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We report the electronic and magnetic structures and the density of statdgraihn3ition-metal impurities,
from vanadium to nickel, in a fcc aluminum matrix. The free clusterg Ahd Alig M, whereM stands for V,
Cr, Fe, Co, and Ni, have been studied at a lattice constant of 7.635 a.uatOumitio, all-electron, and
self-consistent calculations utilized a local density potential and symmetrized Gaussian basis functions. A net
and substantial spin polarization of the Al atoms surrounding the impurity is found in all cases except for Cr.
Local moments greater tharu} exist on Cr and Mn impurities. While the cluster moment is zero fog?d,
local moments of 0.0Q08z and 0.14.g are found on the iron impurity, indicating multiple spin states. We
reproduce the experimentally found maximum influence at the Fermi level for chromium.
[S0163-182696)03141-4

INTRODUCTION of Nieminen and PusRéled to a local moment of 2.46; on
Mn impurity in aluminum.
The current intere$t!! in aluminum alloys is partly sus- Deutz, Dederichs, and Zelférstudied several @ impuri-

tained by recent advances in experimental and theoreticaies in aluminum, using a von Barth—Hedin-type local den-
investigations. In particular, properties ofMlalloys, where sity potential. Their Korringa-Kohn-Rostoker{KKR-)
M stands for a @ transition metal, are being revisited, ex- Green function calculations assumed the host aluminum po-
perimentally as well as theoretically, following the discoverytential to remain unchanged from that of the elemental Al
of the icosahedral structuref AIMn. It has recently been metal. They computed self-consistently the potential at the
establisheithat AIM, M=V, Cr, Mn, Fe, Co, and Ni, can site of the impurity in an otherwise unperturbed infinite alu-
exist in an icosahedral phase, particularly at impurity con-minum metal. These authors found AICr, AIMn, and AlFe to
centrations above 10 at. %. The work of Haus¢ml. on  be magnetic, with local moments of @, 2.5ug, and
AlMn considered the face-centered-culficc) and icosahe- 1.75ug, respectively, located on Cr, Mn, and Fe. They re-
dral structures. Hauseet all° found a local moment of ported no local moments in the cases of vanadium, cobalt,
1.55u5 on Mn in fcc aluminum films for a concentration of and nickel impurities. Sindghperformed computations of the
5 at. %. Our previous theoretical restilof a local moment electronic structure of 489-atom clusters of fcc aluminum
of 1.74ug on Mn, in the AlgMn free cluster, reasonably with a substitutional 8 transition-metal impurity at the cen-
agrees with the above finding for fcc alloys of concentrationter. As in the work of Deutzt al, the host aluminum poten-
of 5 at. %. Like Bagayokcet al, de Coulon, Reuse, and tial was assumed to be unchanged in these relatively recent
Khann& employed the linear combination of Gaussian orbit-calculations. Singh employed the recursion method and a
als (LCGO'’s) and a local density functional potential @b  tight-binding linear muffin-tin orbital Hamiltonian and re-
initio, self-consistent calculations of properties of,Mh ported agreements with the results of Desatzal. Kurkina
free clusters. They considered icosahedral and cubic geonet al! recently reported qualitative agreements with the re-
etries. They recently reported local moments of aboytd4.,0 sults of Deutzet al. for Al Fe, Al,Co, and ALNi, with the
2.05ug, and 1.6z on Mn in the Al,Mn, Al;gMn, and  subscriptn varying from 5 to 88. These authors employed
Al,gMn free clusters in cubic geometry, respectively. Theirlocal density functional potentials in their “atom embedded
result for AkgMn, around 2.0%g, is comparable to that of in a jellium sphere” calculations. Postniket al 18 obtained
Bagayokoet al ! a nonmagnetic ground state for,Afe embedded clusters.
Several authof8~**discussed theoretically models of di- Their scattering wave calculations employedégnpotential.
lute magnetic alloys. Actual self-consistent calculations ofBoth the impurity and host potentials were treated self-
the electronic structure or density of states of fcéAdlloys  consistently by these authors. Guenzburger and*Edfis-
are relatively recent'®*8and limited. Scattering calcula- ducted first-principle, density functional calculations of prop-
tions based on Anderson’s theory and employing modeerties of AlgFe and Al,Fe embedded clusters. They found
potential$®~2% mainly provided the relevant parameters in- local moments on iron of 0.44; and 0.96:5 for Al,gFe and
cluding the width of the virtual bound states and their sepaAl ,,Fe, respectively. The respective cluster moments were
rations from the Fermi level. The jellium model calculations 0.09ug and 0.5%5. An important finding of these authors
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FIG. 1. Energy level diagrams for ;M clusters. Up and down spin levels are, respectively, shown on the left and right portions of each
diagram. The numbers at the bottom of a diagram are the total occupancies of states whose symmetry is specified at the top of the diagram.
(@ AlgV, (b) Al14Cr, (c) Al gFe, (d) Al gCo, and(e) AlgNi.

