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Abstract. The embedded-cluster model within the framework of the discrete variational 
methodis used locarry out selfconsistent-fieldelectronicslructurecalculationsfor the local 
magnetic moment, isomer shift and the hyperfine fields on several distinct iron sites in a 
disordered Fe-Cr alloy. We present these quantities as a function of the number of nearest 
and next-nearest Cr neighbours. Our results for the variations in these quantities due to the 
presence of Cr atom neighbours are in good agreement with experiment. The results are 
compared with the calculations on Fe-Si alloys. 

1. Introduction 

The magnetic properties of BCC Fe-Cr disordered alloys have been studied extensively 
for many years. Experiments showed that the Fe,-,Cr, solid solution is ferromagnetic 
in the range of x == 0.7 and the spontaneous magnetic moment of such a solution 
disappears near x = 0.8 [l. 21. After the collapse of ferromagnetism, mictomagnetic 
charactersareobservedand, in the Fedilute region, antiferromagnetism a n d a s ~ w  state 
are attained 131. 

Recent studies of the magnetism of transition-metal alloys have revealed that the 
magnetic moments of metal atoms depend on their local environment rather than on 
their average electronic properties. Shiga and Nakamura (41 have studied the effect of 
local environment on the magnetic moment of BCC Fe-Cr alloys by Mossbauer spectra 
and discussed the hyperfine field distribution and magnetic properties by local model. 
Dubiel [5] and Dubiel and Zinn [6] have also investigated the charge and spin densities 
of disordered Fe-Cr alloys by the Mossbauer effect and found the relations of the 
hyperfine field and isomer shift with the numbers of Cr atoms at the first- and second- 
neighbour shells. 

Compared with a large number of experimental investigations, there have been 
few theoretical studies on the local magnetic properties of disordered Fe-Cr alloys. 
Hasegawa and Kanamori [7] have studied the electronic and magnetic structure of Fe- 
Cr by the coherent-potential approximation (CPA); the results include the density of 
states and the magnetic moment as a function of Cr concentration. Recently, Ebert et 
a1 [8] have also calculated the hyperfine fields of the substitutional disordered BCC 
Fe,Cr,-, alloy by the KKRCPA method. However, the CPA emphasizes, on the average, 
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Figure 1. The geometry of the Fe irclusfer for BCC 
iron: 0. central site; 0 ,  nearest neighbour; 0, 
next-ncaresl neighbour. 

magnetic propertiesas afunction ofCrconcentration and neglects the local environment 
effects. 

The self-consistent field ( S C F )  molecular orbital (MO) discrete variational method 
(DVM) [9] has been proved to be a powerful technique for studying the local effects by a 
small cluster with a desired atom configuration. We have studied the local magnetic 
moment and hyperfine interactions of disordered Fe-Si alloys using this method [lo] 
and obtained satisfactory results compared with experiments. As an extension, we 
performed the first-principles calculation on the electronic and magnetic structure of 
Fe-Cr alloys by the spin-polarized embedding scheme, hoping to give a theoretical 
description of the experimental results. The basic question that we want to answer is 
how the magnetic moment, spin and charge density vary with the number of Cr atoms 
at neighbouring shells. 

In treating disordered or impurity magnetic properties of transition metals, where 
the local order may be a dominant factor rather than the long-range periodicity because 
these properties are chiefly determined by the quasilocalized delectrons, representation 
of the system by a small embedded cluster is not only computationally attractive but also 
physically reasonable. 

2. Theoretical approach 

Clusters with 15 atoms, as depicted in figure 1, were considered to represent the 
undistorted BCC iron matrix; it consists of eight nearest neighbours (NNS) and six next- 
nearest neighbours (NNNS). The influences of Cr atoms were studied by substitution of 
one to eight NN Fe atoms and four to sixNNN Fe atoms, which are used asrepresentations 
of disordered Fe-Cr alloys. In all cases the cluster was embedded in the Fe-Cr crystal 
which are the periodic translation of the corresponding cluster, For convenience, we use 
the nomenclature C(N, M) to represent the cluster having N NN Cr atoms and M N N N  Cr 
atoms. 

The electronic structure of the clusters were calculated with the first-principles DVM 
within the local density functional theory [ll]. The same method was employed in 
several other calculations on metal clusters [9,10, 121 and has been described in detail 
previously [131. 

