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Theoretical investigation of the magnetic behavior of substitutional Fe impurities
in Zn, Cd, and Al hosts

P. G. Gonzales, L. A. Terrazos, H. M. Petrilli, and S. Frota-P&sso
Instituto de Fsica, Universidade de ®aPaulo, Caixa Postal 66318, 05315-9700SRaulo, SP, Brazil
(Received 20 August 1997

Calculations for substitutional Fe in Al in the absence of lattice relaxation yield a large value for the
magnetic moment at the impurity site. The lack of magnetic response observed experimentally has been
attributed to the presence of spin fluctuations. However, more recent calculations show that the moment at the
Fe impurity could vanish in the presence of lattice relaxation around the impurity, thus rendering unnecessary
a description in terms of spin fluctuations. We have performed electronic-structure calculations to investigate
the magnetic behavior of substitutional Fe impurities in Zn, Cd, and Al hosts as a function of lattice relaxation.
In the case of Fe in Al, the theoretical results are sensitive to the lattice constant used for fcc Al. If the
experimental value is used, the Fe moment decreases drastically but does not vanish at the experimentally
observed relaxation values. In the case of Zn and Cd hosts, the calculated moment remains quite large for all
reasonable values of relaxation. Our results indicate that a description in terms of spin fluctuations and high
values of the Kondo temperature should be used for Fe in Zn and Cd and may also be appropriate to describe
Fe impurities in Al.[S0163-1828)00511-9

[. INTRODUCTION impurity site. Since dilute alloys of @ transition elements
are considered classical examples of systems with spin-
In recent years, owing to advances in experimental techfluctuations (SF), the discrepancy had been explained by
niques, there has been a renewed interest in the problem epnsidering Fe in Al to be a system with SF that has a high
impurities in metallic hosts. In particular, nonalloying sys- Kondo temperature T). However, recent electronic-
tems can now be investigated, yielding information aboustructure calculatios® which take into account lattice re-
moment formation at the impurity site as the host is variedaxation around the impurity find the Fe impurity to be non-
throughout the periodic tabfeThe Fe impurity is especially Magnetic. The evidenfe suggests that substitutional
well suited for such studies, due to its interesting magnetidmpurities of Crand Mn in Al do behave as systems with SF,
properties and its flexibility when used as a probe. TheoretPUt the Fe impurity in Al is probably nonmagnetic.
ical results can also be of help when addressing the problem In_ the present work we use t_he rea! s_pe(%) "”eaf
of local moment formation at impurity sites in metallic hosts,mmcfln tin orbital (LMTO) formalism, within the atomic

since values for the moment can be obtained from knowl-Sphere approximatiofASA), to obtain the electronic struc-

: i _ , : tutional Fe .
edge of the electronic structure of the impurity system ture and magnetic properties of a substitutional Fe impurity

. . I ; ‘in hcp Zn and Cd hosts. Divalent Zn and Cd are located in
Electronic-structure calculations for substitutional Fe impu-

" ) . . . the column between monovalent Cu, Ag, and Au and triva-
rities have been performed in many metallic hosts using difignt | in the periodic table. The substitutional Fe impurity is
ferent technique$:® In some systems, the Fe impurity is

2] strongly magnetic in Cu, Ag, and Au hosts and the Fe mo-
found to develop local moments, while in other systems thgnent does not seem to be very sensitive to lattice relaxation,

