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AbstracL The first-principles spin-polarized discrete wrialional & method was used lo 
calculale the clectmnic slruclures at a central Fe site in a number of embedded duslers 
representing Fcc %Fe and F U )  &-Fe alloys. The magnetic moment and isomer 
shift were derived from the calculations and compared with the existing Pxperimental 
data. ?he alculated ~:su I ls  show that the cluster model yields a magnetic moment and 
isomer shift mnsistenl with experimental magnetizalion and Mbubauer data. The Fe 24 
magnetic moment and isomer shift in Cu-Fe alloys decrease slighlly on increase in the 
Cu mncentralion. The Fe 3d magnetic moment in &-Fe alloys is larger than that in 
Cu-Fc alloys. There is an enhancement of the magnrtic moment in &-Fe alloys. 

1. Introduction 

In the equilibrium state, iron and copper have very small mutual solid solubilities and 
form no intermetallic compounds; neither do iron and silver. However, by using a 
vapour-quenching method such as sputtering, Cu-Fe and Ag-Fe solid solutions have 
been formed Over the entire range of compositions [MI. These newly synthesized 
non-equilibrium crystalline alloys have recently been studied extensively. From the 
viewpoint of the crystalline structure, it has been found that both Cu-Fe and &-Fe 
alloys have a Bcc structure at high Fe concentrations and an FCC structure at low Fe 
concentrations. Meanwhile, a large number of experimental data on their magnetic 
properties have been published. Fe,Cu,-, solid solution is ferromagnetic in the 
range z > 0.18 regardless of its crystalline structure; when the Fe concentration h 
below 0.18, &-Fe alloys behave in a spin-glass-like manner. For BCC Cu-Fe alloys, 
the magnetic moment of the Fe atoms is nearly constant. For FCC Cu-Fe alloys, 
the magnetic moment of the Fe atoms monotonically decreases with increasing Cu 
concentration [2, 51. As for the Fe,Agl-, solid solution, both the BCC and the 
FCC alloys are ferromagnetic with 1: > 0.05. A large Fe magnetic moment is found 
in FCC &-Fe alloys [4, 61. All these magnetic properties are different from most 
cases in which the magnetic moment of the Fe atoms is quickly reduced by alloying 
with non-magnetic metals. Among the experimental techniques well suited to the 
study of local properties is Mossbauer spectroscopy, which allows measurement of 
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the hyperfine interactions between the probe nucleus and its electronic environment. 
Chien et d [2] found that alloying with Cu causes the Fe isomer shift (IS) to increase, 
while Kataoka et a1 [I observed that the Iss for FCC Ag-Fe alloys are insensitive to 
the alloying concentration. 

Since these new materials were successfully synthesized, a large number of 
experimental data have been obtained. However, there seem to be hardly any 
theoretical studies on the local magnetic properties of nonequilibrium crystalline 
alloys yet In the present work, we undertake an investigation of the electronic 
structure of FCC Cu-Fe and FCC Ag-Fe alloys by means of first-principles molecular 
cluster calculations within the framework of the discrete variational method, which 
has been applied to a significant number of cases and has been proved to be a 
powerful technique for studying the local effects [%lo]. We focus our attention 
on the electronic and magnetic properties at the central Fe sites in several possible 
atom configurations representing a series of alloys with different Fe concentrations, 
and hope to give a theoretical description of the alloying effect on local magnetic 
properties. 

In the following section, we present the theoretical model used to calculate 
the electronic structure and the derived properties. In section 3, we present and 
discuss the results of our calculations and compare them with experimental data. Our 
conclusions are given in section 4. 

2. Theoretical approach 

Clusters with 19 atoms, as shown in figure 1, were used to calculate the electronic 
structures and other derived properties at the Fe. site in the FCC Cu-Fe or FCC &-Fe 
alloys. In all these clusters, one Fe atom of special interest was located at the centre. 
Clusters with a Cu or an Ag atom taken as the central atom are not considered in this 
paper. The types of atoms in the first and second coordination shells are described in 
section 3. For comparison, we iterated a 15-atom cluster FeFe,Fe,, which has been 
used to describe the properties of a-Fe very well [&12]. 

