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For calculating the preferred site of isolated impurities in complex intermetallic compounds, we suggest an
alternative approach that assumes that the displaced atom lands on an existing vacancy, and compare total
energies for different site configurations. To obtain the electronic structure and total energies in the presence of
the impurities and vacancies, we use the linear muffin-tin method and perform self-consistent, first-principles
calculations within the local spin density functional approximation, directly in real space. Here, as an example,
we calculate the site preference and corresponding local momentsdfam@urities in the Laves phase
compound ZrFg Our results are compared to experiment.

The investigation of the magnetic and hyperfine properds varied is four times larger than the errors introduced by the
ties of impurities and additions in metals has been an activdSA approximation. It is clear from their analysis that the
field of research, and has helped to enhance our understancbncentratiorfand even the distributigrof impurities affects
ing of the physical phenomena involved. An intense expericonsiderably the site preference energy. Therefore, when in-
mental effort was backed by the development of powerfulvestigating site preference energies for dilute impurities in
theoretical methods: The Korringa, Kohn, and Rostokercomplex hosts, the use of supercells should, if possible, be
Green functiort, (discrete variational methdd and RS-  avoided.

LMTO-ASA (real space—linear muffin-tin orbital-atomic-  First-principles calculations using supercells have been
sphere approximationin the case of impurities, and the first used with some success to obtain magnetic moments and
principles coherent potential approximatfaapproaches for other properties of isolated impurities in metals, but the elec-
solid solutions and binary additions. But, due to the difficul-trostatic potentials and therefore total energies are usually
ties involved, in spite of the considerable amount of datebadly described. The isolated impurity produces local distur-
obtained by several experimental techniqtidsyery few  bances and, at large distances, one has mainly the unper-
first-principles theoretical investigations regarding the be+turbed host. Charge transfers are important only in the region
havior of isolated impurities and ternary additions in binaryclose to the impurity, and the Fermi level of the system is
metals with complex structures have been performed. defined by that of the host. In the case of the supercell the

In this work, motivated by experiments,we use first-  disturbances extend throughout the system and the resulting
principles, self-consistent LMTO-ASA calculations imple- electrostatic potential is usually given by Ewald sums.
mented in real space to investigate the magnetic behavior dfherefore it is not surprising that the errors introduced by the
3d impurities in ZrFe. It is clear that the magnetic behavior use of the ASA are smaller than those that come from inter-
of the system depends on whether the impurity occupies a Zactions in the supercell or, when simulating an isolated im-
or an Fe site in the Zrkd_aves phase, and the calculation of purity, by badly described electrostatic potentials.
site preference energies becomes important in this context. To calculate site preferences, one should compare the en-

Very few calculations of site preference for impurities andergies required to add a substitutional atom at different lat-
additions in complex metals exist and they are usually pertice sites in the compound, while the number of atoms in the
formed for finite concentrations using supercells. Recentlysystem is kept constant. The site preference energy is usually
LMTO-ASA calculations on 16-atom supercells were per-determined as the difference between the total energies of
formed to understand site preference energies in NiAl andupercells with impurities on both sublattices, and of the
FeAl B2 intermetallic$ In the same paper, to investigate bulk metals. Physically, this model implies that the atom
lattice relaxation around the impurities, full potenti&P) displaced by the addition does not disappear from the sys-
LMTO calculations in the same supercells were carried outtem, but is returned to a state similar to that of the bulk
Previously, in their pioneering work, Khowash, Price, andmetal. This assumption is not exact, but gives reference
Cooper had also used the FPLMTO and the LMTO-ASAstates that make the comparison between the energies for
approaches to evaluate site preference energies for Mn, Cdjfferent site occupations possible; it has been used with suc-
and V impurities iny-TiAl alloys.® The differences between cess in first-principles calculations to evaluate site preference
the site preference energies calculated by the two approachesergies iny-TiAl alloys® as well as in NiAl and FeAl
were in all cases smaller than 4 mRy. This gives us an idealloys®
of the order of the accuracy of the ASA approximation, Here we reporab initio RS-LMTO-ASA calculations for
which should not be trusted beyond this limit. On the otherthe local moment and energy preference for site selection of
hand, using the LMTO-ASA formalism, these authors havesolated substitutional@impurities in the cubic Laves phase
also calculated site preference energy for one Cr or V impuZrFe,. We also suggest an alternative approach to obtain site
rity in y-TiAl alloys using supercells of 8 and 54 atoms. The preference energies, which is particularly suitable for dilute
difference in site preference energy when the size of the celmpurities in complex intermetallic compounds. The Laves
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phase structure has to accomodate atoms of different sizetefines the unperturbed potential parameters, charge trans-
(Zr is much larger than Beand bears no resemblance to thefers and electrostatic potentials to be used at sites far from
bcce (or hep structure of Feor Zr); thus the usual assump- the defect, which are not significantly affected by its pres-
tion that the displaced Féor Zr) atom would occupy sites ence. We note that the unperturbed electrostatic potentials
with energies comparable to those for pure(BeZr) does (V), at the Zr and Fe sites are obtained in terms of the
not seem appropriate. In the following, we suggest an alterunperturbed charge transfer&A@), and include the Made-
native procedure to obtain site preference energies, whiclung potentials given by the usual three-dimensional Ewald
also conserves the number of atoms in the system, but seenssims. Here we use the subscript zero to indicate unperturbed
in the present case, more realistic. guantities, to distinguish them from the charge transfe@s