consists of the vanishing of the local and cluster momentsnagnetic state of Al systems. The aim of this paper is to
for Al ,Fe, when the relaxation of the nearest-neighbor aluinvestigate the electronic and magnetic properties QM
minum atoms is taken into account. clusters. The free clusters we consider have increasing tech-
Until recently, 3 transition-metal impurities in alumi- nological and scientific importance, due in part to the current
num were believed to have nonmagnetic ground states deapability of preparing them in varying sizes and
scribed by the Anderson mod€lThe above survey of pre- geometries.Additionally, the electronic and magnetic prop-
vious theoretical works clearly raises questions about therties of clusters are needed for understanding the transition
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FIG. 2. Cluster density of states for 4M. (top) Impurity partiald density of states for minority spiimiddle) impurity partiald density
of states for majority spin, angotton) total density of states for the clustéa) Al,gV, (b) Al;¢Cr, (c) Al gFe,(d) Al;gCo, and(e) Al gNi.

from atoms to infinite systems. Our motivations are furtherSinghal-Kimbalf® (RSK) local density potential was em-
reinforced by the good agreement between our previous resloyed in a linear combination of Gaussian orbitaCGO)
sults, for AkgMn, and the findings of the meticulous experi- formalism. Uncontracted, i.e., independent, Gaussians were
mental work of Hauseet al'° used in the generation of symmetrized basis functfré.
The corroboration of our results, for manganese, by firstQur all-electron calculations entailed no frozen core approxi-
principles calculations, very similar to ours, of de Coulonmation. Impurity and host atom potentials are treated self-
etal? is an added indication of the contribution intended consistently. Matrix elements of the exchange correlation po-
with our present work. Finally, this work preserb initio,  tengial are evaluated numerically. A supplementary charge
self-consistent _calculatlons qf the electronic structures a”ﬂtting of the type described by Mintmire and Dunfigs
related properties O.f /N‘M' without frozen core Or Unper- - employed in the calculation of the matrix elements of the
turbed. host approximations, that span theé Series from Coulomb potentiat®?’
vanadium to nickel. To guarantee further the proper description of the charge
redistribution in the cluster environment, as opposed to that
METHOD of an isolated atom, diffuse and p orbitals were added to

The species studied are free clusters of 19 atoms in a fd&€ atomic basis set for aluminum. Polarization was provided
geometry. The central atom is, respectively, surrounded b{prwith the inclusion ofd orbitals in the aluminum basis set.
the 12 and 6 nearest- and next-nearest-neighbor aluminuffhe aluminum basis set is as reported in Ref. 11, at the
atoms. Except in the case of ) this central atom is a®  exclusion of the smallest exponent of 0.21. The aluminum
transition element. The fcc lattice constant of 7.635 a.u. idasis consisted of 52 9p, and 4. The basis sets for the
chosen to be that of metallic aluminum. transition elements were those repoftedy Watchers, in-

