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Magnetic Behavior of Fe Impurities in Tc and Re, and Its Relevance to the General Problem
of the Magnetism of Fe ind-Band Metal Hosts
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We have observed implanted Fe ions to be nonmagnetic in the group VIIb hosts Tc and Re, by
applying the in-beam perturbed angularg-ray distribution method. This result is in agreement with
local spin density calculations for Fe in Tc using both supercell and single impurity approaches. The
results are of key importance for a reasonable and consistent understanding of the basic, general features
of local magnetic moment formation on Fe ions in transition metal hosts. [S0031-9007(96)01284-7]

PACS numbers: 75.20.Hr, 71.15.Mb, 76.80.+y
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An important and fundamental question is wheth
or not a transition metal atom dissolved in a me
host forms a local magnetic moment. Qualitative
the existence of magnetic moments depends on
subtle competition between theintra-atomic Coulomb
interactions responsible for Hund’s rules, andinter-atomic
interactions with the host band electrons. Extrem
dilute systems and the problem of local moment format
of 3d impurities in nonmagnetic hosts have been
object of intense interest because the interactions
impurity d states with the hosts, p, and d bands can be
studied rigorously.

Early systematic work was due to Clogstonet al. [1],
who addressed the local moment formation of Fe
purities dissolved in the 4d transition metal hosts. Th
observed complicated host dependence of local mom
formation could not be satisfactorily reproduced by sim
theories based on the Friedel-Anderson [2] or Wolff
models, and the mechanism governing local moment
mation remained insufficiently understood.

Recently, both the experimental and the theoretical
sis for studying local moment formation on magnetic i
purities (in particular, for Fe) in metallic hosts have be
improved considerably. Experimentally, many more s
tems have been investigated in a reliable manner, pa
by the application of the time differential perturbedg-ray
angular distribution method (TDPAD), which has ma
even nonalloying impurity-host combinations accessib
Such studies have yielded qualitatively different featu
for the behavior of Fe insp metal hosts as compared
d-band metal hosts [4]. On the theoretical side, progr
in understanding local magnetic moment formation
been due mainly to sophisticated calculations within
framework of local spin density (LSD) approximatio
theories [5], which for the case of Fe ions have been
06 0031-9007y96y77(13)y2806(4)$10.00
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plied in various forms tod metal hosts [6] and also tosp
metal hosts [7].

It is the aim of this work to study central open questio
concerning the host dependence of Fe magnetism in t
sition metals. Experiments and theory focus on the m
relevant and puzzling cases (as will be argued below):
in Tc and Fe in Re. We apply the TDPAD method
answer the question of whether Fe impurities are re
magnetic in Tc and nonmagnetic in Re. Theoretica
we carry out LSD calculations using supercell as w
as single-impurityapproaches for Fe in hcp and bcc T
based on the flexible real-space linear muffin tin atom
sphere approximation (RS-LMTO-ASA) method [8]. Th
theoretical results can be compared to experiment an
the supercell approach of Beuerleet al. [6].

In contradiction to theory [6], Fe in Tc has been claim
to develop a magnetic moment with a saturation h
perfine field of 7.3 kG [9]. This conclusion was bas
on Mössbauer spectroscopy using samples of coelec
deposited57Co and 99Tc which were subsequently an
nealed. In addition to the difficulties of handling th
radioactive Tc host, this procedure, like any other attem
to produce isolated Fe impurities in a metal by conve
tional alloying, may be dubious when the alloy prep
ration is handicapped by a low solubility and an oft
concomitant high impurity diffusion rate, which can lead
uncontrolled Fe clustering or defect association, e.g., w
dissolved O atoms. These difficulties can be avoided
the application of the TDPAD method (see below). F
the system Fe in Re, a new investigation is necess
since the hitherto available information on the magneti
of Fe in Re essentially relied on one spectrum measure
80 K [4].

