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Abstract. The electronic structures of ordered and disordered transition metal alloys are 
described in a tight-binding scheme. Charge transfer and magnetism are treated within 
a self-consistent Hartree-Fock model. We show that the rigid band splitting fails to 
take account of the ferromagnetism of these compounds. The densities of states of FeCo 
and Ni,Fe are found to be more sensitive to order than the ferromagnetic properties. 
Energetic calculations are performed giving an estimation of the ordering energy, and 
comparisons are made with experimental results. 

1. Introduction 

Recently there has been much progress in our knowledge of the properties of binary 
transition alloys. Yet they are far from being fully understood. It is the FeCo and 
NiFe alloys which are particularly interesting as, below some characteristic tempera- 
ture, they can make ordered structures when they are of well defined composition 
and they can be ferromagnetic. So for instance the investigation of the influence 
of order on the electronic and magnetic properties is a very difficult task. Indeed, 
from a theoretical point of view, the rigid splitting of the up and down spin bands 
fails for the description of alloys as we will emphasise. The difficulties of treating 
the alloy problem and the ferromagnetism in a realistic manner are then added. 
It is the purpose of this paper to show that this is nevertheless possible in the ordered 
as well as in the disordered states, and to derive an estimation of ordering energies 
which, up to now, has been carried out only in the case of non-magnetic alloys 
(Giner et a1 1976, Ducastelle and Gautier 1976). 

We will here consider the case of equiconcentrational BCC and FCC FeCo and 
FCC Ni,Fe alloys. The evolution of their properties with temperature is given in 
figure 1. The electronic structure of binary transition alloys is usually investigated 
in the framework of the tight-binding approximation. Yamashita et al (1966a, b) have 
studied the case of ordered FeCo and Ni,Fe alloys but with no attempts at a self-con- 
sistent determination of the difference between the effective atomic levels of each 
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Figure 1. Phase stability of FeCo and Ni,Fe with temperature. 

species. The case of ferromagnetic disordered FeCo and NiFe alloys has been con- 
sidered by Hasegawa and Kanamori (1971, 1972a, b) and Jo (1976) in the CPA approxi- 
mation, taking into account the self-consistency problem, but in a single-band model. 
Moreover, they used a schematic model for the density of states of the pure metals 
and they completely neglected off-diagonal disorder which has certainly an important 
effect, especially for NiFe alloys. No comparison of the ordered and disordered alloys 
has been performed and, consequently, there is not yet any theoretical estimation 
of the ordering energy derived from electronic structure calculations. Here, contrary 
to previous works, we will take into account the degeneracy of the d band, the 
charge transfer and ferromagnetism in a Hartree-Fock self-consistent scheme and 
the effect of off-diagonal disorder. 

In 42 we will outline the methods of calculation (moment method for ordered 
alloys, generalisation of the coherent potential approximation (CPA) to off-diagonal 
disorder (Shiba 1971)) and we will discuss in more details the self-consistency problem. 
In $3, we will compare the density of states of FeCo and Ni,Fe in the ordered 
and disordered states and their magnetic behaviour. We will show that the density 
of states is more sensitive to order than the ferromagnetic properties. For each state 
of the alloys, we will compute its energy per atom and the values of those energies 
will be found to explain fairly well the evolution of their properties with temperature. 
We will also give the first theoretical estimation of the ordering energies derived 
from electronic structure. Conclusions will be drawn in $4. 

2. Method 

The d band of transition metals or alloys is well described by the tight-binding 
Hamiltonian : 

(1) 

where l i h ~ )  is the atomic orbital centred on site i, with symmetry A (xy,  yz ,  zx, 
x2 - y 2 ,  3z2 - r'), and o is the spin. The p$, are the two-centre hopping integrals 
between first-nearest neighbours for FCC crystals and also second-nearest neighbours 
for BCC crystals. They can be expressed in terms of three parameters ddo, ddn, dd6 
and the direction cosines of the bond (Slater and Koster 1954). For an AB alloy, 

H" = 1 E,,  1 ij.0 ) ( i%o 1 + 1 flyp I ih ) ( j p o  I 
i j .  f j  

1. II 
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these parameters can take three values according to the occupancies of sites i and 
j .  When the atoms at sites i and j are identical, they are derived from a fit of band- 
structure calculations, and they are eventually corrected for the distance d-with 
a d-' law-as the interatomic spacing can be different in the alloy and in the pure 
metal. When the hopping occurs between different atoms, we will estimate the par- 
ameters using Shiba's formula (Shiba 1971), i.e. as a geometrical average of the par- 
ameters relative to the pure metals. 