Details of our computational method are available fromcluding the diffusep orbitals for the excited states. These
previous works of this group:?*?*2’ The Rajagopal- basis sets comprised 4411p, and 5 Gaussian orbitals. We
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FIG. 2. (Continued.

previously reportett the results for AjgMn obtained with  basis sets by twp orbitals onM and by twod orbitals on Al
larger basis sets on the impurity and the aluminum atomalid not make a significant difference. For Mn, for instance,
The basis sets for the present calculations were the largestis led to a self-consistent local moment of 1.298 This
ones, for AlgM, whereM stands for V, Cr, Fe, Co, and Ni value is basically equal to the 26§ obtained with 11p
for which no numerical difficulties arose. These difficulties orbitals on Mn and 4 orbitals on Al. Dropping the twa@
included negative values in the Mulliken population analysisorbitals with the smallest exponents on Al, however, led to
results for occupied states. The reduction of the sizes of thelearly wrong answers for the energies and the magnetic mo-
basis sets consisted of dropping the even-tempdregpo- ment. This last result was predictable, given $tpecharacter
nents forM and the smallesti exponent for Al. Numerous of aluminum. The overall outcome of these tests was that the
computational tests were run in the process. The resultingesults reported here are very stable with respect to reason-
basis sets, described above, were the largest ones for whielble changes in the basis sets.
no numerical difficulties were encountered. Our calculations did not entail changes of the input elec-
In light of the above case for Mn, answering the questiortronic configuration in the sense of Hartree-Fock calcula-
of the stability of our results with respect to the selectedtions. The changes made from the ground state configura-
basis setgfor Al and M) led to numerous tests over several tions of the free atoms of Al dv consisted of redistributing
years. While we could make educated speculations as to thbe electrons, in the uppermost p, or d valence states,
possible answer, based in part on Hund'’s rule, the number dfetween the up and down spin. These changes were made to
d electrons, and the coordination nhumber, the complexity ofvary the input magnetic moment as noted above. Density
the actual cluster environment demanded that we perforrfunctional calculations, as compared to those of the Hartree-
these tests where the even-tempered exponents were dropgdeatck type, have inherent limitations with respect to changing
one at a time. The Watchers basis sets, for transition elanput configurations.
ments other than Mn, were found to be the largest possible. With the above formalism, completely self-consistent and
We conducted a few tests in which the basis sets were respin-polarized calculations were carried out for;ABnd
duced from their largest sizes. Even the reduction of thesél,;gM, whereM stands for V, Cr, Fe, Co, and Ni. Self-
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FIG. 3. Spin-density distribution of A4M in the (100 plane. The range of plotted values is fronD.01 to +0.01; the heights of the
major peaks around the nuclei are truncated; the fine structures in interatomic regions are fully exialbitbdV, (b) AlCr, (c) AlgFe,
(d) AlgCo, and(e) Al gNi.

consistency was reached, in all cases, within 465 iterationsf iron is noted in the section devoted to the discussion. We
We conducted a test of a possible variational stiffness stenreport below the electronic energy levels, magnetic proper-
ming from relatively large input magnetic moments. It wasties, and density of states of AM clusters.

feared that small local moments on the impurity may be due

to a relatively slow convergence of the magnetic moment

even though other parameters, i.e., electronic energies, may RESULTS

be converged. The results reported here for V, Co, and Ni

were obtained twice. The first calculations utilized input mo- The electronic energy levels are provided in Fige)4
ments of 3ug, 3ug, and Zug for V, Co, and Ni, respec- 1(e). Figures 2a)-2(e) describe the density o states for
tively. The input moments for the second calculations werahe central atoms as well as the total cluster density of states.
0.5ug, 0.4ug, and 0.24g for V, Co, and Ni, respectively. Figures 2a) (top), 2(b) (middle), and Zc) (bottom are, re-
These second input moments were at most 0.1 smdber spectively, for the minority spid density of states, majority