impurity is nonmagnetic. The agreement between theory angnile the local moment of substitutional Fe impurities in Al
experiment regarding local moment formation is impressivewas shown to vanish for realistic values of relaxation around
especially if one considers the limitations of the local spinthe impurity. In this context, the Fe impurity in the divalent
density approximatior(LSDA) methods. Some of the dis- zZn and Cd hosts should exhibit an interesting intermediate
crepancies which originally existed between theory and exbehavior. To our knowledge, no electronic-structure calcula-
periment have been eliminated in the last few years, either bjions to determine the magnetic properties of Fe in these
improving sample preparation and experimental techniquesystems have been reported. We could find few experiments
in the case of nonalloying systems, or by improved theoretfor Fe in Zn and Cd in the literature. In both cases no sig-
ical approaches. nificant magnetic response has been observed for the tem-
An example of the difficulties which may arise when try- perature range studied in the experiménslt is interesting
ing to compare calculated values of the impurity momentto note that clear indications of SF with relatively low Kondo
with those observed experimentally is illustrated by the caséemperatures were observed for Cr and Mn in'%f Here
of the Fe impurity in Al. Experiments using different we investigate the magnetic behavior of substitutional Fe
techniques®’ have found no evidence of magnetic behaviorimpurities in Zn and Cd hosts, to determine if a local mo-
for Fe impurities in Al in the observed temperature rangement is formed and how it is affected by lattice relaxation
while first-principles electronic structure calculatibrger-  around the impurity. We also obtain results and review the
formed for substitutional Fe in Al using the Al lattice inter- earlier theoretical work for substitutional impurities in Al.
atomic distance found a large local magnetic moment at th&Ve hope that the present work will contribute to a better
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understanding of the role played by lattice relaxation @ [ll. SUBSTITUTIONAL Fe IMPURITIES IN Al

SF in these impurity systems. . . . . . .
The paper is organized in the following way. In Sec. Il we In this section we will review the problem of Fe impuri-
' ) ties in Al, which bears a close relation to our study of Fe

briefly introduce the RS-LMTO-ASA scheme _used here. Inimpurities in Cd and Zn. The magnetic behavior of substitu-
Sec. Ill we apply the real space scheme to investigate th

magnetic behavior of substitutional Fe impurities in Al, dis- fional Fe |mpgr|t|es in Al has bgen |'nvest|.gat.ed using exper-
mental techniques and theoretical first-principles approaches.

cuss our results and compare them to those in the Ilteratur%ven though calculations performed for substitutional Fe in

In Sec. IV we calculate the electronic structure and obtaunAI at the Al lattice interatomic distance found large local
moments at the impurity, no local moment has been ob-

the local moments of substitutional impurities in hcp Zn and
served experimentally/®” Dilute alloys of 3 elements in Al