Figure I. Representation of the 19-atom duster for 
the F c c  lauice. 

Our calculations are based on the density-functional theory with the local-spin- 
density approximation, and a linear combination of atomic orbitals. A HartreeFock- 
Slater (HFS) X, type of exchangeforrelation function is used within the discrete 
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variational method. The Same method has been employed in several other calculations 
on metal clusters [ll, 121 and previously described in detail [13]. 

The non-relativistic one-electron Hamiltonian in the HFS model can be written in 
atomic units as 

h,  = -tv2 + V&"I(PO) + V,(P,). 

The Coulomb potential V&,(p,,) includes both electron-electron and electron-nuclei 
interactions. The spin-dependent exchange-corielation potential V,( p,) was chosen 
to be of the spin-polarized M)n Barth-Hedin [14] form. The electronic density p,, for 
each spin U is given by 

where niO k the occupation of the cluster spin orbital Qio, determined by Fermi- 
Dirac statistics. The molecular spin orbitals ai,, are expanded as a linear combination 
of numerical symmetrized atomic orbitals. 

The atomic basis set of the form R,,Y,,(B, q), with R,,(r) the numerical radial 
functions, are the orbital solutions of the self-consistent-field Schriidinger equation 
for Fe, Cu and Ag atoms in spherical potential wells. In the variational expansion 
of the duster spin orbitals Q i O ,  the numerical atomic orbitals 3s. 3p, M, 4s and 4p 
for central Fe are included. For Cu and other Fe, only the 3d, 4s and 4p orbitals 
are kept in the variational basis; for Ag the 4d, 5s and 5p orbitals are included. The 
remaining low-lying orbitals are used to build the potential but are frozen after the 
first cycle in all cases. The valence orbitals are orthogonalized with respect to the 
core. 

The secular equations (H - ES)C = 0 are finally solved self-consistently, using 
matrix elements determined by numerical integration on a random-point grid by the 
diophantine method [13]. 

The actual electronic density is replaced by a model density p y ( r ) ,  which is a 
superposition of the radial densities R;, centred on cluster atoms via the diagonal- 
weighted Mulliken population f;,. The potential used in this work is derived from 
this density, which is the so-called self-consistent charge (SCC) approximation: 

Finally, an embedding scheme [13] is employed to simulate the effect of the rest 
of the microclystal on the cluster, i.e. all the clusters are embedded in the Cu- 
Fe or Ag-Fe microcrystal which is the periodic translation of the mrresponding 
cluster; it consists basically of placing numerical atomic potentials at about 300 
closeted sites surrounding the cluster. The embedding potentials are derived from 
superposition of the electronic densities of atoms placed at the ctystal sites exterior 
to the cluster. These potentials are truncated by means of a pseudopotential to 
simulate the orthogonality effect. In order to make the comparison reliable, all the 
input parameters underwent no change, such as the atomic basis functions, integration 
points and crystal potentials. 

The ISS in Mtissbauer spectra can be related to the difference between the 
electronic densities at the nuclei between the source and absorber, which is given 
bY 

1s = 4P, (O)  - Ps(O)l 
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where a is a calibration constant which includes terms due to nuclear radii changes 
and relativistic effects. We took a = -0.25ai mm s-' which is close to a recent 
estimate [U]. Our calculation for the IS did not include the contributions from the 
deep-core 1s and 2s orbitals of Fe since the computed difference between p(0)  for 
these orbitals in different environments is negligible [SI. 