V) or 0.2 larger(for Ni) than the magnetic moments that spind density of states, and the total density of states for the
resulted from the first calculations. The only difference ob-Al,gV cluster, as an example. Figureg¢aB-3(e) show the
served between the two calculations, for each impurity, conspin density distributions. The Mulliken population analysis
sisted of a very rapid convergence in the case of small inputesults are in Table I. Table Il shows the states at the Fermi
moments, in less than 180 iterations, as compared to the fir&vel, the occupancy of these states, the local magnetic mo-
calculations that generally took 360—460 iterations. The casments on the impurities, and the total cluster moments. We
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TABLE I. Mulliken population analysis, from the integrated cluster density of st@&09), for Al;g and AkgM, M=V, Cr, Mn, Fe,
Co, and Ni. Results for AjMn are from the second calculations with Watch@Ref. 29 basis sefsmaller than that used in Ref. 111

Al Al Al 1gV Al 1Cr Al;gMn Al gFe Al;gCo Al gNi
Central atom
sp? 2.396 0.152 1.064 1.703 1.841 1.578 1.379
spl 2.421 0.068 1.067 1.884 1.854 1.786 1.686
dr 0.031 1.944 3.196 3.798 3.290 4.012 4.360
d] 0.027 1.457 1.188 1.557 3.136 3.413 4.040
Total 4.875 3.621 6.515 8.942 10.121 10.789 11.465
First shell
sp? 1.425 1.539 1.457 1.353 1.379 1.420 1.482
spl 1.359 1.487 1.427 1.432 1.392 1.372 1.330
dr 0.016 0.015 0.015 0.014 0.014 0.015 0.016
dl 0.014 0.016 0.016 0.015 0.014 0.014 0.013
Total 2.814 3.057 2.915 2.814 2.799 2.821 2.841
Second shell
spl 1.537 1.531 1.504 1.506 1.515 1.523 1.538
spl 1.501 1.566 1.563 1.523 1.514 1.520 1.517
dr 0.008 0.009 0.009 0.009 0.009 0.009 0.009
d| 0.008 0.009 0.008 0.009 0.009 0.009 0.008
Total 3.054 3.115 3.085 3.047 3.047 3.061 3.072

provide the spin densities at the sites of the nuclei in Tablénfluence is the zero-temperature value of the impurity resis-
[l tivity; this value is the largest for Cr, followed by Mn, as
A simple pattern characterizes the states at the Ferniompared to the other impuriti€8.The parabolic depen-
level. For Alg, the total occupancy of the,s | at the Fermi  dence of the low-field Hall coefficient on the impurity, with
level is two(2) electrons. Up and down arrows, respectivew,the mln_lmum at Cr, is |nterpreté91|n terms of the Ic_>cat|0n
stand for majority(up) and minority(downr) spin states. The Of the virtual bound states with respect to the Fermi level. As
states at the Fermi level aidy,!, Ti,], Tiol, Tipl, Tpg 1, ~ ONE moves from Cr to Ni, these states progressively sink

and T, 1, respectively, for V, Cr, Mn, Fe, Co, and Ni im- below the Fermi energy and their densities get narrower, as
250 ’ e e o expected.

P g separces 3L 50, ST, st e o e s o
o , sity of states, shown in Table I, reveals a gain of electrons
apparent in Figs. @)-2@e). The Anderson-type virtual thg central impurity, except in the case o% vanadium. Whiley
bound stat_es can be found at the Fermi level fo_r ChromlumMulliken population data are not highly accurate in general,
as shown in Fig. @) (top). The graph of the density of state o onsjder our accounting for all electrons in the system to
for Al;gMn, in Ref. 11, indicates that the peaks in the g 55 added indication of the quality of our wave functions.
density of states are already bel@ for this system. This  gphecifically, the total numbers of valence electrons as shown
clearly reproduces the experimentally found maximum , Tapje |, for the respective systems, do not deviate by more
influencé® at the Fermi level for Cr. A measure of this  than .06 from their exact values. This maximum deviation