Cd hosts. The effect of lattice relaxation on the local impu-
rity moment is aIS(.D investigated. Finally in Sec. V. we have been considered classical examples of systems with SF
present our conclusions. . . . : )
and a highTy , and experimental evidence for this behavior
is found for substitutional Cr and Mn impurities in AP’
Therefore the fact that no significant magnetic response has
been observed for Fe in Al had previously been attributed to
We use the first-principles, self-consistent RS-LMTO-the presence of SF with in excess of 10K . This picture
ASA scheme within the LSDA to determine the electronicchanged in 1991 when Guenzburger and Elpgrformed
structure and magnetic behavior around substitutional Fe irrdiscrete variational methodDVM) calculations for an
purities in Al, Zn, and Cd hosts in the presence of latticeFeAl;; embedded cluster, and showed that the value of the
relaxation. Only a brief introduction to the method will be moment at the Fe site is very sensitive to lattice relaxation of
given here; a detailed description of the scheme and its apAl nearest neighboré\N) around the impurity. They argued
plication to impurities can be found elsewhérg:'4 that the local moment at the Fe site vanishes if reasonable
The RS-LMTO-ASA scheme is based on the well-knownvalues of the lattice relaxation are considered and that the
LMTO-ASA formalismt®> and uses the recursion methidd. substitutional Fe impurity is really nonmagnetic. This result
The procedure is very similar to the usual reciprocal-spacgould be consistent with experimental observations and
LMTO-ASA formalism, but when solving the eigenvalue would render unnecessary a description in terms of SF. One
problem to find the local density of statdsDOS) we sub-  of the shortcomings of this interesting work was that when
stitute thek-space diagonalization by the real-space recurho lattice relaxation was assumed, a local moment of@z96
sion procedure. To avoid surface effects, large clusters of was predicted, in disagreement with the value of around
few thousand atoms are normally used. Below, we give d.8ug obtained by other approachsRecently, Papani-
summary of the principal approximations used in the RSkolaou et all® have reported a systematic study of lattice
LMTO-ASA scheme. As in the regular LMTO-ASA formal- relaxation effects aroundd3substitutional impurities in Al,
ism, we use the atomic sphere approximation, where thgsing the full-potential KKR-GF method. The theoretical lat-
space is divided into Wigner SeifgvS) cells, which are then tice constant,e) of the fcc Al host was obtained by energy
approximated by WS spheres of the same volume. Th&inimization, and was about 1% smaller than the experi-
LMTO is a linear method and its solutions are valid around amental lattice constantat,,) value. Due to this fact, the
given energyE,, normally taken at the center of gravity of KKR-GF calculated value of Ref. 10 for the local moment of
the occupied part of the band. In the RS-LMTO-ASA the Fe impurity in Al in the absence of relaxation is around
scheme we use a first order Hamiltonian, where terms of thé.5ug, slightly smaller than those in the literatfirerhich
order of E—E,)? and higher are neglected. These approxi-were obtained using the experimental value of the lattice
mations result in atight-binding Hamiltonian and an or- constant. The results of Ref. 10 indicate that the local mo-
thogonal basis, yielding a simple eigenvalue problem whictment vanishes when Al atoms in the first NN shell around
can be directly solved in real space with the aid of the recurthe Fe impurity are relaxed radially towards the impurity site
sion method. Since it is implemented directly in real spacepy around 3% of the interatomic distance, while minimiza-
the RS-LMTO-ASA scheme does not require periodicity. Ittion of energy predicts a radial relaxation of 4% on the same
can be used to treat impurities or other defédfsand lattice ~ scale. The KKR-GF result is in very good agreement with
relaxation can be easily introducédeven in noncubic sys- available data from extended x-ray absorption fine-structure
tems. In this context we should note that the real spac€EXAFS) measurements, which give values in the range be-
scheme has already been used with success to study interdtiveen 3 and 4% for the relaxatidh?° For Cr and Mn im-
tial impurities where taking lattice relaxation into account ispurities in Al, the moments decrease with relaxation, but
essential? they are still magnetic for the relaxation which minimizes the
The present calculations were performed using large clusenergy. Therefore, in Ref. 10 it was concluded that the Fe
ters of around 3000 atoms, cut in order to keep the atoms dafpurity in Al has no local moment, while Cr and Mn im-
interest at a maximum distance from the surface. We worlpurities in Al retain their moments and are typical cases of
within the LSDA with an exchange and correlation term of systems with SF and highy’s.
the form proposed by von Barth and Hedfhvalences, p Here we have employed the RS-LMTO-ASA scheme to
andd electrons were considered in the calculations, with acalculate the electronic structure around a substitutional Fe
total of nine orbitals per site. For all sites a cutoff parameteimpurity in Al in the absence of lattice relaxation using both
Lmax=20 was taken in the recursion chain and a Beer ande,, anday, lattice constants of Ref. 10 for fcc Al. Far,,
Pettifor terminator was used. we find a local moment of 1,8 at the impurity site, much

II. THEORETICAL APPROACH
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S L B B B B If one compares the two curves shown in Fig. 1, it is clear
L (@) Fein Al ] that the value of the lattice parameter for fcc Al used in the
calculations is extremely important when determining the
value of relaxation around the impurity for which the impu-
rity moment vanishes. The KKR-GF calculations, which use
. theoretical valuesy, for the lattice constant of fcc Al, indi-
cate that the impurity is honmagnetic, since the local mo-
ment vanishes for reasonably small values of the lattice re-
laxation. We expect that if the experimental lattice parameter
g of fcc Al could be used in the KKR-GF calculations, the
s | moment at the Fe impurity would vanish for larger values of
sr T first NN shell relaxation, which might be less compatible
I - e with the experimentally observed values of the relaxation.
I L ] This point should probably be investigated further before it
1+ s i i can be accepted that for substitutional Fe impurities in Al,
I - P ] the discrepancy between experiment and theory can be com-
) S R Y EL A SR EEP pletely explained in terms of lattice relaxation around the