3. Results of calculations and discussion 

Since the centre atom in a cluster has complete nearest- and next-nearest-neighbour 
shells, we believe that it describes the properties of the bulk solid better than 
those atoms in the outer coordination shells do; this has been confirmed by many 
calculations on metallic clusters [8-101; thus the electronic structures and derived 
properties of the central Fe site in the embedded cluster are investigated in this 
paper. There are various locations of nearest-neighbour Fe atoms; we considered 
only the most probable configuration with the highest symmetry, i.e. the following 
cases: FeM, (M Cu or Ag), represented by the cluster FeMl,Fe, in 0, symmetry; 
Fe,M,, represented by the cluster Fe(Fe,M,,)Fe, in D,, symmetry; FeM, represented 
by the cluster Fe(Fe,M,)Fe, in D,, symmetry. 

3.1. Results for FCC Cu-Fe alloys 

3.1.1. Magnetic moment. In FCC &-Fe alloys the lattice constants hardly change with 
concentration [2]; we assumed that no local distortion was present when the Fe atom 
substitutes for the Cu atom in the FCC Cu geometry. In our calculations, the lattice 
parameter of FCC Cu-Fe alloys is 3.61 8, In table 1 the local magnetic moments, 
including the calculated values and experimental data, are given. 

Tabk 1. Local magnetic momenls and d charges for FCC Cu-Fe alloys. 

Ce"" Fe 
- NN Cu Fe 

fiu f i ~ +  f i i a a ~  d fib.! atom 
NlOY auster Symmetry (WB) (JIB) ( W d  charge (CS) moment 

*-Fe FeFegFPs Oh 3.11 -0.31 2.80 6.28 2.2 [SI 
FeCu FeFe.CugFe Du 3.26 0.06 3.32 6.31 -0.31 2.1 151 
F e D 5  FeFe&uloFe6 DUI 3.23 0.09 3.32 6.26 -0.12 1.7 [SI 
FeCuj FeCullFea Ob 3.17 0.10 3.27 6.22 -0.06 1.4 [SI 
Dilute F d u  FeCunCun Oh 3.41 0.20 3.61 6.33 0.05 3.68 1171 

As noted before, there is a finite cluster effect because the overlap of orbital 
wavefunctions in the cluster is not so complete as that in the bulk solid; thus, the 
calculated magnetic moment using the molecular cluster method is usually larger than 
the value for bulk solid materials [8, 91. In table 1, we find that the total magnetic 
moment for the pure iron cluster, 2.80 pB, is significantly larger than the experimental 
value of 2.2 pp The study on the convergence of the magnetic moment to a bulk 
value by Press ef a1 [ll] shows that the magnetic moment of the central atom in a 
cluster of 27 Fe. atoms approaches the bulk value. It can be concluded that the cluster 
with one or two more shells will reproduce the bulk d u e  very well but, accordingly, 
it is computationally expensive. For most physical properties, it has been justified 
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that the three- to four-atom-shell cluster is sufficient [8, 111 and, for the magnetic 
moment of the alloys, one can focus on trends instead of absolute values. Such a 
treatment is not Only computationally attractive but also physically reasonable. The 
situation for describing the magnetic moment at very dilute concentrations is better 
because of its more localized characterization. Guenzburger and Ellis [SI found that 
the calculated magnetic moment of Ti impurities in Fe was in very good agreement 
with the measured value. 

From table 1, it is noted that the central Fe 3d magnetic moments of all the 
Cu-Fe alloys are larger than that of a-Fe, which may result from the environment 
difference between the 19-atom cluster and the 15-atom cluster. 

By analysing table 1, it may be seen that there is a large positive 3d magnetic 
moment of Fe atoms for our calculated cases, which shows that these Cu-Fe alloys 
are ferromagnetic. The 3d moment of the central Fe atom decreases with decreasing 
Fe substitutions in the nearest-neighbour shell. In table 1 it is noted that there is a 
negative magnetic moment with the Cu atom in FCC Cu-Fe alloys. The Fe 4s+4p 
magnetic moment is negative in pure iron and becomes positive in Cu-Fe alloys. 
This muld be because the s and p electrons interact antiferromagnetically with the 
d electrons on neighbouring atoms, as pointed out first by Anderson and Clogsten 
[16]. In pure iron, all d moments are pointing up; s-d and p d  interactions result in 
a negative 4s+4p moment. With the appearance of Cu atoms in the first shell the 
4s+4p moment at the Fe. site starts to change direction since the moment on Cu is 
negative. 