A disk of Tc metal was prepared by arc melting com
mercial Tc powder with a nominal purity of 99.8 at. %
© 1996 The American Physical Society
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(no nonmetallic contaminants quoted) supplied by t
Oak Ridge National Laboratory. X-ray diffraction pa
terns showed a clean hcp structure with lattice consta
c  3D4.400s4d and a  3D2.745s2d Å, which agree
well with values reported in the literature. A special e
fort was made to determine the C and O content by p
forming an in-beam activation analysis of the same
sample used for the Fe implantation measurements.
bombarding the Tc sample (and carbon and oxygen co
pounds for range-corrected calibration) with12C beams in
the range of 30 to 40 MeV, we monitored the yield
specific g rays following various fusion reactions, e.g
12Cs12C, pnd 22Na or 16Os12C,pnd 26Al, and determined
the C and O contaminations in our Tc to be less than
and 0.1 at. %, respectively.

The TDPAD experiments were performed at the IS
accelerator of the Hahn-Meitner-Institut in Berlin, using
pulsed12C beam of 42 MeV energy to populate the101,
360 ns isomeric state in54Fe by the heavy ion reaction
45Scs12C, p2nd 54Fe and to implant the Fe probe atom
1 2 mm deep into the Tc and Re (99.99%) hosts. Fro
the spin rotation spectra, hyperfine interactions at the
of the implanted Fe probe can be detected. For detail
the method we refer to Ref. [10]. We point out that th
low concentration (ø1 ppm) of Fe implants combined
with the short time scale of the measurements (20
to 2 ms; see Fig. 1) ensures the study of truly isolat
Fe ions, which are unable to form impurity or defec
associated clusters. The observed low concentration
nonmetallic impurities in our Tc sample also reinforce th
conclusion.

Figure 1 shows spin rotation spectra recorded for54Fe
in Tc and in Re at several temperatures in an exter

FIG. 1. Examples of spin rotation spectra and correspond
Fourier transforms for54Fe in Tc and Re metal hosts, recorde
in an external field of 2 T.
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magnetic field of 2 T. From the observed (nearly ma
mal) anisotropy amplitudes we can deduce that nea
all Fe implants contribute to the spin rotation patte
From the Larmor frequencyvL  3Dh̄21mN Bextb, local
susceptibilitiesb 2 1 can be calculated, leading to ver
small and completely temperature independentb 2 1 (or
Knight shift) values of 0.007(1) for Fe in both Tc an
in Re. The observed temperature-independent damp
(see Fig. 1) is of quadrupolar origin. All these featur
consistently indicate that implanted Fe impurities do n
develop a local magnetic moment either in Tc or in Re.

We first comment on the lattice location of the Fe ion
Based on recent elaborate studies by TDPAD [11] a
in-beam Mössbauer effect [12], the following systema
trends have emerged for the lattice site occupations o
ions recoil implanted into metallic elements: When F
ions are implanted into metallic hosts with a clearly me
surable Fe solubility (e.g., Fe in Au), only substitution
Fe lattice sites can be observed, whereas in hosts
low or vanishing Fe solubility, the implantation proce
usually leads to the occupation of interstitial as well
substitutional Fe lattice sites. The solubility of Fe in T
and in Re can be estimated as being on the border
between alloying and nonalloying systems [13]. In tra
sition metal hosts with lower or comparable Fe solubili
implantation experiments by TDPAD andyor Mössbauer
effect have yielded readily detectable fractions for bo
the substitutional and the interstitial Fe lattice sites,
example, in Ti, Zr, and Hf, in Sc, Y, Nb, Mo [4,11], an
even in completely nonalloying systems such as Fe in
and Pb [11]. These considerations provide a strong ar
ment that the observed nonmagnetic response corresp
mainly to substitutional and (with less confidence) also
interstitial Fe in Tc and Re. For the purpose of this pap
only the substitutional Fe sites are relevant [14].

