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Hyperfine fields and local lattice relaxation at 4d and 5sp impurities in bcc iron
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The magnetic hyperfine fieldsBh f for the 4d and 5sp elements Rb through Xe at the substitutional site in
ferromagnetic iron were derived fromab initio calculations of the electronic structure. The full-potential
linearized augmented plane-wave technique for Fe15X supercells was used for a density functional with
generalized-gradient corrections. The influence of lattice relaxation on the position of the nearest neighbor to
the oversized impurities was calculated self-consistently. The values obtained forBh f are in most cases in
excellent agreement with the experimental results, except for Rb and Sr. For the series Ag through Xe
systematic calculations with different choices for the density functional and also a larger supercell (Fe31X),
where the position of the second neighbors could be relaxed as well, gave only slightly different results. The
calculated impurity-induced volume changes and magnetic moments account well for available experimental
results from lattice constant data and magnetization measurements, respectively.
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I. MOTIVATION

Hyperfine interaction techniques, based on the obse
tion of the coupling between nuclear moments and inter
fields, have been widely used to study condensed matte
an atomic scale. The magnetic hyperfine fields at impuri
in the simple ferromagnetic metals Fe, Co, Ni, and Gd,
particular, can be measured with a wide variety of expe
mental methods. A very abundant amount of data materia
therefore available in the literature.1 In this paper we dem-
onstrate that the experimental trends can now be quan
tively reproduced withab initio full-potential band-structure
calculations even for rather heavy elements.

The early attempts towards a qualitative understanding
hyperfine fields at impurities in metals,2 particularly in iron,
were stimulated by the rather complete series of experim
tal data available for the 4d and 5sp impurities treated in
this work. Numerous parametrized treatments have been
ported in the literature.3,4 All of them are able to reproduc
the strongZ dependence qualitatively by adjusting para
eters. The experimental trend could also be qualitatively
produced byab initio calculations using a cluster model.5,6 A
breakthrough in the theoretical understanding was achie
for lighter impurity elements in particular, when th
parameter-free density-functional method in the Green
function KKR version was applied to the problem of hype
fine fields in ferromagnets.7–9 A comprehensive review is
given in Ref. 10. For the heavier impurities of the 4d and
5sp series these pioneering calculations have, however,
reproduced the experimental data. As possible reasons
this failure neglect of the lattice relaxation about the impur
or lack of a fully self-consistent treatment of the potentials
the neighboring atoms have been suggested.

In order to apply an independent computational proced
to this problem we have started to calculate the magn
hyperfine fields at impurities in Fe using a supercell meth
The full-potential linearized augmented plane-wav
PRB 620163-1829/2000/62~1!/461~7!/$15.00
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~FLAPW! technique11,12 based on density-functional theory
in particular, has been highly successful in calculating va
ous properties of solids, including the hyperfine interaction
nuclei.13,14 In recent years the computing power available
well as the improvement of the code efficiency have re
dered the application of supercell calculations to impur
problems practically feasible. In this contribution we ha
studied the 4d and 5sp elements. These impurities, whe
strong discrepancies between experiments and the earlier
culations had been observed, are still light enough such
a fully relativistic treatment is not necessary. The scal
relativistic approach used in this work should be sufficien

This paper is organized as follows: We first presen
short description of the theoretical methods used, follow
by the numerical results. Next we compare with experim
tal data and earlier calculations. We close with a summary
our conclusions and a short outlook.