Ei,  is the effective atomic level on site i ;  it depends on the nature of the atom 
at site i but also on the occupation numbers of the various lib) orbitals. Its deter- 
mination then requires a self-consistent procedure that we will explain below in more 
detail. 

and E ,  being known, the local density of states (LDS) 
on site i and spin 0 is given by: 

For ordered alloys, 

n i (E)  = 1 l ( n / i % ) 1 2 6 ( E  - E n )  
i., n 

where In) is the eigenfunction belonging to the eigenvalue E,,. It is easily computed 
in terms of its first moments, using the continued fraction technique (Gaspard and 
Cyrot-Lackmann 1973, Desjonquhes and Cyrot-Lackmann 1975). The total density 
of states of the ordered alloy is: 

n(E) = CnA(E) + (1 - c)n,(E) (3) 
where c and (1 - c)  are respectively the concentrations in the A and B components. 

In the case of disordered alloys, the moment method can also in principle be 
used but, as Ei,  and pyp are random, averaging over many configurations is needed. 
This process has been used for narrow s band alloys (Desjonqueres and Cyrot-Lack- 
mann 1977) and has shown that, when the atomic levels are not too different and 
for nearly equiconcentrational alloys, CPA gives quite resonable results. We will then 
use the generalisation of CPA to off-diagonal disorder (Shiba 1971). The self-energy 
C(Z) is the solution of: 

1 =  + 
where 9; and 9; ' are the renormalised Shiba's locators 

(4) 
C 1 - c  

1 + [Pi' - ( Z  - C ) ] F ( Z  - E) 1 + [Y,' - ( Z  - C ) ] F ( Z  - C )  

EA(B) being the effective atomic level of A(B) atoms, and WA(B) the bandwidth of the 
pure metal A(B). F ( z )  is the Green's function of a pure metal of unit bandwidth, 
calculated with the moment method. Then 

F ( z  - C) 
1 + [Y& - ( 2  - Z ) ] F ( z  - E) 

Im 1 
nW*(B, 

and (3) gives the total density of states. 

disordered case, the effective atomic levels are given by 
Within the Hartree-Fock approximation, in the ordered as well as in the 

E: + (9Lr, - ~ ~ A ) A Z A / ~ O  - ( U ,  $. 4JA)MA/10 = 
(7) 

E,, = E: + (9u, - 4 5 , ) A Z ~ / 1 0  f ( u , ~  -!- 45A)MA/10 
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where AZ,4 is the charge transfer on atom A and MA is its magnetic moment in 
Bohr magnetons. UA, J A  are the Coulomb and exchange integrals of metal A. Similar 
equations are valid for B atoms. The energy difference (E: - €:) is drawn from 
Herman and Skillman tables (Herman and Skillman 1963) assuming an ndpf '  
(n + 1)s' configuration of the free atoms (n = 3, 4 or 5). We thus have to solve 
a self-consistent problem with three parameters: AZA, MA, MB for instance, the fourth 
one AZB being obtained from the condition of charge conservation. In the case of 
strong ferromagnetism, there is only one parameter as the spin-up band is filled. 
Starting from input values of these parameters, we calculate: 

and then n,(E). tiB(€), n ( E )  for each spin from which we derive output values of 
AZA,,), MA(,) which must be consistent with the input ones. We can thus derive 
the solution with a precision of about electron. Let us notice that i t  would 
be incorrect to take ferromagnetism into account by a simple rigid splitting of the 
paramagnetic density of states. Indeed: 

A +  - 4 1  = - U ( M A  - M,)/5 (9) 
(We assume here U, = UB = U ,  J A  = JB = 0) so the spin-up and spin-down bands 
have not the same shape especially when the local magnetic moments MA and MB 
are very different. 

Calculations show that the results are quite insensitive to the values of JA and 
JB and to a small difference between UA and UB. So we make the simplifying assump- 
tion UA = UB = U and JA = JB = 0. The energy EAB of all the phases of the com- 
pounds can be deduced from the spin-up and spin-down densities of states by means 
of: 

E,, = 5 [  J E F  En,(E)dE + r' Enl(E)dE - cU(5NAINA, + 2NiT + 2 N i , )  

1 

The last terms correspond to the Coulomb interaction which is taken into account 
twice in the one-electron energy (Lavagna 1978). NAT(NAi) is the average number 
of electrons of spin-up (down) per orbital of metal A (B). 