The theoretical part of this Letter concentrates on
system Fe in Tc, since the nonrelativistic approaches u
are expected to yield more appropriate results for Tc
compared to Re host. In order to elucidate band struc
and lattice symmetry effects on the magnetism of the
impurities, we consider both hcp and (hypothetical) b
Tc hosts. The LSD calculations were performed us
supercell as well assingle-impurityapproaches within the
framework of the RS-LMTO-ASA method (for details o
the scheme, see Ref. [8]). This scheme is similar to
reciprocal space method used by Beuerleet al. [6], but,
when solving the eigenvalue problem, it substitutes a r
space recursion procedure for thek-space diagonalization
with the consequence that the real space scheme
be applied to both isolated impurities and periodic (e.
supercell) systems. In all calculations presented he
large clusters of 1600 atoms or more have been use
simulate the solid. The supercell calculations allow
consistency check with the supercell results of Ref. [
The single-impurity approach is closer to the real physi
situation and additionally provides a sensitive test
2807
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possible shortcomings of the supercell method, wh
actually represents calculations for an alloy with a rath
high effective Fe concentration.

The real space supercell results show no Fe momen
Fe in hcp Tc, while a rather high Fe moment of2.36mB

is found in bcc Tc (a0  3D3.058 Å, as in Ref. [6]).
Both results and also the local density of statesNsEd
are comparable with the predictions of Ref. [6], whic
yielded no moment in the hcp andmFe  3D2.03mB in
the bcc structure of Tc.

The results forNsEd of Fe in hcp and bcc Tc obtaine
in the single-impurity calculations are plotted in Fig.
The gross features ofNsEd for the two crystal symmetries
obtained by the single-impurity and supercell approac
are found to be similar (Fig. 2). The single-impurit
calculations yield no Fe moment in hcp Tc and a mom
of 2.75mB in bcc Tc, the latter somewhat larger compar
to both the supercell results under consideration. T
reasonable agreement between the results obtained
the supercell and the single-impurity calculations is
no means trivial since, e.g., the charge transfers
corresponding electrostatic potentials are quite differ
in the two situations. But in a self-consistent calculatio
the charge transfers and potentials adjust themselve
prevent large, unphysical charge accumulation at a
particular region in the metal. Since both the calculatio
are self-consistent, they place the bands (in particular,
d bands, with their large densities of states near the Fe
energy) at similar positions. This, and the fact that
transition metalsNsEd is dominated by thed contribution,
helps to explain the similar shapes ofNsEd obtained from
the supercell and single-impurity calculations (see Fig.

The main reason for the existence of Fe moments in
Tc and for the nonmagnetic behavior of Fe in hcp Tc

FIG. 2. Calculated local DOS curves for Fe in bcc Tc (le
and in hcp Tc host (right). The upper plots show the DO
of the pure host, the lower plots the DOS for Fe in Tc. F
curves represent supercell calculations for FeTc7; dashed curves
represent single-impurity results.
2808
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the different shape and location of the local Fe 3d states in
the two lattices, arising mainly from two major influence
as can be seen from a comparison of the results sh
in Fig. 2. Basically, NsEd at the Fe impurity adopts
the shape of the characteristic host bands for the gi
symmetry, but there is also a certain redistribution with
NsEd. Compared to the larger-volume host, the le
extended Fe 3d states are hybridized more weakly wi
the Tc 4d states, leading to narrower Fe 3d bands with
a suppressedNsEd at the lower band edges and high
peak densities near the Fermi level. As a conseque
the local NsEd for Fe in a bcc Tc lattice shows tw
pronounced peaks with the Fermi levelEF located at the
upper Eg peak. In the hcp Tc lattice, in contrast, th
Fermi level is positioned well above a dominant pea
in a region of low NsEd. These large differences i
the values ofNsEFd are decisive for the occurrence o
Fe moments according to the Stoner criterionINsEFd $

1; I is the host independent exchange integralI 
3D0.068 Ry (the same value used in Ref. [6]). They a
the main reason why all calculations suggest magnetic
in the bcc structure, but not in the hcp structure. O
supercell calculations giveINsEd  3D0.60 and 1.3 for
the hcp and bcc Tc hosts, respectively. From the isola
impurity approach, we findINsEd  3D0.52 for Fe in
hcp and 1.9 for Fe in bcc Tc.

