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Abstract. We present first-principles calculations of hyperfine fields of heavy impurities in bcc
Fe. In particular, the effect of lattice relaxations on the calculated hyperfine fields are studied. The
calculations are based on a full-potential Korringa–Kohn–Rostoker Green’s-function method for
defects and employ the local spin-density approximation for the exchange and correlation effects.
The calculated lattice relaxations around the 5sp and 6sp impurities in Fe are found to be relatively
small, for the first and second nearest neighbor shells less than 6% of the nearest neighbor distance.
Also the estimated relative volume changes induced by the sp impurities are found to be around
60–95% of the elementary volume of Fe, surprisingly small in view of the large atomic volumes of
the impurities. The calculated hyperfine fields of 5sp and 6sp elements are compared with available
experimental data and it is shown that the inclusion of lattice relaxations in the calculation improves
the agreement with experiments.
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The hyperfine fields of impurities in the ferromagnetic hosts Fe, Co, and Ni have
been extensively studied and a huge amount of experimental data exists [1, 2]. The
present calculations are motivated by recent measurements [3, 4] of the hyperfine
fields of Cs and in particular of Fr in Fe. The measured hyperfine field of Fr is a
factor of five smaller than the previous KKR calculations [5–7] predicted, which
were, however, based on spherical potentials, i.e., using atomic sphere approxima-
tion (ASA), and neglected the impurity induced lattice relaxations. These lattice
relaxations are in fact long ranged and lead to a volume change of the crystal.
Many defect properties are influenced by these and a detailed understanding of
these properties is still far from complete. In order to learn more about these effects
in metals, in particular for very large impurity atoms, we present in this paper KKR
calculations for impurities of the 5sp and 6sp series in bcc Fe for which particularly
large lattice relaxations are to be expected.
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Table I. Impurity-induced volume changes in bcc Fe. Shown are the
relative volume changes �V/V0 (percent of the elementary volume
V0 of Fe) induced by the 5sp and 6sp impurities

Cd In Sn Sb Te I Xe Cs Ba La

�V/V0 66 68 66 63 61 64 69 79 89 86

Hg Tl Pb Bi Po At Rn Fr Ra Ac

�V/V0 72 84 87 88 90 89 93 96 96 91

Our calculations are based on the density-functional theory with the exchange
and correlation effects being treated in the local spin density approximation (LSDA)
[8]. The calculations are performed using a full-potential KKR Green’s-function
method for defects, which is ideal for the case now studied, i.e., iron alloys in
the dilute limit. The theoretical LSDA lattice constant 5.204 a.u. and an angular
momentum cutoff �max = 4 for the Green’s function and for the radial functions
are used. The potentials of five neighboring shells of Fe atoms are allowed to be
perturbed, so that in total 59 perturbed potentials are recalculated self-consistently
in the impurity iterations. Lattice statics methods are used to describe the long
ranged relaxations and to speed up the determination of the final positions of the
atoms from the ab initio forces, which are calculated using an ionic version of the
Hellmann–Feynman theorem [10]. The hyperfine fields are calculated both at the
ideal and the fully relaxed positions in order to study the effect of lattice relaxations
on the fields. We calculate the hyperfine fields by using the relativistic generaliza-
tion [11] of the contact term and neglect the orbital contribution in line with the
scalar relativistic approximation used in our calculations. Since the considered sp

impurities have no genuine magnetic moments, the orbital contributions should be
very small. Moreover the dipolar contributions vanish for the impurities due to the
cubic symmetry of their surroundings.

The impurity induced lattice relaxations are found to be relatively small. For
the 5sp impurities the first nearest neighbor (NN) atoms relax outwards 3.0–4.5%
of the NN distance whereas for the larger 6sp atoms the relaxations are somewhat
larger (3.5–5.3%). The calculated relative volume changes �V/V0 obtained from
the lattice statics model are presented in Table I (V0 is the elementary volume
of Fe). Note that a 4.0% relaxation outwards corresponds to a change of the NN
shell volume about 0.65V0. These changes can also be experimentally obtained
from lattice parameter measurements but for the most now studied defects the
low solubility (if any) makes these measurements impossible. The largest relative
volume changes are about 90%V0, which are really small compared to the huge
atomic volumes of these impurities, which are, e.g., for Cs or Fr, up to 10–12 times
larger than that of Fe. Even though the uppermost sp electrons of the impurity
atoms are in the conduction band of the host, the positive ions left at the lattice
sites are much larger than the iron ions and in terms of elasticity language one
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Table II. The calculated hyperfine fields of 5sp and 6sp impurities in Fe. Shown are the
full-potential KKR values calculated both at the ideal (FP ideal) and the fully relaxed
(FP relax.) positions. The KKR-ASA values taken from [7] and the experimental ones
from [1–4] are also shown. All values are in tesla

Cd In Sn Sb Te I Xe Cs Ba La

Exper. −30 −28 −10 +21 +70 +114 +160 +27 −10 −46

FP relax. −31 −26 −13 +11 +48 +122 +135 +80 −10 −35

FP ideal −30 −24 −13 +5 +33 +92 +127 +113 −6 −41

ASA −39 −34 −21 +3 +36 +78 +128 +160 +4 −43

Hg Tl Pb Bi Po At Rn Fr Ra Ac

Exper. −80 −20 +28 +119 +238 +254 +170 +95 −13 −30

FP relax. −81 −53 −1 +90 +218 +365 +394 +99 −81 −127

FP ideal −78 −56 −20 +46 +141 +266 +393 +224 −77 −145

ASA −101 −74 −23 +51 +146 +261 +386 +477 −28 −198

could therefore classify the sp impurities as highly compressible. This behavior is
very different from the one found for 3d and 4d impurities in Cu, for which the
volume changes scale reasonably well with the atomic volumes of the impurities
introduced into the Cu host by substitution.

The calculated hyperfine fields of the 5sp and 6sp substitutional impurities
in bcc Fe are compared with experiments and earlier KKR-ASA calculations in
Table II. It is seen that both the full-potential and the ASA calculations give almost
identical hyperfine fields at the beginning of the series up to the rare gas atoms.
Contrary to this, at the beginning of each row in the periodic table the ASA trend
differs considerably from the full-potential one. This is the critical region within
each row, where the hyperfine fields change dramatically between neighboring ele-
ments and where therefore numerical details of the calculations could become very
important. It can also be seen from Table II that the inclusion of lattice relaxations
substantially improves the agreement with the experiment. This is particularly true
for the sp-impurities in the first half of the series, where the hyperfine field is
increased due to lattice relaxations. On the other hand for the later sp-impurities
the experimental hyperfine fields for the sp-impurities are not that well reproduced,
especially in the 6sp series there are large discrepancies for At, Rn as well as for
Ra and Ac.

In summary, we have performed calculations of the lattice relaxations and the
hyperfine fields of heavy sp impurities in iron. The calculated lattice relaxations
around the 5sp and 6sp impurities are relatively small, for the first and second NN
shells less than 6% of the NN distance and the volume change induced by these
impurities was found to be around 60–95% of the elementary volume of Fe. The
calculated hyperfine fields of 5sp and 6sp substitutional impurities reproduce the
experimentally observed trend qualitatively well and also the quantitative agree-
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ment is good for the most of the impurities. The inclusion of lattice relaxations in
the calculations was also seen to improve the overall agreement of the calculated
results with experiments.
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