The spin-polarized one-electron equations 

(h,  - E J o M & )  = 0 (1) 

are solved self-consistently, where the wavefunctions &(r) for different spins o are 
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allowed to have different spatial extensions. The one-electron Hamiltonian, in atomic 
units, is 

ho = -4v2 + V&"I(PO) + VXC@,). (2) 
Theelectronicdensityat point risa sumover the spin-dependent ~os@~,withoccupation 
5.: 

~,(r)=En,.,I@j~(r)l~. (3) 
i 

V&,) was chosen to be of the spin-polarized von Barth-Hedin [14] form. 
In the DVM the MOS are expanded on a basis of numerical atomic orbitals (LCAO). 

Sphere potential wellsaround the atoms areemployed to obtain more contracted valence 
orbitals, these include 3s, 3p, 3d, 4s and 4p for central Fe and 3d, 4s and 4p for other Fe 
and Cr. Other low-lying orbitals are kept frozen in all cases. The secular equation 
(H - ES)C = 0 are solved self-consistently using matrix elements determined by 
numerical integrations on a three-dimensional grid. In the usual DVM, a random inte- 
gration method (diophantine) [13] is employed; however, in the case of hyperfine 
interactions, the calculations require much greater caution in the numerical procedures, 
especially at the core region of the probe atom, where the precision of matrix elements 
forthe rapidly varying functions isdifficult to achieve. Thus aspecial integration scheme 
in spherical volumes about a particular atom was developed [15]. In the present work, 
we are primarily interested in the hyperfine fields of the central Fe atom and have 
replaced the diophantine points in the core region by a dense regular (angular x radial 
Gaussian quadrature) mesh. 

In the self-consistent-charge (SCC) approximation, the actual electronic density is 
replaced by a model density py( r ) ,  which is a superposition of radial densities R;/ 
centred on cluster atoms via the diagonal-weighted Mulliken population f,$: 

Finally, an embedding scheme [13] is employed to simulate the effect of the rest of the 
microcrystal on the cluster. It consists basically of placing numerical atomic potentials 
at about 300 closest sites surrounding the cluster. In order to make the comparison 
reliable, all the input parameters remained unchanged, such as the atomic basis 
functions, integration points and crystal potentials. 

The isomer shift (IS) of an absorber A relative to a source S in a Massbauer nuclear 
y-resonance measurement is given by (see, e.g., [16]) 

1s = alPA(0) - PS(0)l. (5) 
aiscalled the ~scalibrationconstant. For 57Fe, thereportedvaluesofavary from -0.11 
to -0.51a$ mm s - I ,  where a, is the Bohr radius. We took CY = -0.25~; mm s-l which 
is close to a recent estimate [U]. We have neglected 1s and 2s contributions since the 
computed difference in p(0)  for these orbitals in different environments is negligible 
~ 5 1 .  

The hyperfine magnetic field seen by probe nucleus is given by [17] 

H, = h h ( ( S ) / W  T (0) - p i @ ) I =  W O )  kG (6) 
where S is the total spin of ion with P unpaired electrons, g is the electronic g-factor and 
fiB is the Bohr magneton. p ,  (0) - p ,  (0) is the s spin density at the nucleus which was 
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Table 1. Local magnelic moment of the central site in cluster. C ( N , M )  indicates a cluster 
with Nand M Cr a tom at NN and NNN shells. 

. . , , . ., ,, 

Ccntral Fe 
pld(pB) 3.18 3.01 2.66 2.49 1.68 3.07 2.80 
p4s+4p -0.39 0.02 0.07 0.08 0.18 -0.11 -0.11 

calculated respectively for spin up and spin down, and B is a constant and equal to 
524.2(e/a$)-' kG. 

3. Results and discussion 

3.1 .  Magnetic moment 

For a cluster with inequivalent sets of atoms in different environment, it is natural that 
the central atom with its coordination shells complete may best describe the properties 
of corresponding bulk solid. This is confirmed by many calculations on metallic clusters 
115,181 and in accord with intuition. 

We have used several distinct clusters to study the local magnetic moment at Fe sites 
and its changes as Cr atom substituting the Fe atom at NN and NNN shells. In table 1, we 
present the 3d and 4s+4p magnetic moments at the central site, which were calculated 
by taking the difference of the spin-up and spin-down Mulliken populations [19]. Note 
that the recalculated results for the C(0,O) cluster are very similar to those in [lo]. There 
are various locations of Cr atoms in the cluster C(2,O) or C(4,O); we considered only the 
most probable configuration, in Fe-rich alloy, with higher symmetry. 