3. Results 

3.1. FeCo 

We deduce the values of the hopping integrals from those given by Desjonquhres 
and Cyrot-Lackmann (1975) in the case of BCC iron with a bandwidth of 0.43 Ryd 
for Fe and 0.36 Ryd for Co. The difference (Ege - E&) between the atomic levels 
of the two components is taken to be 0.055 Ryd (Herman and Skillman 1963). Each 
atom of Fe and CO brings respectively 7 and 8.3 electrons to the d band. The value 
of the Coulomb integral is taken to be 0.33 Ryd. 
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The density of states of the ferromagnetic state can then be computed self- 
consistently following the method described above. In both ordered and disordered 
phases, we find that the compound exhibits strong ferromagnetism. Curves are given 
in figure 2. From a general point of view, for each spin, they are similar to the 
shape of the density of states of a pure BCC metal with a deep valley in the middle 
of the band. The majority spin bands are not very different in the ordered and 
disordered cases, contrary to the minority spin bands where the second peak becomes 
very smooth in the disordered phase. This can be explained within the rigid band 
model, knowing that the cobalt band is narrower than the iron one. For the minority 

\ 
\ 

Figure 2. Densities of states of (a)  ordered and ( b )  disordered ferromagnetic FeCo: broken 
curves, n, ( E ) ;  full curves, n. ( E ) .  
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spin band, the difference AE, = E,,, - Ecol between the effective atomic levels is 
always positive and larger in the disordered case. So, the second peak of iron is 
pulled up to higher energies while that of cobalt is pulled down to lower energies; 
the two peaks do not coincide as shown in figure 3 and the total density of states 
is smooth. For the majority spin bands, the difference AE, = E,,,  - E,,, is of oppo- 
site sign and only compensates the distance between the two peaks; there is a super- 
position of the two peaks in both cases. According to simple geometrical reasoning, 
the ordered state where the number of bonds between atoms of different types is 
the more numerous leads to a larger charge transfer. In both cases, cobalt with the 
lower atomic level gets some charge and the charge transfer per cobalt atom is 
0.1 electrons in the ordered state and only 0.06 electrons in the disordered state. 
The magnetic moments deduced agree with the experimental values given by Shull 
and Wilkinson (1955): 

in the ordered case MFe = 3.10 c(B 

Mco = 1.60 pB 

in the disordered case MFe = 3.06 p13 
Mco = 1.64 p13. 

Obviously, the values of these moments equal the number of d holes of the component 
corrected by the charge transfer; the mean value of the magnetic moments does 
not depend on the order. The values of the electronic specific heat deduced from 
the density of states of the Fermi level are respectively 2.8 and 3.24 mJ mol-’ K-’ 
in the ordered and disordered states. They are in good agreement with the experimen- 
tal results of Kuentzler (1973); as he observes, the electronic specific heat decreases 
on ordering by nearly 15%. To be sure that the ferromagnetic solution is more stable 
at low temperatures, we have to compare its energy to the energy of the corresponding 
paramagnetic phase. Calculations on the paramagnetic state are made by the same 

0 i 

Figure 3. Local densities of states of disordered ferromagnetic FeCo for spin-down: broken 
curve, n,--, ( E ) ;  full curve, nFcl (E) .  
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method. The values of energy deduced from equation (10) are reported in figure 4; 
they show that for both ordered and disordered states the ferromagnetic phase corre- 
sponds to a lower energy than the paramagnetic one. The relative position of the 
ferromagnetic energies in the ordered and disordered alloys accounts quite well for 
the existence of an ordered phase at low temperatures. The value of the ordering 
energy is of the same order of magnitude as that derived from the order-disorder 
temperatures using Bragg-Williams or Bethe theories (Muto and Takagi 1956). To 
attempt to explain why the magnetic transition at 1253 K occurs simultaneously with 
the structure transition from the BCC to FCC phase, we propose to compare the 
energy in the disordered paramagnetic BCC and FCC structures. We assume there 
is no appreciable variation of the atomic volume (which is effectively realised in 
pure iron for the same transition). The disordered paramagnetic FCC phase is energeti- 
cally favoured (figure 4), the energy difference between the disordered BCC ferromagne- 
tic and FCC paramagnetic states is of the same order of magnitude as the experimental 
latent heat found by Orehotsky and Schroder (1974). The paramagnetic FCC density 

Figure 5. Density of states of disordered paramagnetic FCC FeCo. 
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3.2. N i ,  Fe 