€ s 4 8 2 a0 impurity and that SF play no role.
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FIG. 1. RS-LMTO-ASA results fofa) local magnetic moment
and (b) square of the local magnetic moment of Fe in Al as a
function of the radial first-neighbor relaxation towards the impurity
(in units of the percentage of the NN distapcResults obtained We have used the RS-LMTO-ASA scheme to obtain the
using the lattice constangg,, (squaresanday, (circles are shown  electronic structure and the magnetic properties of a substi-
(see text For comparison, DVM and KKR-GF resultRefs. 9,10 tytional Fe impurity in hcp Cd and Zn. In both cases, the
are also given in Fig. (). experimental lattice parameter anta ratios were used in

the calculations. The calculations were initially performed
larger than the 0,85 resulting from DVM calculationS,and ~ without lattice relaxation. We found a local moment of
in reasonably good agreement with the values of aroun@.6ug for substitutional Fe in Zn and a local moment of
1.8up quoted previously in the literature. Whem,e was  2.9ug for substitutional Fe in Cd. These values are larger
used, we found a smaller value of L&, which agrees well than those obtained for Fe in Al and are comparable to the
with the value of 1.mg obtained using the full potential moments obtained for Fe in Cu and Ag, respectively. But
KKR-GF approach, in the absence of lattice relaxation. Wewhile experimental evidence for local moment at Fe impuri-
have also performed RS-LMTO-ASA calculations in theties in Cu and Ag exists, no significant magnetic response
presence of lattice relaxation around the Fe impurity. The Ahas been observed for Fe impurities in Zn and Cd in the
atoms of the first NN shell were displaced radially towardsmeasured temperature range. We found very few experimen-
the impurity by a certain distance, expressed as a percentaged results for Fe in Cd and Zn reported in the literature.
of the distance between the impurity and the first NN shell inSusceptibility measurements below 20 K give no evidence of
the unrelaxed structure and used to define the relaxation. THeurie Weiss behavior for Fe in Zn and indicate a character-
RS-LMTO-ASA results for the local moment as a function istic temperature of the order of 120 ¥.More recent
of the radial first-neighbor relaxation towards the impurity TDPAD measuremerftsfor Fe in Zn and Cd at extremely
are plotted in Fig. (a) for different valuesa,,, andaye of  low concentrations for temperatures between 80 and 300 K
the Al lattice constant. For comparison we also showhave shown no significant magnetic response. They point to
KKR-GF resultd® obtained using the theoretical valag, Tx’s of around 5< 10° K for Fe in Cd and in excess of 10
and DVM result$ which were obtained using the experimen- K in the case of Fe in Zn. We should note that Cr and Mn in
tally observed valu,,, of the Al lattice constant. In Fig. Zn are examples of systems with SF that have Tuis."*?
1(b), we show the square of the magnetic momeeatsus As in the case of Fe impurities in Al, the lack of magnetic
lattice relaxation, which is expected to exhibit a linear be-response observed for Fe impurities in Cd and Zn could be
havior for low values of the magnetizatidh A linear ex-  explained by two distinct physical processes: it could be at-
trapolation of the values in Fig.(l) was used to determine tributed to SF with extremely higik’s, or the impurity
the relaxation value for which the moment vanishes in Fig.could be really nonmagnetic. As discussed in the last section,
1(a). The present RS-LMTO-ASA calculations show a be-it has been suggested that the Fe impurity in Al is nonmag-
havior for the impurity moment as a function of lattice re- netic due to lattice relaxation around the impurity. It is inter-
laxation which is very different from that predicted by DVM esting to investigate whether a similar phenomenon could be
calculations. On the other hand, the RS-LMTO-ASA resultspresent in the case of substitutional Fe impurities in Cd and
obtained witha,,. show the same tendencies and agree ratheZn.
well with the existing full potential KKR-GF results. We Here we have again used the RS-LMTO-ASA scheme to
note that the good agreement between our RS-LMTO-AS/obtain the electronic structure and magnetic properties
results and those obtained using the KKR-GF approach is n@round substitutional Fe impurities in Zn and Cd in the pres-
surprising, since results obtained using these two methodance of lattice relaxation. In Fig. 2, we show our results for
have been shown to agree quite well. the local moment of Fe in Zn and Cd obtained with different

IV. SUBSTITUTIONAL Fe IMPURITIES
IN hcp Zn AND Cd
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3 dency towards moment formation should be weaker for Fe in
Al than for Fe in Zn or Cd. This has been confirmed by our
more accurate RS-LMTO-ASA calculations.