II. CALCULATIONS

The theoretical calculations of the electronic structure a
hyperfine fields were performed using the full-potential li
earized augmented plane-waves~FLAPW! method, based on
density-functional theory. We have chosen the compu
codeWIEN97 ~Ref. 15! that has been shown to yield reliab
results for the band structure of various solids. It also allo
the calculation of hyperfine fields.14

The FLAPW method is well suited to calculate the ele
tron distribution in the solid state for periodic structures.
apply it to the impurity problem one artificially constructs
large enough unit cell with one or a few impurity atoms
effectively eliminate their interaction. For precision calcul
tions the required number of atoms is quickly becoming
large for the available computing resources. Particularly
studies of local properties like hyperfine fields in ferroma
netic metals, however, one could imagine using rather sm
supercells. In order to investigate the suitability of this a
461 ©2000 The American Physical Society
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462 PRB 62STEFAAN COTTENIER AND HEINZ HAAS
proach, we have made systematic calculations using a
cells with 15 matrix atoms per impurity. In order to che
that the results are representative for the dilute impurity
cell with 31 matrix atoms per impurity was also used f
some cases. The simple cubic Fe15X cell and 1/8 of the fcc
Fe124X4 ~effectively Fe31X) cell employed in this work are
shown in Fig. 1.

The calculations were performed with the FLAPW co
WIEN97 using the most advanced density functional w
generalized-gradient corrections~GGA96! ~Ref. 16! for the
exchange-correlation~XC! energy. It has been demonstrat
that in this way the properties of pure Fe can be reprodu
quite well.17 Some systematic checks with an earlier GG
version~GGA92! ~Ref. 18! and the simple local-density ap
proximation~LDA ! ~Ref. 19! were performed to investigat
the influence of different choices.

In the FLAPW procedure wave functions, charge dens
and potential are expanded in spherical harmonics wi
nonoverlapping atomic spheres of radiusRMT and in plane
waves in the remaining space of the unit cell.RMT values of
2.2 a.u. for Fe and 2.4 a.u. for the impurity were chos
throughout. The maximum l for the waves inside the atom
spheres was confined to lmax510. The wave functions in the
interstitial region were expanded in plane waves with a c
off of kmax58/RMT , while the charge density was Fourie
expanded up toGmax516. A mesh of 35 specialk points was
taken in the irreducible wedge of the Brillouin zone for t
Fe15X cell ~10 for Fe31X). The lowest valence states we
either 3d(Rb), 4s(Sr-In), 4p(Cd-Sb), or 4d(Te-Xe). All
these technical parameters were checked to yield conve
results. For the calculations in the unrelaxed Fe matrix
experimental lattice constant of 5.4235 a.u. was taken.

The hyperfine fields acting at the nuclei are, in the a
sence of orbital magnetism, dominated by the Fermi con
interaction. For the scalar-relativistic wave functions used
the present calculations the effective spin density at

FIG. 1. Fe15X simple cubic unit cell and 1/8 of an fcc Fe31X
supercell used in the calculations. Black symbols are impurities,
dashed lines connect impurities and their nearest neighbors.
nit

a

d

,
in

n
c

t-

ed
e

-
ct
n
e

nucleus was computed following Ref. 20 by averaging ove
small region near the nucleus with diameterr T5Ze2/mc2.

III. RESULTS

For all systems a calculation for the unrelaxed Fe15X cell
with the lattice constant of 10.847 a.u. was performed fi
The obtained values forBh f are included in Table I, and the
calculated forces at the nearest-neighbor~NN! position are
shown in Fig. 2~a!. Positive forces are directed away fro
the impurity. The force resulting from this calculation gave
good guideline to the amount of lattice expansion and N
relaxation expected in the optimal structure. Around this
trapolated structure several geometries were then chosen
which the total energy and the NN forces were determin
By interpolation the final lattice constant and NN positio
were found, at which the total energy was at a minimum a
the NN force vanished. In Table I the lattice constants, N
distances and finalBh f values are summarized. In Fig. 2 th
final geometrical parameters are compared to the forces
tained in the unrelaxed calculation. Clearly, a very simi
trend is evident in all three curves. In Fig. 3 the finalBh f
values are shown together with the experimental number
Ref. 1.