We deduce the values of the hopping integrals from those given by Desjonqueres 
and Cyrot-Lackmann (1975) in the case of FCC nickel with a bandwidth of 0.47 
Ryd for Fe and 0.25 Ryd for Ni. These values take account of the variation of 
interatomic distances and structures in the compound compared with the pure metal. 
The information on nickel is drawn from the recent synchrotron results of Eastman 
et al (1978). The difference (E:,  - Ei i )  between the atomic levels of the two com- 
ponents is taken to be 0.105 Ryd (Herman and Skillman 1963). Each atom of Fe 
and Ni brings respectively 7 and 9.3 electrons to the d band. The value of the 
Coulomb integral is taken to be 0.33 Ryd. 

id c 

I 
I 

Figure 6. Densities of states of (a) ordered and (b) disordered ferromagnetic Ni,Fe: broken 
curves, n 7  ( E ) ;  full curves, n, ( E ) .  
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The self-consistent calculation of the density of states in the ordered and disor- 
dered ferromagnetic phases leads in both cases to strong ferromagnetism. Curves 
are given in figure 6. The total density of states for each spin exhibits a splitting 
between two regions with characteristics of either iron or nickel related to the magni- 
tude of the corresponding local density of states. This effect is more pronounced 
in the ordered case where a small valley appears inside the band corresponding 
to the narrowing of the two local bands. This can easily be explained; each atom 
of Fe has respectively 12 Ni neighbours in the ordered state and only 9 in the 
average configuration of the disordered state, and each atom of Ni has respectively 
4 and 3 Fe neighbours. So each atom tends to behave as an impurity in the ordered 
crystal and has a narrower d band. This effect is enhanced in the case of iron by 
the fact that the ordered state exhibits only Fe-Ni bonds with lower hopping integrals 
compared to Fe-Fe. All the results are compared with experiments on disordered 
samples quenched from temperatures high enough to be sure that there is no effect 
of short-range order. The charge transfer is not very different in the ordered and 
disordered states, contrary to FeCo, and is about 0.08 electrons per atom of nickel, 
which has the lower atomic level. The little dependence of the charge transfer with 
the order in Ni,Fe is probably due to the fact that the average disordered surrounding 
is not so different from the ordered one as for FeCo. The values of the magnetic 
moment do not depend much on the order, and are in both cases 

M,, = 3.25 pB. M,, = 0.62 pB. 

They are in good agreement with experimental results (Nishi et al 1974). The elec- 
tronic specific heat y deduced from the density of states at the Fermi level is 3mJ  
mol-' K-*  in the disordered phase instead of 3.88 given by experimental results 
(Y Calvayrac 1978, private communication). It is not possible to compare this value 
to that of the ordered phase; the position of the Fermi level inside an enhanced 
peak renders n(E,) too sensitive to the choice of parameters. The ferromagnetic phase 
is more stable at low temperatures than the corresponding paramagnetic phase; fur- 
thermore, when the alloy is magnetic, the ordered state is more stable than the 
disordered one in accordance with the experimental observations (figure 7). We find 
the right order of succession of phases with increasing temperatures except for high 
temperatures; but we must remember that the energies of figure 7 are obtained at 
zero temperature and the introduction of entropic terms will probably restore the 

Order - - Disorder 

10-2 R yd /atom - - 

para 

Figure 7. Energy diagram of Ni,Fe. 
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Figure 8. Density of states of disordered paramagnetic Ni,Fe. 

right succession of phases. Figure 8 shows the density of states of the paramagnetic 
disordered FCC phase. Because of short-range order, we have not studied Ni,Fe in 
the temperature range (776-871 K). Indeed, in order to include its effect, it is necessary 
to go beyond the single-site CPA approximation. This has already been done for 
paramagnetic Ni,Fe (Cyrot er a1 1977), and taking into account ferromagnetism 
would lead to very tedious calculations. 

4. Conclusion 

In conclusion, we have shown that a rigid band splitting fails to describe the ferromag- 
netism of alloys, especially when the local magnetic moments of the two components 
are very different. We have proposed a self-consistent method to determine the 
spin-up and spin-down densities of states, which could also be used in the case 
of weak ferromagnetism. The application to ordered and disordered FeCo and Ni,Fe 
alloys has shown that, contrary to the density of states which varies with order, 
the magnetic properties are quite insensitive to order, in agreement with experiments. 
From energetic considerations, our results account well for the successive phase trans- 
formations with increasing temperatures. 
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