Thus all LSD predictions for Fe in hcp Tc consisten
yield a rather small value for the Stoner criterion, which
turn predicts nonmagnetic Fe behavior. Our experim
tal finding of nonmagnetic Fe ions in hcp Tc removes
previously existing serious discrepancy between exp
ment and theory. Almost certainly, the earlier discrep
cies for Fe in Tc and also for Fe in Zr [11] were due
erroneous experimental results using inadequate sam
preparation techniques. LSD methods seem to be w
suited for calculating the electronic structure and the m
netic properties of these extremely dilute transition me
alloys, where the tendency of the localized Fe 3d states to
form a magnetic, i.e., spin split, electronic structure c
be explained along the lines of itinerant band magnet
using a local Stoner criterion. Combining the results
this work with those of Ref. [6], complete consistency b
tween experimental and theoretical results for Fe mom
formation throughout the 4d metal host series is estab
lished, thus confirming convincingly that the occurren
of Fe moments in these hosts strongly depends on the
host lattice structure and hostd-band symmetry.

Encouraged by this basic understanding of Fe mome
in 4d metal hosts, we now wish to generalize o
discussion to Fe magnetism in 5d and in nonmagnetic 3d
metal hosts. As far as we know, no theoretical predictio
are available for Fe in 5d metals, while Fe in Ti and
Cu has been calculated to be magnetic [5], in agreem
with experiment. As can be seen by inspection of Fig.
without exception the existence or nonexistence of
moments in 3d, 4d, and 5d elements occurs groupwise
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FIG. 3. Occurrence of local Fe moments in 3d (squares),
4d (triangles), and 5d (circles) transition metal hosts, as
function of host volumes and lattice symmetries. The so
symbols indicate magnetic Fe impurities, open symbols indic
nonmagnetic impurities.

i.e., Fe is magnetic in hcp Sc and Y [11], in hcp Ti, Z
and Hf, in bcc Mo and W, in fcc Rh and Ir, in fcc P
and Pt, and in fcc Cu, Ag, and Au; and nonmagne
in bcc V, Nb, and Ta, in hcp Tc and Re, and in h
Ru and Os. These clear systematic trends indicate
the basic features of Fe local moment formation ind
and 5d metal hosts are dominated by the same lead
interactions as found for the 4d metal hosts. Mos
probably the interaction of the Fe 3d electrons with the
structure- and symmetry-dependent hostd bands governs
via the shape ofNsEd, the intricate host dependence
Fe impurity moment formation in transition metals in
rather general manner. Furthermore, this interpreta
provides a good explanation of the lack of a correlat
of Fe magnetism to the host lattice volume ind metal
hosts (see Fig. 3); such a correlation is found for Fe insp
metal hosts [4]. Apparently, Fe magnetism ind metal
hosts is more decisively governed by the hostd-band
structure than by the changes in host volume, wh
can be rather large (Fig. 3). One might also extrapo
that the magnetism of thin 3d films is determined more
by symmetry effects than by changes in lattice volu
(cf. Ref. [15]). Moreover, in light of the present resul
one is led to conclude that Fe magnetism ind metal hosts
is not dominated by spin fluctuation or Kondo effects
speculated in, e.g., Ref. [4], which are not included
LSD approaches. (At the present level of knowledge
statement cannot be extended to Fe insp metal hosts or
to, e.g., Ce in metals.)

The results of this work yield a consistent and convi
ing picture for the basic features of local moment f
mation on substitutional Fe ions in transition metal ho
Further experimental and theoretical work is necessary
studying finer but important details of the relevant int
actions, e.g., the influence of host lattice volume and
id
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Kondo effect on Fe magnetism. LSD theory can be
plied to study Fe moments and magnetic hyperfine fie
in 5d metal hosts and to test the importance of relativis
effects.
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