It is known that in Laves phase compounds vacancies arand corresponding electrostatic potentigllin the presence
usually present? Here we assume that the displaced(Be  of the defect. The differences between the perturbed and un-
Zr) atom finds and occupies an existing (ee Zr) vacancy, perturbed quantities tend to zero far from the defect, and it is
keeping the number of atoms in the system constant. Theonvenient to define local charge transfeAsQ);ycas as
physical situation is the following: initially one has the im-
purity and a system with vacancies. In the final situation we (AQ)10ca=AQ—(AQ)y. (2
find the impurity at an Féor Zr) site and one fewer Féor o
Zr) vacancy in the system. Since the initial state is the samel "€ charge transfeAQ at each site in the presence of the
to obtain the site preference one should compare the energig§rturbation can be written as a sum of the unperturbed
of the final states, which are essentially given by adding th€harge transfer plus a local charge transfer due to the pres-
impurity and subtracting a vacancy at the same site. If wgnce Of the impurity or vacancy. Since the electrostatic po-
define positive energies as giving preference to the Fe sitdential obeys the superposition principle, the poteriials-

the expression for the site preference enex@/can be writ- sociated with the charge transf®) can also be written as a
ten as sum of the unperturbed potentiaV)y plus a potential

(M) 10cal 9enerated by the local charge transfefs)qca -
AE=[E(Zr)—E, (Zr)]—[Ei(F& —E,(Fo]. (1) We have

I-!ere the su_bscript indicates an impurity or a vacancy at the (Vioca=V—(V)o. 3
site shown in parentheses. It is clear from Et). that, to
calculate the site preference energy, four different situation3o obtain the electronic structure in the presence of the local
must be considered, i.e., impurities and vacancies at both Zyerturbation(impurity or vacancy, we fix the Fermi level to
and Fe sites. the given unperturbed value. The space then is divided into a