For the series Ag-Xe in the Fe15X geometry theBh f val-
ues were also calculated with the two other density functi
als mentioned above. As can be seen in Table II, the res
for these are quite close to the ones with GGA96. The sm
changes relative to the results in Table I are due to the us

FIG. 2. ~a! Forces~in mRy/au! on nearest-neighbor Fe~NN! in
an unrelaxed lattice (a0510.847 a.u.),~b! distance between impu
rity and NN for optimized Fe15X and Fe31X supercells,~c! lattice
parameter~a.u.! for optimized Fe15X.

e



e
ntal

PRB 62 463HYPERFINE FIELDS AND LOCAL LATTICE . . .
TABLE I. Calculated lattice parameters~a anddNN in a.u.! of the Fe15X supercells and resultant hyperfin
fields (Bh f in T! for the 4d and 5sp impurities as compared to results without lattice relaxation, experime
data, and earlier calculations.

a dNN Bh f Bh f Bh f Refs. 8 and 9 Ref. 10
unrel relax expt

Rb 11.112 5.060 -17.3 -26.1 5.4~10! 3.6
Sr 11.106 5.071 -30.3 -26.1 -10.0~30! -19.0
Y 10.987 4.960 -25.0 -30.4 -30.7~4! -25.4 -26.3
Zr 10.909 4.865 -26.9 -29.8 -27.4~4! -29.3 -27.1
Nb 10.868 4.793 -24.9 -26.1 -26.57~2! -23.8 -27.8
Mo 10.835 4.742 -25.7 -26.1 -25.60~1! -22.8 -29.3
Tc 10.831 4.720 -30.9 -31.2 -31.7~5! -26.7 -31.7
Ru 10.826 4.732 -47.1 -47.7 -50.5~1! -31.6 -39.2
Rh 10.868 4.779 -56.7 -57.6 -56.0~1! -34.9 -44.4
Pd 10.898 4.821 -55.4 -56.2 -59.4~12! -34.2 -46.2
Ag 10.970 4.893 -47.9 -51.0 -44.72~2! -31.4 -40.8
Cd 10.977 4.903 -41.4 -43.4 -39.2~4! -30.9
In 10.939 4.891 -40.4 -34.8 -28.68~3! -27.6
Sn 10.948 4.886 -23.8 -15.0 -8.60~2! -22.2
Sb 10.887 4.853 10.6 20.5 23.27~1! -7.7
Te 10.914 4.866 49.4 68.0 68.1~4! 11.6
I 10.937 4.892 102.2 128.3 114.52~2! 34.8
Xe 11.013 4.960 163.3 154.7 157.0~50! 60.9
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a slightly different geometry in these comparative studies
For the same series~Ag-Xe! calculations with the Fe31X

cell were performed. The geometry was estimated from
Fe15X result by taking the same impurity volume and N
distance. For the second neighbor~NNN! distance a starting
value was chosen according to the displacement ratio
pected between NN and NNN proportional to 1/d2. The
forces at NNN obtained in this way, also included in Tab
II, show a rather systematic trend. TheBh f values from this
calculation are practically not changed from the Fe15X val-
ues. For a few cases~Ag, In, Sb, and I! the three free atomic
positions were then slightly readjusted to resultant neglig
forces in two to three more cycles of calculation. TheBh f
results were unchanged and the NN displacements obta
were almost identical to the Fe15X values, as can be seen
Fig. 2~b!. No total energy minimizations could be performe

FIG. 3. Calculated hyperfine fields compared to experime
data. The semicore contributions (4s for Rb-Cd! and the contribu-
tion from the split-off 5s state~for In-Xe! are shown separately.
e
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to determine the Fe31X lattice constants from first principle
because of the long computer running times. For the Fe15X
calculations, however, the NN displacements closely para
the independently calculated unit-cell expansion@Figs. 2~b!
and ~c!#. Our procedure used to estimate the Fe31X unit cell
volume is then justified by the fact that the displaceme
change only very slightly in going from Fe15X to Fe31X.