. is actually of the order of 10 when the results in Table |
TABLE Il. Symmetry of the state at the Fermi leveitg), the are listed up to the fourth decimal place.

occupancy at the Fermi level, the local moment on the central atom, Table Il provides the local and cluster moments for the
in Bohr magnetonsg), and the cluster momerin pg) for Alis oy gtamg considered. A local moment of 2.0Q8s found on
and AlgM, M=V, Cr, Mn, Fe, Co, and Ni. The local moments . . . .

. B . the chromium impurity. A moment around 2 is located
reported here include thep andd contributions which are sepa- on manaanese. as discussed below. The local moments on
rately available from Table I. The calculated local moment for Mn'th h 9 . ’.t. d : ller th 5Th
using (Ref. 11 larger and more complete basis sets, is 4g4 € other impuri '.es a.re aroun o_r smaller thanu e.

local moment on iron is 0.14g , while the cluster moment is

State Occupancy  Local Cluster zero, for calculations where the initial input moment js
Cluster atEr atEr moment moment  These small momentS.e., less than Jlwere the reason we
performed the calculations twice, as noted above. Asi@n

Al Al L5 T (t2g) 2 —0.021 1 of positive and negative onespin polarization of the sur-

Al gV I'121 (&) 1 +0.571 1 rounding aluminum atoms is found in all cases, except for
Al Cr T'151 (&) 2 +2.005 2 the chromium impurity. The local and cluster moments are
Al gMn 1ol (eg) 1 +2.060 1 practically equal for chromium, while they are quite different
Al gFe T'1ol(eg) 2 +0.142 0 for the other 8 elements. The total or net polarization of
Al gCo L5 T (tag) 1 +0.391 1 surrounding aluminum atoms constitutes a compensation
Al 1gNi T 5T (tag) 2 +0.013 2 cloud for manganese and iron impurities, while for vana-

dium, cobalt, and nickel it adds to the local moment to yield
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TABLE Ill. Spin density at the nuclefin e/a.u®) for Al;g and AlgM, M=V, Cr, Mn, Fe, Co, and Ni. The data for AMn are from
Ref. 11.

Alyg Al v Al 1Cr Al gMn Al gFe Al gCo Al eNi
Central atom -0.011 ~0.041 ~0.122 ~0.108 ~0.008 ~0.061 -0.071
Aly, +0.012 +0.111 +0.173 +0.030 ~0.009 ~0.008 +0.025
Alg —0.007 ~0.009 +0.007 +0.028 +0.003 ~0.0004 -0.013