To have a better feeling for the differences between the
behavior of the moment at the Fe impurity in trivalent Al and
divalent Zn and Cd we have performed non-spin-polarized
calculations and obtained the LDOS per spin at the Fermi
level N(Eg) for several values of the lattice relaxation. The
stability of the impurity moment is usually relafetf?®to
the local density of states at the Fermi leWHEg) at the
impurity site and the Stoner parameter | through the Stoner-

FIG. 2. RS-LMTO-ASA results for the local magnetic moment like criterion | -N(Eg)>1. If the result forN(Eg) at the
of Fe in Cd(triangles and Zn(circles as a function of the radial impurity site, obtained in absence of spin polarization, is
first-neighbor relaxation towards the impurityr units of the per-  |arger thanl %, the impurity is expected to develop a local
centage of the NN distankeFor easy reference we also show the magnetic moment. In Fig. 3, we show the non-spin-polarized
results for Fe in Al(squares obtained usin@eyp. LDOS for substitutional Fe in AIFig. 3@)], Zn [Fig. 3(b)],

and Cd[Fig. 3(c)] for several values of first NN relaxation
values of the lattice relaxation. As in the case of A|’ On|y around the Impurlty The horizontal solid line I’epl’esents the
relaxation of the first NN shell was included. The 12 Zn andlimiting valuel ~* for the local density of states at the Fermi
Cd impurity NN were relaxed radially towards the impurity level N(Eg), above which, according to the Stoner-like cri-
by a given percent of their unrelaxed distance to the impurityierium, the impurity should develop a local magnetic mo-
site. For easy reference we also show in Fig. 2 the results fdnent. Here, the LSDA value of 0.068 Ry given by J&fiak
Fe in Al, obtained using.,, and already shown in Fig. for the Stoner constamtof Fe was used. It is clear from Fig.
1(a). It is clear that there is a systematic tendency for the3 that the Stoner condition is well satisfied for Zn and Cd
impurity moment to decrease as the value of the relaxation i§0sts in the absence of lattice relaxation around the impurity,
increased, but for Cd and Zn hosts the decrease is small afdit barely satisfied in the case of Al host. As the lattice
the impurity moment remains significantly large for all rea- relaxation is introduded, the resonance gets broader and the
sonable values of the relaxation. Unrealistic relaxations, irvalue ofN(Eg) decreases. In the case of Cd and also Zn, the
excess of 10%, would be needed for the Fe moment to VanStoner condition continues to be satisfied, but for Al it ceases
ish in Zn, and even larger values would be required in thdo be fulfilled and the impurity moment vanishes.
case of Cd. Since Cd and Zn have hcp stuctures, we have Our results indicate that in the case of substitutional Fe
also changed the/a ratio by relaxing the NN in the impurity impurities in Zn and Cd, the introduction of lattice relaxation
plane while keeping the others at the unrelaxed position, butas no drastic effect on the magnetic properties, and the local
no drastic decrease of the local moment was observed. Otitoment at the Fe site remains significantly large for all rea-
calculations also show that the local moment is not verysonable values of relaxation around the impurity. The theo-
sensitive to small variations of the lattice parameter_ It iSretical results indicate that the substitutional Fe |mpUr|ty in
interesting to compare the behavior of the Fe impurity inCd and Zn is magnetic and that the local moments are rea-
divalent hcp Zn and Cd and in trivalent fcc Al. THeband in -~ sonably large. We suggest that the lack of significant mag-
Cd and Zn is deep and interacts very little with thiI8vels netic response observed experimentally in the measured tem-
of the Fe impurity, which are close to the Fermi level. In thisPerature range is due to SF and extremely highvalues in
sense, when@impurities are considered, Zn and Cd behavethese systems. .
as simple metals. As in other simple metéiscluding Al), Finally, we should stress that the present calculations are
the LDOS at the Fe impurity is dominated by a resonant 3 valid _for_ subst|t_ut|onal impurities. _Fe is e_xpected to enter
peak, which will be broadened by hybridization withp substitutionally in th_e _Zn Iatt|ce_ as it does in t_he c_ase_of Mo
electrons. The existence of a local impurity moment can the@nd Tc, hosts of similar atomic size. The situation is less
be simply understood by using the concept of the virtuallear in thg case of Cd,.WhICh. is S|m|lar in size to Zr where
bound state introduced by Friedel. Within this model, differ- both substitutional and interstitial Fe sites are known to be
ences in lattice structurécc for Al and hcp for Cd and Zn occupied. But since Fe atoms in int_erstitial sites are very
are probably less important than the differences in electroni€ompressed, they usually have negative values of the isomer
density associated with free-electron-like states of the hosghift IS as observable in the Msbauer effect. Early Ms-
when determining the LDOS and magnetic properties at thbauer daté for Fe impurities in Cd and Zn show large posi-
impurity site. Recent self-consistent calculatiGhahere the  tive values for the IS, indicating that the Fe impurity occu-
free-electron-like states were introduced using a jelliumPi€s substitutional sites in bo_th hosts. It would be interesting
model, show that the electronic density associated with valO repeat the experiments using the more modern “in beam”
lence free-electron-like states of the host p|ays a very importeChnlqueS to Verlfy whether ;Ignlflcant interstitial site occu-
tant role in the formation of local impurity moments, with Pation could also be present in these hosts.
lower electronic densities favoring impurity magnetism. The
electronic density of the hostlefined here as the number of
s andp valence electrons per unit volumis larger in triva-
lent Al than in divalent Zn and Cd. Therefore, if the simple  We have performed electronic structure calculations in
concept of virtual bound states is used, we find that the tenerder to investigate the magnetic behavior of substitutional