Since for the cases treated here the hyperfine fields a
nucleus are determined by the polarization of thes electrons,
the density of states withs symmetry (s DOS! in the impu-
rity sphere has been extracted from the calculations. As
been pointed out before,8 this quantity has a rather comple
energy dependence, and the position of the Fermi energyF
in this structure is important. For the presently studied pr
erties we are only interested in the sum of the contributio
of all valence electrons withs character. The integral of thes
DOS for both spin directions is therefore plotted for rep
sentative cases in Fig. 4. Their difference, directly related

l

TABLE II. Hyperfine fields (Bh f in T! for the 5sp elements
calculated in the Fe15X supercell with various XC functionals a
compared to Fe31X results and residual forces on NNN~in mRy/
a.u.!.

LDA GGA92 GGA96 unrel Fe31X FNNN

Ag -40.5 -50.5 -51.0 -47.9 -52.9 -4.9
Cd -35.1 -43.3 -43.5 -41.4 -45.5 -3.0
In -29.5 -35.1 -34.7 -34.6 -36.6 -5.4
Sn -12.5 -15.8 -14.9 -18.0 -17.3 -6.6
Sb 19.4 21.3 21.7 11.3 14.5 -4.6
Te 64.5 66.7 68.0 49.3 57.5 -0.6
I 123.3 128.2 128.7 102.5 128.0 5.4
Xe 143.5 161.6 161.8 163.2 165.1 10.1
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FIG. 4. Integral of partial spin~up/down! s DOS ~electrons! within RMT of the impurity~left scale! and their difference~right scale! for
representative cases. Mind the change in scale for Pd, Cd, and Sn.
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the Bh f contribution of the valence electrons, is the mo
important information in Fig. 4 and allows direct conclusio
on the origin ofBh f . Note that theBh f values reported in
Tables I and II and in Fig. 3 were not calculated from th
atomic s DOS difference, but directly from thes DOS dif-
ference at the nucleus.

Obviously also deeper levels, being polarized by the
paired spin distribution of the valence electrons, will mak
contribution toBh f . In Fig. 3 this core polarization contri
bution is included separately for the series Rb-Cd. Since c
polarization is rather insignificant for the heaviersp ele-
ments, here the contribution of the split-off valence state
essentially 5s character is shown.

IV. COMPARISON WITH EXPERIMENTAL DATA
AND EARLIER CALCULATIONS

A. Hyperfine fields

As evident from Fig. 3 and Table I, the present theoreti
values ofBh f for the 4d and 5sp impurities in Fe are very
close to the experimental results, with the exceptions of
and Sr. From this quantitative agreement one may sa
conclude that even for heavier impurities the electronic str
ture is well described by the FLAPW technique.

The reason for the substantial disagreement in the cas
Rb and Sr is not completely clear. For some impurities
integrated differences DOS has a peak in the region ofEF ,
as to be seen for the examples Sr and Xe in Fig. 4. If
steep slope of such a peak is very close toEF , any small
error in the calculation could shift the relative positio
t
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slightly and thus change the resultingBh f substantially. For
Rb and Sr the calculated separation of this peak fromEF is,
however, so large, that it is difficult to conceive that it wou
in reality coincide withEF . One should therefore also con
sider the possibility that a problem in the experimental m
surements might be the reason for the discrepancy. B
measurements were performed with the low-tempera
nuclear orientation~NO! technique on implanted samples.21

This method allows no independent check of the fraction
nuclei occupying substitutional sites, a critical parameter
the experimental analysis. Actually the occupation of
unique substitutional site of Rb and Sr on implantation in
iron appears quite unlikely for thermodynamic reasons.22