We find that, for the pure iron cluster C(O,O), the total magnetic moment at the 
central site of 2.79 ,uB is quite larger than the experimental value of 2.2 pB. As noted 
before for other magnetic materials 115, 181, this is a finite cluster effect because the 
overlapoforbital wavefunctionsin thecluster isnot socomplete as that in the bulksolid. 
However, the central Fe is the most bulk-like atom and, as we take more atom shells 
into account, the cluster size effect can be reduced. Many calculations have indicated 
that, for most physical properties, the three- to four-atomic-shell cluster is sufficient [9, 
12,151. 

It is noted that the 3d moment of the central site decreases with increasing Cr 
substitutions in the NN shell, but the total magnetic moment increases a little when there 
isone Cr atom in the first-neighbour shell (figure2). Hamada [20] hasindicated that the 
magnetic moment of an atom in a transition-metal alloy is primarily determined by its 
NN environment. In this simple form, Shiga and Nakamura [4] have given the Fe atom 
moment as a function only of its number of Cr atoms at the NN shell, which is shown in 
figure 2. The calculated values have the same variance trend as experiment, indicating 
that the DVM is capable of calculating the relative changes more accurately. From table 
1, we note that, when the Cr atoms are located in the NNN shell, their influences on the 
magnetic moment ofcentral Fe are much smaller than that when the Cr atoms are in the 
NN shell. For comparison, the results of Fe-Si alloys are also shown in figure 2. 

From table 1, we note that the 4s + 4p magnetic moment is negative in the pure Fe 
cluster C(0,O) and becomes positive when there are Cr atoms in the cluster. The magnetic 



First-principles caicuiarions on BCC Fe-Cr alloys 

t , , , , , . , . , 

0 2 4 6 8  

NN 

Figure 2. Magnetic moment of Fe atom as a func- 
tionofNNCratoms: A ,calculated: 0. experiment 
[4]; B. corresponding values for F e S i  alloys [IO] 
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Figure 3. 3d DOS of central Fe in (n) C(O.0). (b)  
C(2.0). (c) C(4.0) and (d) C(8,O) clusten. The 
spin-up and spin-down bands are normalized to 
the same scale within each cluster. 

moments of these valence bands are induced by hybridization of the orbitals of the 
valence and 3d bands, which have been found experimentally to be negative [21] in 
BCC iron and is sensitive to the environment. Since the s and p electrons interact 
antiferromagnetically with the neighbouring d electrons, as pointed out by Anderson 
and Clogsten [21], thus the s-dandp-dinteractionslead tonegative4s and4pmoments. 
With the appearance of Cr atoms in the first and second shells and because the Cr 3d 
moment is negative (see below), the 4s and 4p moment start to change direction from 
negative for a pure Fe cluster C(0,O) to positive for a C(2.0) cluster and increase steadily 
as Nincreases. Thus the Cr atoms decrease the Fe 3d moment and increase the 4s + 4p 
moment, which gives the maximum of the total magnetic moment curve in figure 2. 

In most cases we find the Cr 3d moment to be about -(3.3-3.4) pB antiferro- 
magnetially coupled with Fe atoms, which are comparable with the calculation of Fe-V 
interfaces in [22]. 

3.2. Densip of states 

The energy spectrum of valence eigenfunctions is best displayed as a density of states 
(DOS). The contribution of state nl of atom U to the DOS is represented by 

where f;,,p is the Mulliken population contribution to thepth MO. The Lorentzian width 
parameter a was chosen to be 0.1 eV. The total DOS in the DvO MO method consists of 
the contributions from all the atoms in the cluster and is not so accurate and instructive 
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Figure 4. (a) Cr 3d DOS of C( 1.0) duster; ( b )  Cr 
3d DOsOfCrFe,~cluster. 
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Figure 5. Iss of Fe atom as a function of NN Cr 
atoms ( A )  and as a function of NN Si atom [IO] 
(W 

as the partial DOS of the central atom. Thus we depicted only the 3d DOS in figure 3. The 
3d DOS of cluster C(1,O) does not change considerably with C(0,O); we did not plot it  in 
figure 3. 