A FeinCd
® FeinZn
B FeinAl
0 T T T T T T T T T T T
-6 -5 -4 -3 -2 -1

Displacement of First NN (%)

V. CONCLUSIONS
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Fe impurities in Al, Zn, and Cd as a function of the lattice lattice relaxation around the impurity. The moment of Fe in
relaxation around the impurity. We find that for substitu- Zn decreases from 2u in the absence of relaxation to
tional Fe in Al, the magnetic properties depend strongly or2.0ug When a relaxation of 6% is assumed. The decrease is
the value of the lattice parameter used for fcc Al. When theeven smaller for substitutional Fe in Cd where we find that
theoretical lattice parameter of Ref. 10 is used, the Fe mothe moment goes from an unrelaxed value ofu%0 a
ment vanishes for relaxations of 3.5%, comparable to th&alue of 2.5.5 when a relaxation of 6% is included. We
value of around 3% obtained by the full potential KKR-GF, conclude that in the case of Zn and Cd hosts, the substitu-
which indicates that the Fe impurity in Al is nonmagnetic. ional Fe impurity should retain its local magnetic moment in
But when the experimentally observed value of the lattice"® Presence of lattice relaxation around the impurity. These
parameter of fcc Al is used in the calculations, the impurity€SUltS suggest that the lack of significant magnetic response
moment decreases drastically, but vanishes only for ver bserved experimentally in the measured temperature range

large values of the assumed relaxation, in excess of 5.59 © due to SF with higiTy values in these systems. In con-

These values are not compatible with experiment, indicatin Iusio_n, our results_ indica_te that a des_cription In terms of SF
that the Fe impurity may retain some moment and that fur< nd highTy valu_es IS appllcable to F_e In Z_n_anq Cd and may
ther investigation is needed to rule out the existence of SEISO D€ appropriate to describe Fe impurities in Al.
with a highTy in this system.
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