Also included in Table I are results of earlierab initio
calculations with the Korringa-Kohn-Rostoker~KKR!
method in the atomic sphere approximation~ASA!.8,9 Since
only graphs were published, numbers were read from th
A complete set of results is available in the literature only
a calculation where just the impurity potential was trea
self-consistently. This approximation can account for the
perimental data for 4sp impurities reasonably well. It appar
ently fails, however, for the 5sp elements. Furthermore
there are substantial disagreements in the 4d series, though
the qualitative trends are reproduced. Fortunately for thed
impurities more advanced calculations are available in
literature,10 where apparently the potential for the neighbo
ing Fe sites was calculated with the impurity present. T
results come considerably closer to experiments, though
not as well as the present ones. In order to determ



ti

al
i
ie

al

e
fie
h
e
ea
te
la
a
te
fo
r

icu
so
al
o-
le
st

th
f

e
,

uc
tic
e
in
o
rit

te

t

c
uit
rg
b
o

S

te
l
-
.
in

ent
for
he

or

on-
im-
us
lts.
f the
ble
are
ith
the

nts
nt
par-
l in-
Ag

es

ent
of
he
%
a-
is

ion
is
bers
ing

tion

y

lcu-
cal

PRB 62 465HYPERFINE FIELDS AND LOCAL LATTICE . . .
whether the choice of exchange potential was the cause
the difference between the theoretical numbers, a calcula
using the LDA was performed for the representative case
Rh. The result agreed almost completely with the KKR c
culation, thus demonstrating that our better agreement w
experiment in these cases stems from the use of grad
correction.

The use of gradient corrections in density-functional c
culations of hyperfine fields has been criticized23 on the
grounds that the gradient terms lead to unphysical div
gences near the nucleus due to the strong Coulomb
there. The functional applied here does not suffer from t
divergence with increasing normalized gradient, so its us
equivalent to the local-density approximation in the nucl
region. For the regions where the inner atomic orbitals in
act with the outer ones to produce the electronic core po
ization, however, the gradient terms will lead to a modific
tion of the potential that considerably changes the calcula
fields. Though there is no certainty that the chosen form
the gradient term, optimized to reproduce the valence cha
distribution in simple molecules,16,18 will improve the treat-
ment, our much better agreement with experiment, part
larly for Ru, Rh, and Pd, is strong evidence that it does
Actually for the 4d impurities one expects an addition
small contribution to the hyperfine field from the orbital m
ments, that would have to be incorporated in a comp
treatment. Such a term has been included in a relativi
calculation of the hyperfine fields of the 5d impurities.24

Even there it represents only a small correction. Since
spin-orbit interaction for the 4d elements is only about hal
that of the 5d series, the orbital contribution toBh f is only
expected to contribute values of the order of 3 T.

B. Lattice expansion

The calculated theoretical lattice constants of the Fe15X
supercells allow directly to determine the effective volum
taken up by the impurityX. Since it is generally observed
however, that density-functional methods do not reprod
experimental lattice constants exactly, the calculated lat
parameters of the Fe15X cells must not be compared with th
experimental value for pure Fe, but with the correspond
theoretical one. We have therefore calculated the lattice c
stant for pure Fe in exactly the same way as for the impu
cells. The value obtained,aFe55.38 a.u., is less than 1%
smaller than the experimental result atT50. The effective
impurity volume obtained using this number was conver
to a lattice expansion coefficientd ln a/dc. The numbers thus
obtained are shown in Fig. 5 together with the experimen
information available for impurities in Fe.

It is obvious that the general trend of the volume effe
calculated reproduces the experimental information q
well. Since the present calculation relies on the total ene
of a rather large unit cell, numerical uncertainties could
significant. It is thus not clear whether the fine structure
the lattice expansion seen in Fig. 5, the drop from Sn to
e.g., really has statistical significance.

Included in Fig. 5 is also the volume expansion expec
from elastic continuum theory,25 using the experimenta
atomic volumes and bulk moduli.26 Apparently such a treat
ment is a very rough approximation to nature at best
clearly does not take into account specific chemical bond
for
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effects. Actually to obtain an even approximate agreem
with the data using the continuum model, we have used
the bulk modulus of the impurity sphere not the value of t
impurity Bimp , but the geometric meanBe f f5ABFeBimp.

