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First-Principles Calculations for Interstitial Fe Impurities in hcp Sc, Y, Ti, and Xr

S. Frota-Pessoa, L. A. de Mello, H. M. Petrilli, and A. B. Klautau
Jnstituto de Fisica da Uni versidade de Sao Paulo, CP20516, 01498-970, Sao Paulo, Sao Paulo, Brazil

(Received 19 August 1993)

We have determined the electronic structure around interstitial Fe impurities in hcp Sc, Y, Ti, and Zr.
The self-consistent calculations take lattice relaxation into account and were performed using the recent-
ly developed real space linear muffin-tin orbital scheme. This is the first time that such realistic calcula-
tions have been performed for isolated interstitial impurities in metals. In agreement with experiments,
interstitial Fe was found to be nonmagnetic in these hosts; the calculated isomer shifts on both intersti-
tial and substitutional Fe sites are also in excellent agreement with experiments.

PACS numbers: 71.20.Cf, 75.20.Hr, 76.30.Fc

In recent years, due to advances in experimental tech-
niques, there has been a renewed interest in the problem
of impurities in metallic hosts. In particular, nonalloying
systems can now be investigated, yielding information
about moment formation and hyperfine fields at the im-

purity, as the host is varied throughout the periodic table
[1]. The Fe impurity is especially suited for such studies,
due to its interesting magnetic behavior and its flexibility
when used as a probe. Several Fe impurity systems have
been studied by combining time diff'erential perturbed an-
gular distribution (TDPAD) or in-beam Mossbauer spec-
troscopy (IBMS) methods with heavy ion recoil implan-
tation of the impurity [1,2]. The results often show that
the Fe impurity occupies more than one type of site, and
the sites can have distinct magnetic and hyperfine proper-
ties. Theoretical results are important to understand
these diff'erences and identify the sites. Calculations for
substitutional Fe in many hosts using different techniques
are now available [3-5]; however, interstitial impurities
break the structural symmetry of the Bravais lattice and
often induce changes in the position of neighboring
atoms. These features (due to practical problems or in-
trinsic limitations of the techniques) are difficult to in-

corporate in most of the existing methods and thus calcu-
lations for the interstitial sites could not be performed.
The recently developed real space (RS) linear muffin-tin
orbital atomic sphere approximation (LMTO-ASA)
scheme [5,6] does not require any symmetry and can be
used in the presence of lattice relaxation. Therefore it al-
lows the study of both substitutional and interstitial im-
purities in metals.

Here we study the behavior of Fe in hcp Sc, Y, Ti, and
Zr. These systems have been investigated recently using
both TDPAD and IBMS, yielding interesting results. In
all four hosts, two Fe sites with very different characteris-
tics were observed [1,2,7]. The TDPAD experiments
[1,7] indicate local moment formation at one of the Fe
sites, while the other is found to be nonmagnetic. At one
of the Fe sites the isomer shift is positive, but unusually
large negative values are found at the other site [2,7].
Through theoretical calculations and empirical argu-
ments, the magnetic site was associated with substitution-
al impurities, but several questions were left unanswered:

Why is the interstitial site nonmagnetic? Could this be
due to a broadening of the peaks in the Fe local density of
states due to larger overlap with neighbors? Is it reason-
able to assume that the Fe impurities occupy an octahe-
dral interstitial site in the hcp structure? Why are the
values of the isomer shift so different at the two Fe sites?
To address these questions in the present paper, we use
the RS-LMTO-ASA scheme to determine, within the lo-
cal spin density functional formalism, the electronic
structure around Fe impurities in hcp Sc, Y, Ti, and Zr.
The calculation is self-consistent and for the interstitial
site, first-neighbor relaxation is included. This is, to our
knowledge, the first time that such realistic calculations
have been performed for isolated interstitial impurities in

metals.
There are several ways of treating local perturbations

within a first-principles approach [3,4,8]. One can use
supercells in conjunction with standard reciprocal space
methods, perform calculations for relatively small clus-
ters, or use the Green's function (GF) approach within
some well established formalism such as the Kohn-
Korringa-Rostoker (KKR) or the LMTO. The Green's
function describes correctly the embedding of the defect
in the crystal and has been widely used to treat isolated
impurities in metals. Substitutional impurities, which oc-
cupy a regular site of the Bravais lattice, are very well de-
scribed within the Green's function formalism [3]. Inter-
stitial sites in open structures such as the diamond struc-
ture of Si can also be treated, since the interstitial regions
may be taken to be empty spheres when calculating the
electronic structure of the host [9]. But metallic systems
usually form closely packed structures and the inclusion
of empty spheres tends to misrepresent the electronic
structure of the host. The procedure may be used when
no lattice relaxation is included, but even then only if the
impurity atomic size is very small compared to that of the
host [8]. In most cases, when interstitial impurities or
self-interstitials in metals are considered, these conditions
are far from satisfied and a more flexible approach is
desirable. The RS-LMTO-ASA scheme is based on the
well known LMTO-ASA formalism [10] and uses the re-
cursion method [11]. The procedure is very similar to the
usual reciprocal space LMTO-ASA formalism, but when
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solving the eigenvalue problem to find the density of
states, we substitute the k-space diagonalization by the
real space recursion procedure. To avoid surface eAects,
large clusters of more than one thousand atoms are used.
The RS-LMTO-ASA scheme has been tested with suc-
cess in several metallic systems, and the results are in

good agreement with those obtained using well estab-
lished methods [5,6]. When applied to substitutional im-
purities in metals it yields results which agree well with
those obtained with the KKR-GF formalism [5].