As the experimental data on the magnetic moment of Fe atoms in Cu-Fe alloys 
were obtained on the assumption that Cu atoms carry no magnetic moment [SI, and 
almost all the magnetic moment of Cu-Fe alloys comes from the Fe 3d moment, the 
varying trend in the Fe 3d magnetic moment, instead of the absolute value of the Fe 
atom total magnetic moment, should be raken care of here. From this point of view, 
the calculated Fe. 36 magnetic moment, which tends to decrease with increasing Cu 
concentration, is consistent with the measurements of Sumiyama er al [SI, shown in 
table 1. 

If we consider the 3d charge in table 1, we can observe that it decreases with 
decreasing Fe substitutions in the nearest-neighbour shell; this may be considered 
to be one of the reasons for a smaller local magnetic moment with increasing Cu 
concentration in FCC Cu-Fe alloys. Further discussions will follow with the help of 
an analysis of the local densities of states (Doss) and Iss. 

From table 1, there is a large local magnetic moment in the dilute alloy of Fe in 
Cu, even larger than magnetic moments of all other FCC Cu-Fe alloys. We consider 
that the Fe atom in this local environment is more atomic like. The calculated 
value is in fairly g o d  agreement with the experimental data of Hurd [17] for a 
dilute alloy of Fe in Cu. The molecular embedded-cluster model, based on the local- 
density-functional approximation, can be used to treat localized defects in solids very 
effectively. 

3.1.2. Densify of states. Figure 2(a) shows the central Fe 3d DOS of the 15-atom 
cluster representing a-Fe; figures 2(b)-2(d) depict the local density of 3d states for 
the central Fe atom in three cluster environments representing the &-Fe alloys with 
different Fe atom concentrations. 

The local DOS is defined here in terms of the Mulliken population as 
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Figure 2 Local DOSS for Ihe antral Fe M 
majority spin (up) and minority spin (down): (a) 
FeFesFq; (b) FeFerCuaFea; (e) FeFe~CutoFes; (d) 
FeCunFea. me spin-up and spindwn tsnds we 
normalized 10 the same s a l e  within each cluster. 

where f,”,,, is the population contribution to the molecular orbital p corresponding 
to the energy c p .  The Larentzian width parameter o was chosen to be 0.1 e\! 

From these diagrams, some general features can be observed as increasing the 
number of Cu nearest neighbours, i.e. increasing the Cu concentration in Cu-Fe 
alloys. 

(1) The two larger 3d peaks for minority-spin states tend to collapse into a 
single broad peak, and finally a sharp single peak near the Fermi level grows. The 
minority-spin 3d peaks above the Fermi energy move towards the Fermi level. As a 
result, the 3d local magnetic moment decreases with increasing number of Cu nearest 
neighbours, which can he the other reason except for the decrease in Fe 3d charge. 

(2) For majority-spin states, the small peak at a low energy becomes larger and 
meanwhile the main peak near the Fermi level becomes smaller until finally the 
main peak is a t  the lowerenergy position. Thus, in the sense of the Fermi surface 
relating to the 3d band, alloying Fe in Cu causes Fe atoms to change from weakly 
ferromagnetic to strongly ferromagnetic, which is completely different from the cases 
of alloying Fe in AI, Si, etc 19, 121. 

We also calculated the 3d DOS of the metal Cu represented by the Cluster 
CuCu,,Cu,, as shown in figure 3(n), which closely resembles the result of band 
calculations [NI. Figure 3(b) is the 3d DOS of FeCu obtained by summing over the 
majority-spin states and minority-spin states. The results depicted in figures 3(a) and 
3(b) indicate that the Fe 3d states are above the Cu 3d states, which is in agreement 
with the XPS measurement [2]. Such band structures make the Cu 3d band mainly 
affect the lower half of the Fe 3d band which is almost occupied by the majority-spin 
electrons; this results in the strong ferromagnetism of Fe atoms in Cu-Fe alloys. 