a cluster moment larger than that on the impurity. This patMn, as compared to the previous result of kg4 is the sum
tern is particularly pronounced for nickel where both theof variations in the Mulliken population. Physically, this in-
first- and second-shell aluminum atoms are surrounded witbrease is to be expected as a decrease in the basis set, par-
ferromagnetidi.e., positive—in the same direction as that onticularly with the absence of very dilute exponents, favors
the impurity polarization. In the case of chromium, the net moment forming intra-atomic interaction at the expense of
polarization of host aluminum atoms is negligible; the ratherinteratomic hybridization which destroys the magnetic mo-
large and positive polarization around the nearest-neighbanent. While the local moment of 2.06 is meaningful, our
aluminum atoms is compensated by the large negative polapreferred local moment for AMn is 1.74ug, as the latter
ization and smaller negative polarization, respectivelyresulted from calculations that employed more complete ba-
around the second- and first-shell aluminum atoms. This exsis sets. The calculations reported here for the otldeel8-
plains the fact that the local and cluster moments are thenents, as noted in the section on our method, were first done
same for A{gCr. The small local moment of 0.043, for  with the extended basis sets similar to those in Ref. 11. Nu-
Al 1gNi, results from a compensation of the contribution of merical difficulties led to the reduced basis sets as explained
0.320 from the nicketl electrons by arsp contribution also  above.
located on the impurity. The cluster moment ofig is The largest exchange splittings, for valence states below
mostly due to contributions from the first-shell aluminum or across the Fermi level, are, respectively, 0.162, 0.579,
atoms. The qualitative behavior of the polarization around).06, 0.366, and 0.269 eV for AM, M=V, Cr, Fe, Co, and
the host aluminum atoms, as described above, is partly ajNi. These values occur at tHe,s or t,y state, except for
parent from Figs. @—3(e) that show the spin-density distri- vanadium where it is al';,. Some values of the exchange
bution in the(100) plane. splittings for AlgMn, as previous discussed by Bagayoko
We paid a particular attention to AFe, due to known et al,!! are between 0.5 and 0.7 eV. There are no optical
rapid variations of the spin moment of iron in the fcc geom-transition data, as in the case of copper alloys, to permit a
etry, as noted in the discussion section below. While moreneaningful comparison.
work is ongoing for this system, we already have a picture of Figures Za)—2(e) display the cluster density of states.
the variation of the local moment on the iron impurity with Different scales are employed for tHedensity of states. The
the lattice constant. For lattice constants of 7.935, 7.635heights of the impurityd density of states & are 21.92,
7.560, and 7.485 a.u., the self-consistent local moments 081.22, 28.78, 23.82, and 22.34 states per Rydberg respec-
Fe, for an input moment of 44, are, respectively, tivelyforV, Cr, Fe, Co, and Ni impurities. Thetinfluence at
0.365u¢g, 0.138g, 0.11Qug, and 0.08mg. The respective the Fermi level is maximum for ACr in both relative and
total energies per atom are589.229,—589.795,—-589.801, absolute terms. The density of states &, for Cr, is much
and —589.775 Ry. These total energy results predict the extarger than those for the other impurities and it is almost as
istence of this free cluster in nature at a lattice constant ofarge as the highesi peak for occupied states, which is
7.560 a.u. where the minimum total energy is found. 59.63 for Al cCr. For the other impurities, the value of the
A gquestion arose as to the electronic and magnetic propdensity of states & is a factor of 2—4 times smaller than
erties of AlgMn if they are calculated using the Watchers’ the highestd peak for occupied states.
wave function$’ as done for the other elements in thd 3
series. We_ answered it by reqalculatl_ng the_ properties _of this DISCUSSION
system using Watchers’ basis set, including the excjied
orbitals, and the aluminum basis set described above. The Some basic points relevant to a comparison of our find-
state and occupancy at the Fermi level were found to remaiimgs with experiment and other calculations include the lat-
unchanged. The energy levels were rigidly shifted upward irtice structure and parameter we considered, the exclusion of
absolute value. This shift is an intrinsic property of the Ritztemperature effects in our zero-temperature calculations, the
variational method; the true eigenvalues are asymptoticallympurity concentration, and long-range interactions which
approached as the basis set gets larger, provided that lineare not accounted for in free and finite cluster calculations.
dependence or other numerical difficulties do not arise. Thd®espite these possible sources of differences between our
discernible changes from the results of Bagayahal!! results and measurements on dilute alloys, we have repro-
were a gain of 0.73 electron by the impurity and a new localduced some basic features which are experimentally estab-
moment of 2.06.5. The deletion of the Gaussian functions lished.
with small even-tempered exponents from the basis set for ~ The sinking below the Fermi level and the associated nar-
Mn explains the loss by the states and gain by trep states  rowing of thed density of states, as the atomic number of the
of 2 of the Mn valence electrons, as compared to the resultsnpurity increases, are particularly apparent from our results.
of Bagayokoet al. The increase of 0.32 in the moment on The experimentally known maximurd influence at the
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Fermi level for chromium is unambiguously reprodué®d. ones. From basic moment formation mechantém® how-