From figure3 wecan see that the3d ~ o s o f  C(O.0) isquitesimilar to the ooscalculated 
from the band structure [23] although there is less fine structure because we do not 
include the 4s and 4p contributions. As the number of Cr atoms in the neighbouring 
shells increases the profile of the majority band of the central Fe 3d band is lowered 
(figure 3), while the minority band peak below EF increases. This obvious change 
accounts for the 3d magnetic moment decrease. 

We have studied a CrFe 14 cluster, where the central Fe atom in the Fe,S cluster was 
replaced by a Cr atom. The Cr 3d DOSS in the cluster C(1,O) and in CrFe,, are presented 
in figure 4. Figure 4(b) for dilute Cr in Fe is in good agreement with the KKR calculation 
(241. We note that majority spin is near EF while minority spin is below E,, about 
-2.0eV, concomitantly located with the 3d minority spin of Fe, which means the Cr 
d .1 and Fed  .1 electrons may have considerable interactions. 

In our previous paper [lo] we have ascribed the 3d magnetic moment reduction in 
disordered Fe-Si alloys to the pd hybridizations. The situation in the Fe-Cr alloys is 
quite different. The interactions between Cr d 5 and Fe d 5 electrons may lower the 
potentials of the minority 3d band compared with the corresponding majority band; 
thus, the spin-up electrons transfer to the spin-down 3d band, resulting in the reduction 
in the 3d magnetic moment of Fe and making the 3d magnetic moment of Cr negative. 
This is also the reason for the lowering of the Fe 3d t peak. 

3.3. Isomer shift and hyperfke field 
The IS is a measure of depletion or accumulation of the electronic charge at the probe 
nucleus. We have calculated the 1s relative to pure iron according to equation (5) for 
C(N.0) clusters and the results are depicted in figure 5. The calculation results of Fe-Si 
clusters are also shown in the same figure for comparison. 

It is noted that the IS are positive values for Fe-Si alloys, while they are small negative 
values for Fe-Cr alloys, indicating that the charge transfer for these two alloys are 
opposite, from Fe to Si in F e 4  alloys and from Cr to Fe in Fe-Cr alloys, in agreement 
with their electronegativity: Fe, 1.82; Si, 1.90; Cr, 1.66. Dubiel and Zinn [6] have found 
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TableZ. HyperfinefieldofFe-Crclusteers. NisthenumberofCratomsin thecluster. n,and 
n, are the Mulliken populations for the 3d and 4s orbitals respectively. He is the hyperfine 
field of core and valence electrons. 

Cluster n, Ht AH, (kG) AH*/N Experimental AH,INa 

6.660 0.770 -422 - - 
C(1,O) 6.655 0.772 -386 36 36 
C(2.0) 6,642 0.801 -346 76 38 31.9 
C(4.0) 6.642 0.812 -320 102 26 

B = 524.2 (eta;)-’ kG was used to calculate H,, 

C(O.0) 

C(8,O) 6.634 0.835 -196 226 28 

From [6]. 

that the isomer shift of Fe is on average -0.020 mm s-’ when there is one Cr atom in the 
first-neighbour shell of central Fe; our calculation is in good agreement with their 
Mossbauer studies. 

Themagnetic hyperfinefieldH,ofironisoftenregardedasameasureofthemagnetic 
moment on the Fe site. Conveniently, it can be decomposed into two contributions for 
transition metal [17]: 

(i) a large negative contribution due to the exchange polarization of the core electron 
by d moment, referred to as the Fermi contact field; 

(ii) the contribution from the valence electrons. 

It was reported that the hyperfine field has a distribution in the F e C r  alloys (2.51. 
Therefore, different local environments coexist in the Fe-Cr alloys. We have calculated 
the hyperfine field for six distinct local configurations representing the disordered Fe- 
Cr alloys using equation (6). The valence contribution can be obtained directly from our 
self-consistent MO calculation and includes all occupied wavefunctions belonging to the 
totally symmetric representation of the cluster point group. However, the core electron 
contribution requires greater caution because the hyperfine interaction involves a deli- 
cate balance of two large numbers for spin-up and spin-down density in the core region 
and, in the present cluster calculations, there is not enough variational freedom nor 
numerical precision to obtain the core spin density. We used the atomic configuration 
obtained by Mulliken analysis to perform atomic self-consistent calculations in the X, 
approximation. This approach has been employed for many cases [12,18]. 