Sey-consislent clcrsler calculations of Cu-Fe and Ag-Fe ss19 

I (a) 3d DOS of metal Cu by olculaling 
lhe duster r3CuI~cu6.  (b) M DOS of FeCu with 
Ihe full m m  representing the sum of the majority- 
spin stam and minority-spin sales, and the boken 
c u m  mprcsenling the spin-up (1) and spindown 
(1) bands, respectively. 

Flgure 4 M DOS of dilule Fe in Cu 

On the other hand, most of the states just above the Fermi level are the Fe 3d 
minority-spin states. When the Cu 4s and 4p states interact with the Fe 3d states, they 
form bonding and antibonding hybrids; the bonding hybrids lie in the filled ~ l e n c e  
region, and the antibonding hybrids lie above the Fermi energy. 'Ib accommodate the 
total charge, some charge is accommodated in empty states near the Fermi energy 
which are mainly minority-spin states. Such an interaction leads to a decrease in 
the minority-spin peaks, making Cu atoms have a negative magnetic moment in the 
Cu-Fe alloys. 

In figure 4, the DOS of dilute Fe in Cu ki drawn. Clearly, the main 36 peaks of 
majority spin and minority spin are both very sharp; it is seen that the Fe atom in 
the alloy has an 'isolated-atom' behaviour. The atomic-like nature of Fe in the alloy 
would account for its enhanced magnetic moment. 

3.1.3. Isomer shifr. The calculated IS values at the central Fe site, which are relative 
to a-Fe, are listed in table 2. 

Tabk Z Calculated Is of Cu-Fe CluSterS and the measured IS values for Cu-Fe alloys. 
nb is the Mulliken population for the 4s orbital, p(0)  is the %+valence charge density 
a1 the oenlral Fe atom. a = - 0 , s  a: mm s-' w used lo mlculate the IS. 

IS (mm s-1) 
4s charge ~ ( 0 )  

a"Ster nb (units of "0') Cllculated Experimental 121 

FeFesFQ 0.74 146.687 0 0 
FeFezCulob 0.70 146.035 0.163 0.13 
FeFe&UsF% a57 145.959 0.172 0.15 
FeCutrFes 0.52 145.942 0.186 0.16 
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Figure 5. Local WSE for oenlral Fe W majority spin 
(up) and minority spin (down): (a) FeFeaFea; (b) 
FeFqAgRFea; (c) FeFe&loFer; (d) FeAgnFea. 5 - t o  -s - to -5 

EMRD( REUTNE m ~ U I  ENERO~ (w) 

From table 2 it can he seen that the charge transfer seems to play an important 
role in the properties of the Cu-Fe alloys; of course, only s-electron transfer can 
be measured by the Is method. It is noted that the ISS are positive values for F c c  
Cu-Fe alloys, which means that charge transfer from Fe valence orbitals into the Cu 
neighbours takes place, as can be expected owing to the difference in their Pauling 
electronegativities: Fe, 1.8; 0, 2.0. From table 2, it can be seen that the IS increases 
as increasingly fewer Fe atoms substitute for Cu atoms. Our calculated results are in 
good agreement with the Mossbauer studies of Chien et a1 [2]. For  all these cases, 
the 4s Mulliken populations in table 2 are ohsewed to have the Same tendency as the 
IS; the number of electrons transferred at the central Fe site increases with increase 
in the Cu concentration. 

In summarizing the relationship between the Pauling electronegativities and the 
Mulliken 3d and 4s populations, which are shown in table 1 and table 2, respectively, 
it should be pointed out that the present investigation does not agree with what 
Matson and Bennett 1191 concluded; our calculation on Fe-Cr clusters did agree, 
however [20]. Instead of the opposite varying tendency of the 4s electron and the 
3d electron in metal alloys or intermetallic compounds, a 4s electron transfer from 
the Fe atom to the Cu atom occurs; in the meantime, the number of W electrons 
of the Fe atom decreases. Such a case might arise because copper and iron form 
no intermetallic compounds in the equilibrium state; Cu-Fe alloys can exist only in a 
non-equilibrium crystalline state. 