To obtain the electronic structure, total energies, and localegion around the defeéivhere potential parameters are sig-
moments around impurities and vacancies in Zrflee RS- nificantly affected by the perturbatiprand the rest of the
LMTO-ASA method was used. The procedure is similar tosystem in which this region is embedded. In the region
the usual LMTO-ASA approach, but uses the recursion around the defect the potential parameters, charge transfers,
method? to solve the eigenvalue problem directly in real etc., at each site are calculated self-consistently, while for the
space. To simulate the system we have used a large cluster @&maining sites of the large 4000-atom cluster, the param-
4000 atoms for the Laves phase structure, with the experieters are kept at their unperturbed values. Here we determine
mentally observed lattice parameter. The size of the Wignerself-consistent parameters in a relatively large region con-
Seitz(WS) spheres of Fe and Zr were determined in order tataining 45 sites around the central impurity or vacancy in
keep the sphere overlap at a minimum. The energy reductiodrFe,. It includes four shells of atoms in the case of a defect
associated with lattice relaxation around the sites is usuallpt the Zr site and five shells of atoms when a defect at the Fe
small*® Therefore, to reduce the errors when comparing thesite is considered. We have verified that the inclusion of one
total energies, the same unrelaxed configuration was used @xtra shell in the self-consistent procedure changes the site
calculations for vacancies and impurities. We note that thereference energies by less than 2 mRy. To perform the cal-
accuracy of the procedure can be further increased by goingulations we build the Hamiltonian taking initial guesses for
beyond the ASA and using the nonspherical charge distributhe unknown potential parameters, and use the recursion
tion inside the spheres, when computing the energies as a lasiethod to obtain the local density of state®OS) at each
step after self-consistency. These corrections, which wersite in the region close to defect. We integrate the LDOS up
not introduced in this first application of the method, areto the fixed Fermi level in order to find the charge transfer
essential to avoid a systematic overestimation of vacanchQ at each site and, using the unperturbed valdeQ); in
formation energie&? For site preference energies, the errorsEq. (2), we obtain the local charge transfex@),,., and the
introduced by the ASA will be probably smaller, since the corresponding electrostatic potenti®d)(,c, - Finally, using
subtraction of Eq(1) will lead to their partial cancellation. Eg. (3) and the unperturbed electrostatic potenti) {, we

The first step in the present calculations was to obtain thebtain a new value fov at each site. New values of potential
electronic structure of the unperturbed ZgFsince the de- parameters are obtained in the usual way, by solving the
fect will be embedded in this system. The calculation wasSchraedinger equation inside the WS sphere around each
performed using the RS-LMTO-ASA procedure for crystal-inequivalent site. The new values of potential parameters,
line systems?*®our results are in very good agreement with charge transfers, and electrostatic potentials in the region
those in the literaturé’ The calculation for the unperturbed around the defect give a new Hamiltonian and the process is
ZrFe, Laves phase determines the Fermi level of the systentontinued until self-consistency in the region around the im-
which does not change when the defect is introduced. It alspurity is achieved.
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TABLE |. Site preference energigs mRy) for 3d impurities drT——— T T T T T
in ZrFe,.

Impurity Sc Ti V Cr Mn Fe Co Ni Cu 3| X J

Site Zr Zr Zr Fe Fe Fe Fe
AE —233 —125 —-46 2 6 41 60 56 4

It is clear from Eq.(1) that one can use any convenient
system as reference to measure the energies. Here energies
Ei(Zr), E,(Zr), Ei(Fe), andE, (Fe) are all defined with re-
spect to the energy of the unperturbed ZrBgstem. In the
LMTO-ASA formalism, the total energies are usually written
as a sum of two contributiongi) sum of kinetic, electro-
static, and exchange and correlation energies inside each WS
sphere, andii) a term that depends on the charge transfer Ar 7
AQ and electrostatic potentidd at each site. When the un-
perturbed ZrFg Laves phase is used as reference, the total
energy is given in terms df) differences between the ener- 25 T vV _or Mn Fe o Ni Cu
gies associated with each WS sphere in the presence of the
perturbation(impurity or vacancy and the energies at the
same spheres in the unperturbed system,(ah@n electro- FIG. 1. Magnetic moments atd3impurity sites in ZrFe. The-
static contribution that depends on the differences betweeoretical results are shown with opéfilled) circles for impurity at
charge transfers and corresponding electrostatic potentials at (Fe) site. Experimental values are shown with filled triangles: up
each WS sphere with and without the perturbation. Usindsee Ref. $and down(see Ref. J.

