co moment was
valence electron than Fe, band-filling arguments would sug- _,_.: . . . A :
. relatively invariant with composition in the Fe—Co binary
gest that Co-rich alloys would be expected to have lower . . .
alloy series, while the Fe moment varied from B for
pure Fe, to over 3.(B for equiatomic alloys, and for alloys
B2 FeCo site DOS with >50 at. % Co.
Fe (spinup) — majority The interatomic exchange coupling for the equiatomic
- Co (spinup) .-~ i 1 ordered and disordered FeCo has been calculated from first
principles using the method suggested by Liechtenstein
et al® This methodology has also been used by several other
groups1® This formalism, worked out for three-dimensional
KKR theory, can be simply implemented within the frame-
work of the LKKR methodt! Within this approach, inter-
atomic exchange parameted, that would appear in a
Heisenberg model, can be obtained by considering the

change in energy associated with the rotation of spins at sites

241
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| Fe (spin down) — | . - . .
2l o %J,iin down; Y minority i andj in the otherwise perfect structure. This small energy
x 6 4 2 P 7 change can be expressed in terms of the change in the one-
Energy (6V) electron eigenvalue sum.
FIG. 3. Spin-resolved density of states for the Fe and Co sites in ordéred Values of these 'eXCh'ange interactions for the fII’St. five
(B2-baseql FeCo. shells of atoms are given in Table I. Note that the magnitude
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TABLE |. Exchange interactions in meV for a Co atom at the oridirst set ofJ;;), and an Fe atom at the
origin (second set ofj;;) for B2 FeCo. The third set of;; are those for the random alloy; is the number of
neighbors in the shell.

Shell ;) Jij DN Jij 2in;di Jij 2in;Jj;
1 8 25.1 201 25.1 201 23.8 191
2 6 0.14 202 1.02 207 1.34 199
3 12 0.49 208 0.60 214 0.95 210
4 24 1.58 246 1.60 253 1.19 239
5 8 —2.87 223 —0.59 248 -1.71 225

of the moment has been folded into the interaction, so thatvell with measured values. The Fe moment on the Co-rich
the Heisenberg Hamiltoniand=—2%;;J;S-S;, has unit side decreases primarily due to the filling of Fe minouty
spin vectors{S}. Estimates of the exchange interactighs states, while the decrease on the Fe-rich side is more com-
=2;J;; in ordered FeCo are 210 and 250 meV for rotating aplex due to the participation of both spins. The Co moment
spin on the Fe and Co sites, respectively. The average ogemains almost constant as a function of composition. The-
these exceeds that for the disordered lattice, which is 21@retical exchange couplings show strong ferromagnetic cou-
meV. These exchange couplings are significantly larger thapling and an estimated Curie temperat(re€l500 K) for B2
those found for Fe and Co, which are 170 and 180 meVFeCo that exceeds that of elemental Co, a value consistent
respectively. The latter is close to that of 190 meV, found bywith extrapolation of the magnetization versus temperature
Sabiryanowet al,*? for Co. Within a mean-field model, with data.
the magnitudes of the moments folded into the exchange
interactions, kT.=3Jy. The factor y is given by S(S
+1)/S? for quantum spins and 1 for classical spins. Empiri-’A‘CK'\‘OWLEDGMENTS
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