3.2. Results for FCC Ag-Fe allqs 

The electronic configurations of Ag atoms resemble those of Cu atoms. However, 
the radius of the Ag atom is larger than that of the Cu atom, and so is the crystalline 
parameter of Ag. The non-equilibrium &-Fe alloys are found to change their lattice 
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Constants linearly with concentration in the range of the FCC phase [SI. We calculated 
the properties of the FCC &-Fe alloys by the Same method as presented above. 

3.2.1. Magneric moment. For FCc Ag-Fe alloys, the calculated magnetic moments, 
including their lattice constants, are listed in table 3. 

lbbk 3. Calculaled local magnetic m o m e m  of FCC &-Fe alloys 

In table 3 it is found that the magnetic moment of the central Fe site is very 
large, much larger than that in FCC Cu-Fe alloys; such a comparison rules out the 
cluster size effect. Therefore, there is an enhanced magnetic moment in FCC Ag-Fe 
alloys in the range of concentrations Studied; this is mnsistent with the magnetic 
measurements of Kataoka ef al [4]. The local magnetic moment of the central Fe 
atom hardly varies with the number of nearest Ag neighbours in our study range. 
Because of the random distributions of the experimental data in this range, further 
comparison with the existing experimental data is not practicable. 

As shown in table 3, the Fe &+4p magnetic moment has a positive value, but 
the moment of Ag atoms k negative in Fcc Ag-Fe alloys. This may result from the 
Same physical mechanism as in Fcc Cu-Fe alloys. 

3.2.2. Densify qf slaw.  Figures 5(a)-5(d) depict the Fe 3d DOSS for a-Fe, FeAg, 
Fe,&, and FeAg, alloys, respectively. From these diagrams, we can observe the 
features of FCC &-Fe alloys as follows. 

(1) For minority-spin states, compared with that of a-Fe, the low-energy 3d peak 
disappears, the two larger 3d peaks collapse into a single peak near the Fermi surface, 
and this peak becomes sharper with increasing number of nearest Ag neighbours. 

(2) For majority-spin states, while there is a decrease in the main peak, the small 
peak at the low-energy position grows. 

In other words, the energy splitting between the main (majority-spin and minority- 
spin) 3d peaks for &-Fe clusters is wider than that for &-Fe clusters with similar 
shell structures, and the band width for the former is smaller than that for the latter; 
this is due, on the one hand, to the larger lattice constants in the FCC Ag-Fe alloys 
than in the FCC CU-Fe alloys and, on the other hand, to the lower d band in Ag 
metal than in Cu metal (181. All these factors result in a much larger local magnetic 
moment for FCC Ag-Fe alloys than for FCC Cu-Fe alloys. 

4. Conclusions 

The spin-polarized discrete variational method in the local-density approximation has 
been employed to obtain the electronic structures at a central Fe site h a number of 
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embedded dusters representing FCC Cu-Fe and FCC Ag-Fe alloys. The local magnetic 
moment and IS were derived from the calculations and compared with the existing 
experimental data. 

(1) For FCC &-Fe alloys, the Fe 3d magnetic moment and IS decrease slightly 
with increasing Cu concentration. The tendency of the magnetic moment to m y  is 
consistent with the magnetic measurement results. Our calculated results are in good 
agreement with the MSssbauer IS and ws data. On the basis of a ws and charge 
transfer analysis, the magnetic moment and IS have been explained reasonably. 

(2) For FCC Ag-Fe alloys, calculations show that there is an enhanced magnetic 
moment for Fe atoms, except, of course, for the cluster size effect. The large Fe 
atom magnetic moment is ascribed to the wider energy splitting between the main 
majority-spin peak and the main minority-spin peak in the DOS, and the narrowing of 
the Fe 3d band width. 
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