The extensive experimental data onMAlalloys, as re- ever, the local moment on Fe in the isolated cluster is ex-
viewed by Rizzutd® mostly pertained to concentrations pected to be higher than that on the embedded one.
much smaller than 5 at. % appropriate for;M clusters. The above picture of the magnetic state of iron impurities
Cooper and Miljak! reported static susceptibility results for in aluminum is further complicated by the results of compu-
AlV, AICr, and AIMn alloys among others. They reported a tational experiments we conducted. Like in the cases of V,
Curie-Weiss behavior of the spin susceptibility for AIMn Co, and Ni, we performed several self-consistent calculations
following an elaborate analysis. This analysis took into ac-of the properties of AkFe with different input magnetic mo-
count the strong thermal effect on the susceptibility, believednents. The self-consistent final moments on the iron impu-
to be mostly due to the host aluminum. These authors basrity changed with the input moment, indicating possible mul-
cally assumed that variations in the susceptibility of AV andtiple spin states for this cluster. Details of these experiments
AICr, which could have been interpreted in terms of a Curie-are to be reported in a manuscript under preparation. The
Weiss behavior, to be due to the above spurious thermaalient point consists of the finding of local moments of
effect and an alloying effect distinct from the intrinsic con- 0.0077«g and 0.137@. for input moments of 0,25 and
tribution of the impurity. Taking the parallel resulisurves  4.0wg, respectively, at the same lattice constant of 7.635 a.u.
for AlV and AICr as base lines, they obtained the magneticPossibilities of computational artifacts are unlikely due to the
results for AIMn. This magnetism was presumed to befact that similar computations for V, Co, and Ni, with input
masked by the above spurious effects. They recognized thatoments slightly below or above the results of the first cal-
other interpretations of the data were possible. These authocsilations, rapidly converged to the first results obtained with
considered quenched samples with dislocations and for comauch larger input moments. While this is the first indication
centrations below 2 at. %. This work illustrates experimentalwe know of different magnetic moment states for this finite
difficulties, some of which have been elucidated by Wohlle-cluster, a similar behavior was reported for clusters df 3
ben and Cole&* One could speculate that had the assumpelement?’ and for metallic iron in fcc geometr3? =
tion of nonmagnetic state for V and Cr in aluminum not been The subtlety of the issue of magnetism, for transition-
made by these authors, based mainly on the expected nometal impurities in aluminum, is somewhat underscored by
magnetic behavior for V, their work could have provided athe absence of a moment in fcc AIMn at concentrations be-
picture consistent with theoretical findings relative to thelow 2% as discussed by Hausetrall® These authors also
presence of local moments on vanadium, chromium, anfound a local moment on Mn impurities in icosahedral alu-
manganese impurities in aluminum. The impurity electricalminum. The local moment on Mn, in fcc AIMn films, was
resistance measurements by Caplin and RizZufor dilute  measured to be 1.%§ for Mn concentrations around 5
AICr and AIMn (M concentrations of 0.2—0.04 at,)%vere  at. %. These authors reported local moments on Mn in amor-
explained using the localized spin fluctuation model, approphous and crystalline AIMn for a variety of concentrations
priate for an intermediate state between the magnetic andp to 45 at. %. We are unaware of recent and refined mea-
nonmagnetic states as described by the Friedel-Anders@urements similar to those of Haustral. for otherM alloys
model. The dependence of the impurity resistance on temat concentrations around 5 at.%. The calculated local
perature, one of the experimental signature of magnetisrmoment! of 1.74ug on Mn, as previously discussed, agrees
was obtained. The x-ray photoemission spectroscopy resultsith the recent measuremeritsThe intra-atomic interac-
of Steineret al>3 suggested the existence of a local momentions that are responsible for moment formation lead to
on Mn in aluminum, at least on a short time scale. Theylarger moments in a free clusters as compared to a thin film,
inferred the presence of a local moment from their finding ofas long as concentrations are not so high that an impurity-
a significant 3 splitting. It should be noted, however, that impurity influence creates added difficulties. In this sense,
van Ackeret al >3 recently found the 8 splitting, in the case even our reduced-basis computational result of 26
of iron impurities, not to be a reliable predictor of the exist- which is about the same as the 2.Q5Mn local moment of
ence of a local moment. de Coulonet al,? is not in disagreement with experiment.