The RS-LMTO-ASA scheme is a linear method and
makes use of the atomic sphere approximation, where the
space is divided into Wigner-Seitz (WS) cells, which are
then approximated by WS spheres of the same volume.
To obtain the tight binding form of the Hamiltonian used
in the real space formalism, the average WS sphere ra-
dius is used. In the case of interstitial impurities, the
average WS radius in the impurity region is smaller than
that of the rest of the system. Minor changes were made
in the codes to describe correctly the basis functions for
the LMTO-ASA most localized representation in this
case [12]. In the present work, clusters of 1400 atoms,
cut in order to keep the atoms of interest at a maximum
distance from the surface, were used for both interstitial
and substitutional impurities. For Sc, Zr, and Ti, a c/a
ratio of 1.59 was used together with the experimental
values for the lattice constant a. The c/a ratio is smaller
in Y and the value 1.57 was taken. In all cases the im-
purity and its first shell of neighbors were treated self-
consistently; the impurity and 12 neighbors (of two ine-
quivalent types) in the substitutional case and the impuri-
ty and 6 neighbors (again of two types) in the interstitial
case. The potential parameters of the remaining sites
were fixed at bulk values. We have placed the interstitial
site at the center of the octahedral void of the hcp struc-
ture. The Fe impurity is large and lattice relaxation must
be included; here the first neighbors were relaxed radially
by 10% of their distance to the impurity. The displace-
ment is towards a neighboring void and not directly to-
wards an occupied site. To work within the ASA, we
have to define a WS sphere radius around all sites. These
are well defined in the substitutional case, since the Fe
occupies the site of a host atom, with the same WS
sphere. In the interstitial case, the Fe impurity and its 6
neighbors occupy together 6 times the volume of a host
WS sphere, but to make the choice unique we need an
additional constraint. Here we chose the size of the WS
radius to assure approximate charge neutrality at the in-
terstitial Fe site [8]. Finally, in the present nonrelativis-
tic calculations an exchange and correlation term of the
form proposed by von Barth and Hedin was used [13].

Our calculations show that, in agreement with experi-
mental evidence [1,2,7], the Fe impurity in Sc, Y, Ti, and
Zr exhibits large local magnetic moments for substitu-
tional sites and is nonmagnetic on interstitial sites. The
substitutional sites will be discussed in detail in a future
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paper. Here we only mention that the "up" band in the
local density of state (LDOS) of substitutional Fe in Sc
and Y shows a very sharp peak at energies 2.5 eV below
the Fermi level, while for Zr and Ti a much wider peak is
observed at similar energies. In all cases, the "down"
band has broad features around the Fermi level. Non-
spin-polarized calculations in these systems yield high
values of the LDOS at the Fermi level for the impurity
site, and the Stoner criterion for magnetism is well
satisfied.

In Fig. 1 we show the LDOS at the interstitial Fe site
in Sc, Y, Ti, and Zr. In all cases the sharp peak which
appears in the LDOS is part of a very broad d band
which extends itself far above the Fermi level. It is clear
that the naive picture, which attributes the lack of mo-
ment formation to the broadening of the peaks in the Fe
LDOS as a result of compression, is incorrect. The peaks
in the Fe LDOS at the interstitial sites are actually much
sharper than those of the substitutional site in the corre-
sponding non-spin-polarized calculation, but appear at
energies further from the Fermi level. Therefore, the
LDOS is very low near the Fermi level (see Fig. 1) and
moment formation at the interstitial Fe site is not
favored. In Table I, we show calculated values for the
isomer shift at the Fe impurity nucleus in Sc, Y, Ti, and
Zr for both substitutional and interstitial sites. Details of

TABLE I. Isomer shift in mm/s for substitutional and inter-
stitial Fe impurities in Ti, Zr, Sc, and Y hosts.

Substitutional
Theory Expt.

Interstitial
Theory Expt.

Tl
Zl
Sc
Y

+0.03
+0.16
+0.18
+0.27

+0.06'
+0.17'
+0.20'
+0.29

—0.75
—0.58
—0.49
—0.35

—0.78'
—0.58'
—0.52'
—0.48b

'From Ref. [2].
From Ref. [71.

ENERGY (eV)

FIG. 1. Calculated LDOS at an interstitial Fe impurity in
Sc, Y, Ti, and Zr hosts. Scale relative to the Fermi energy.
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the procedure used in the isomer shift calculations can be
found elsewhere [14]. To convert the charge densities at
the nucleus into isomer shift values, standard factors
which vary between —0.22a0 mm s ' and —0.25ao
mms ' are found in the literature [15]. In the present
calculations following Akai et al. , a standard factor of
—0.24ao mms ', appropriate to nonrelativistic calcula-
tions, was used.