The calculated H ,  of pure BCC iron is 422 kG, which is somewzhat larger than the 
experimental value of 339 kG. We should point out that, apart from the cluster size 
effect, both the atomic X, treatment of the Fermi contact field and the relativistic effect 
can strongly affect the Hf value [18]. 

Dubiel and Zinn [6] have found that the hyperfine field reduction due to one Cr atom 
in the NN shell is -31.9 -c 0.8 kG. This value was found to be independent of the 
concentration of Cr, indicating that the localized character of spin density is dominantly 
determined by the neighbouring two atomic shells. We also calculated this difference in 
six different clusters using 

AHf = H,(alloy) - H,(iron) (8) 

and list the results in table 2.  We find that, on average, one Cr atom in the NN shell may 
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reduce H,byabout 26-34 kG, whichisinverygoodagreement withexperiment. Itseems 
that the effects mentioned above which can affect the calculation of HJiron) and 
H,(alloy) are partially cancelled when we calculate AHF. This may be responsible for the 
observed good agreement between our results and experiment. 

It is worth pointing out that H, decreases with increasing number of Cr atoms in the 
NN shell but the total magnetic moment of central Fe does not show this trend; this can 
be attributed to the 4s + 4p moment which is negative in pure iron and becomes positive 
when there are Cr atoms in the cluster. 

We now discuss the charge and spin-density distributions in detail. We note that the 
IS (negative) increases in magnitude and the hyperfine field (negative) decreases in 
magnitude as there are Cr atoms in the vicinity of central Fe atom; the former means 
that the charge density at the nucleus of central Fe site increases and the latter means 
the spin-down density decreases relative to spin-up density as the neighbouring Fe are 
replaced by Cr atoms. 

From table 2, we find that the 4s Mulliken populations increase as Nincreases in the 
cluster C(N,O), while the 3d Mulliken populations decrease. The former is consistent 
with their electronegativities and contributes to the increase in charge density at the 
central Fe nucleus. Watson and Bennett 1261 have suggested that the 3d charge transfer 
in the transition metals and compounds is in opposite direction to that expected from 
their electronegativities. This is the case in our calculations; the 3d electrons of central 
Fe transfer to  the neighbouring Cr atoms. The decrease in the number of 3d electrons 
leads to less shielding of the Fe nucleus and hence to a larger s electron density at the 
origin. I n  the Fe-Si alloys, we find that the IS is positive and increases as the number of 
Si atoms at the first-neighbour shell increases. while Ht is negative and decreases in 
magnitude. This indicates that the charge density at the nucleus of the probe atom 
decreases and so does the spin-down density. It should be pointed out that one must 
take care when using the IS to measure the charge transfer because the IS is determined 
only by s electrons. 

4. Conclusions 

We have calculated the electronic structure. local magnetic moment, IS and hyperfine 
interactions of Fe-Cr disordered alloys by the self-consistent spin-polarized embedding 
molecular cluster method and compared them with the available experiments. Our 
results show the following. 

(i) The local moment of Fe is greatly influenced by the first-shell Cr atoms, but the 
effect is very small when the Cr atom is located in the second shell. The changes in d 
moment are ascribed mainly to the d 1 - d 1 overlaps in the Fe-Cr alloy. 

(ii) The profile of the Fe d T band is obviously reduced and the major peak of the 
Fe d 1 band is greatly increased by the Cr atoms in the cluster. 

(iii) The calculated IS are negative, which means that there is little charge transfer 
from neighbouring Cr atoms to the central Fe atom; this is in good agreement with 
experiment. 

(iv) The hyperfine fields are found to be negative and decrease in magnitude with 
increasing number of Cr atoms in the neighbouring shells, which is consistent with 
experiment, indicating that the spin-down density is reduced relative to the spin-up 
density. H, is not proportional to the total magnetic moment ofFe owing to the negative 
polarization of the 4s and 4p band. 
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From our studies, we conclude that, to calculate the properties of bulk by a cluster 
model, the cluster size may somewhat affect the absolute values of the calculated 
properties but the relative trend can be obtained quite accurately, which is usually more 
important in physical studies. Moreover, evidence [9] has been accumulated that, as the 
cluster size increases, the cluster model tends to the same limit as band-structure method 
and the 15 transition atom clusters that we used resembles a bulk solid well in many 
aspects. 
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