The experimental picture of the magnetic state dfid- Theoretical results of comprehensive atalinitio calcu-
purities in aluminum, first believed to be mostly nonmag-lations, as reported here, do not lend themselves to a thor-
netic, is questioned by recent findings. The extensive experibugh comparison with findings based on models as explained
mental studies by Dunlap and co-work¥rseported small elsewheré*® This situation is illustrated by the absence, in
average moments per Fe atom forgde, alloys. Their the standard Anderson Hamiltonian, of interactions between
crystalline and rapidly quenched samples exhibited roomlocalized electrons as well as those between delocalized
temperature average moments, per Fe atom, of @@@hd ones. These interactions are included in the Kohn-Sham
0.026ug respectively. Our calculated local moment of Hamiltonian we employed. Only few previous calculations,
0.14ug for iron, for an input moment of 45, is much larger comparable to ours, have addressed the issue of magnetism
than their estimate and much smaller than the P#4e-  for 3d impurities in aluminum. Our results for the magnetic
ported by Guenzburger and Eflifor Al ;gFe. There are plau- moments differ from those of Deutt al., except for chro-
sible reasons for the difference between these calculated resium. We attribute the differences in part to their treatment
sults and the above experimental estimates. They include thef the aluminum potential which was assumed to be that of
difference in Fe concentration and that of the systems. Alsahe elemental metal. A second source of difference consists
our results are expected to differ from those of Guenzburgeof that of the systems; we considered free clusters, while
and Ellis on account of the difference in the systems. Theyhey studied infinite systems. Optical measurements by
considered embedded clusters, while we treated isolateBeaglehole and Wifif showed that manganese impurities
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drastically modify the band structure of the aluminum host.larger local moment of 0.5¢5 may not be totally quenched.
Such modifications are expected from most otheri@pu-  This possibility is actually indicated by experiment, as noted
rities. The excellent agreement between the 200%ve  in the above discussion of the analysis of susceptibility data
found and the 2.00 value reported by Deetal, in the case by Cooper and Miljak

of chromium, is believed to result from the fact that both  |n summary, this work produced quantitative and qualita-
studies found the same value, 6.51, for the total charge ofye properties of 8 impurities in aluminum which are
the chromium impurity. For other systems where a signifi-mostly in agreement with available recent measurements for
cant electron transfer to or from the impurity was found, incomparable geometry and concentrations. Our results further
our work and by experimerif our results are different from ingicate the need for refined experimental studies, as per-

those of Deutzt al. _ ~ formed by Hauser and co-workef$of the magnetic proper-
We know of no experimental results, for the appropriateties of these clusters and alloys.

concentration of 5 at. % or for the free clusters studied here,
to permit a meaningful comparison with our findings for V,
Co, and Ni, except for the very early ones discussed above
and that mostly entailed concentrations below 2 at. %. The
local moments on Co, Fe, and Ni, respectively, @89 This work was supported in part by funding from the
0.14ug or less, and 0.01435, are small enough to be de- Louisiana Education Quality Support FUdccQSH, admin-
stroyed upon the immersion of the cluster in an infinite sysdistered by the Louisiana Board of Regents, under Contract
tem. In this sense, these results indicate a possible nonmalyos. LEQSH1986-89A-RD-15 and LEQSK95-98-RD-A-
netic state for dilute alloys for these elements, as found b3, and from the Department of the Navy, Office of Naval
experiment. In the case of vanadium, a moment may stilResearcHONR Grant No. N00014-93-1-13§8hrough the
exist in films of concentrations 5 at. % or smaller, as theTimbuktu Academy.
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