In Table I, the values of the isomer shift are arranged
according to host size or WS radius. Taking Sc as refer-
ence, the WS radius is roughly 2% smaller in Zr, 10%
smaller in Ti, and 10% larger in Y. Experimental IBMS
values [2,7] for the isomer shift are also shown for com-
parison. The overall agreement is excellent and the trend
is clear. As the Fe atom is compressed into smaller
volumes, the isomer shift becomes more negative, indicat-
ing a larger electron density at the nucleus. Our results
show that the core contribution to the isomer shift is

roughly the same for interstitial and substitutional Fe
sites in a given host. The large observed difterences in

isomer shift are mainly due to the contribution of valence
(4s) electrons, which is positive for substitutional Fe sites
and negative for interstitial Fe sites. The increase of the
electron density at the nucleus can be associated with an
increase of the value of the 4s radial part of the 4s orbital
at the nucleus. This larger value at the nucleus, rather
than an increase of the s occupation, is responsible for the
negative sign and unusually large magnitude of the iso-
mer shift at interstitial sites. We note that isomer shift
values for the interstitial Fe site in Y show the largest
discrepancy between calculated and experimental results.
Since Y has the largest octahedral voids, we performed in

this case calculations using a smaller first-neighbor relax-
ation, about 7% of the first neighbor distance. The varia-
tion in the isomer shift values was very small (around
0.03), indicating that the discrepancy in the Y host can-
not be accounted for by lattice relaxation. Finally, we
would like to use our results to comment on local moment
formation in interstitial sites, where the impurity is much
more compressed than in substitutional ones. It is clear
from the figures that as the valence of the host decreases
from 4 in Ti and Zr to 3 in Y and Sc, the peak in the Fe
LDOS moves towards the Fermi level. The trend sug-
gests that local magnetism at interstitial Fe sites is more
likely to be found in hosts with two valence electrons than
in those studied here; recent experimental evidence for a
Yb host supports this hypothesis [16]. Motivated by the
results, we performed non-spin-polarized calculations for
an Fe impurity on an octahedral site in fcc Yb, with
first-neighbor relaxation included. The LDOS at the Fe
impurity shows a peak, but continuing the trend of Fig. 1,
it is now only 0.4 eV below the Fermi level. Preliminary
spin-polarized calculations for interstitial Fe in Yb indi-
cate local moment formation at the Fe impurity. We
note that, in contrast with the isomer shift at the non-
magnetic sites, the value of the local moment is strongly

dependent on lattice relaxation. Finally, to complete our
investigation, we should examine the behavior of the peak
in the impurity LDOS as the number of valence electrons
of the impurity is changed. Therefore, we have per-
formed non-spin-polarized calculations for interstitial Cr
and Ni impurities in the Sc host, including first-neighbor
relaxation. From the results shown in Fig. 2, we see that
the peak in the impurity LDOS moves towards the Fermi
level as the valence of the 3d impurity is reduced, favor-
ing the occurrence of local moments at the impurity site.
Of course this is only true if the impurities occupy the
same interstitial site: Being of similar size, Cr, Fe, and
Ni probably all occupy the same position. But this might
not be true when, for example, a self-interstitial in Sc is
considered.

In summary, we have shown that the RS-LMTO-ASA
scheme can be used to obtain the electronic structure
around interstitial impurities in metals, in the presence of
lattice relaxation. The present results should encourage
the application of the RS-LMTO-ASA scheme to prob-
lems with similar characteristics, not easily solvable by
other approaches. Our calculations for Fe impurities in

Sc, Y, Ti, and Zr hosts show that, in agreement with ex-
periment, substitutional sites exhibit local moments, while
interstitial sites are nonmagnetic. We find that the
LDOS at the interstitial Fe site shows a sharp peak below
the Fermi level. The lack of moment formation at this
site is due to the low values of the LDOS close to the Fer-
mi level and not to broadening of the peaks in the LDOS
of Fe as a result of compression. Our results show that
the sharp peak in the LDOS of interstitial Fe moves to-
wards the Fermi level as the number of valence electrons
of the host decreases. The same behavior is observed
when the number of valence electrons of the 3d intersti-
tial impurity is decreased, for a given host. These trends
suggest that local moment formation at Fe interstitial
sites are more likely for hosts with two valence electrons
than in the ones studied here. Results for interstitial Fe
in Yb support this hypothesis and similar systems should
be investigated. Our results also indicate that 3d impuri-
ties with lower valence than Fe could yield magnetic in-
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FIG. 2. Calculated LDOS at interstitial Ni, Fe, and Cr im-

purities in hcp Sc. Scale relative to the Fermi energy.
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terstitials in Y or Sc, and should be investigated in this
context. Finally, we have obtained the isomer shift at the
Fe impurity in Sc, Y, Ti, and Zr hosts, and find agree-
ment with experimental values for both sites.
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