Egs.(2) and(3), these charges and corresponding potentials

can be easily identified with the values oAQ),,.5 and  drastically on site preference: when placed at an Fe site, Cr
(M)10car in each sphere. The differencé$ and (ii) are im-  develops a small negative moment of aroundu@.5 but
portant at sites close to the defect, but tend to zero at siteghen placed at the Zr site its moment is positive and large,
that are well represented by bulk parameters. Therefore, iwith value around 2,&5. The experimentally observed mo-
the present calculations, the information needed to obtain siteent for Cr impurities are large and positi¥éndicating
preference energies is restricted to a region that includes onlyrat the Cr impurity occupies the Zr site. For Mn, the local
45 sites around the defect. moments at both sites were found to be positive and compat-

In Table I we present results for the site preferea&eof  ible with experiment. Therefore, in contrast to Cr, no reliable
3d impurities from Sc to Cu in Zrke By definition, the assignment of site preference for Mn could be made. In Fig.
impurity will prefer the Zr site ifAE is negative and the Fe 1 we plot the calculated moments of thel mpurities at
site if it is positive. According to the calculations, Sc, Ti, and their preferred sites. In the case of Mn both sites were in-
V impurities prefer the Zr sites, while Fe, Co, and Ni prefer cluded. White(black circles are used for impurities at Zr
the Fe sites of the Zrkehost. As noted before, our results (Fe) sites. For comparison, local moments at the impurity
are accurate within a few mRy; thus the sign of the energiesites inferred from the nuclear orientatfoffull line with
of Cr, Cu, and even Mn cannot be completely trusted. Theriangles and NMR (Ref. 7 (dashed line with trianglesex-
only reliable information we have is that the site preferenceperiments are also shown. There are certainly discrepancies
(in whichever directiop for these impurities is weak. From between the calculated results and the values inferred from
Table | it is clear that the site preference energi€sdo not  experiments, probably due to the theoretical simplifications
vary monotonically as one considers impurities across the 3and the difficulties in deconvoluting and analyzing the ex-
series in the Periodic Table. They are initially negative, in-perimental data. But observed and calculated trends are the
dicating preference for the Zr site, and rise steadily from Scsame and, considering the complexity of the problem, the
to Fe, changing sign and site preference around Cr and Mraverall agreement is quite good. The calculated moments are
AE reaches a maximum for Co and decreases again for Niegative for Sc, Ti, and V, compared to the negative experi-
and Cu, as the@®shell is completed. The small value of site mental moments that are smaller, but they follow the same
preference energy found for Cu is compatible with the resultérends. Both theory and experiment show a considerable
of nuclear magnetic resonan@dMR) experiments, which  positive moment for Cr and Mn, while for Co and Ni the
suggest that Cu atoms can be found in both sites in the,ZrFdocal moment is also positive, but smaller in magnitude. In
host. the case of Cu the calculated moment is close to zfno

We have also calculated local moments for thiki@ipu-  both the Zr and Fe sitgsin agreement with experiment.
rities in this Laves phase and we can use the values for Cr In conclusion, we have presented an alternative first-
and Mn to try to establish the site preference of these impuprinciples approach to obtain site preference energies for im-
rities in ZrFe. It is convenient to define the direction of the purities in binary metallic hosts with complex structures. The
local moment at impurity as positier negative, if it aligns ~ calculations are implemented in real space using the RS-
with (or againskthe local moment of Fe sites in the host. We LMTO-ASA method and, to compare total energies, we as-
find that the magnetic moment at the Cr impurity dependsume that the atom displaced by the impurity lands at an

MAGNETIC MOMENT ()

IMPURITY
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existing vacancy. The present real space approach can alge site, but a definite site assignment could not be made. We
be applied to investigate other extended defects in complefind that the energy differenc®E associated with site pref-
metallic hosts. erence does not vary monotonically for impurities along the
The scheme has been applied to obtain site preference f@q line of the Periodic Table. While Co and Ni clearly prefer
3d impurities in the Laves phase compound ZsFeocal  the Fe site, the site preference of Cu is very weak. This is
moments at the impurity site were also calculated and theonsistent with experimental evidence for Cu impurities in

results show tendencies that are in good agreement witﬁrpez, which suggest they can be found in both sftes.
those inferred from experiment. We conclude that Sc, Ti, V,

and Cr impurities should occupy the Zr site of the Laves We acknowledge financial support from CAPES, CNPq,
phase compound Zrgewhile Co and Ni prefer the Fe site. and FAPESP. The computing facilities of the LCCA, Uni-
For Mn, impurities probably have a weak preference for theversity of S@ Paulo, were used.
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