For some 4d elements earlier theoretical calculations f
ordered FeX alloys with CsCl structure are available.27 From
the theoretical volumes calculated for these extremely c
centrated supercells one can also estimate the effective
purity volume. It is quite reassuring that the numbers th
calculated for Tc-Ag come quite close to our present resu

Some comments are necessary as to the accuracy o
experimental lattice expansion information. For the solu
systems Zr, Nb, Mo, Ru, Rh, Pd, Sn, and Sb the data
quite old28,29 and have apparently not been remeasured w
modern techniques. We have in some cases reanalyzed
available data and obtained somewhat different coefficie
from King.30 For the insoluble system Ag in Fe more rece
measurements on sputtered samples are available. Ap
ently the sample preparation technique has a substantia
fluence, however, as evident from the different results for
in Fe when produced by magnetron sputtering31 or laser
ablation.32 For Te the point given in the old tabulation30 is in
complete disagreement with our result. It obviously com
from a wrong interpretation of the original data33 that unfor-
tunately do not really allow a determination ofd ln a/dc.

C. Magnetization

The systematic calculations performed in the pres
work also allow us to investigate the important question
the magnetization change of iron by foreign atoms. T
Fe15X supercell effectively represents an alloy with 6.25
atomic concentration of impurities. Since the spin polariz
tion in all atomic spheres and in the interstitial region
directly calculated in the FLAPW procedure, the total~spin!
magnetization is available. By subtracting the magnetizat
of 15 atoms in pure Fe, the effective impurity moment
obtained. Since such a subtraction process of large num
is naturally prone to errors, some care must be taken in do
so, however. We have actually calculated the magnetiza

FIG. 5. Calculated lattice expansiond ln a/dc with a the lattice
parameter andc the impurity concentration, evaluated for an allo
with c56.25% impurities, as compared to an early tabulation~ex-
periment 1, Ref. 30, except Ref. 31 for Ag! and newer experiments
~Experiment 2, Ref. 28, except Ref. 32 for Ag. Sn and Sb: reca
lation!. Expectations for a simple continuum model and theoreti
calculations for ordered FeX alloys are also shown.
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466 PRB 62STEFAAN COTTENIER AND HEINZ HAAS
of pure Fe with exactly the same parameters as in the im
rity treatment, using the theoretical lattice constant as
cussed above. The spin magnetization obtained in this
for Fe isMFe52.224mB . The resultant numbers for the im
purities are shown in Fig. 6, together with some experime
data available for this property.

The rather imprecise experimental magnetization m
surements are well reproduced by our calculation, with
exception of palladium34 and particularly silver.31 Silver,
however, is exactly the case where also the experime
lattice expansion numbers are not consistent, so that
sample preparation should have a strong influence on
magnetization data. Obviously a measurement on sam
produced by laser ablation would be highly interesting. T
is even more the case, because for the impurity Ag the
fective moment deviates strongly from the result of an ear
calculation with an unrelaxed lattice.35

Our calculations allow us to separate various contri
tions to the effective impurity moment: the local moment
the impurity, the moment change due to lattice expans
and the magnetization change at the NN~and further! Fe
positions. The local moments obtained by us, also inclu
in Fig. 6, are virtually identical to the previous treatment35

and also to the earlier less sophisticated ASA calculatio7

for that matter. A comparison with experimental data sho
that these difficult to measure quantities are apparently ra
unreliable, as has also been found for the 5d impurity mo-
ments, where newer data36 agree much better with the theo
retical numbers.

The influence of lattice expansion on the effective imp
rity magnetization has been pointed out before.37 In order to
give a quantitative estimate of this effect, we have calcula
the moment of Fe as function of volume. The calcula
derivatived ln M/d ln V50.653 can also be extracted from a
earlier self-consistent calculations,38,39,17 in reasonable
agreement with the only experimental result available.40 The
volume effect on the effective impurity moment thus calc
lated is seen in Fig. 6 to make a significant contribution.

V. CONCLUSIONS

Taken together with earlier calculations using t
Green’s-function KKR method, the present calculatio

FIG. 6. Calculated impurity-induced moment as compared
results from magnetization measurements. The contribution of
local moment and the~hypothetical! effect of lattice expansion are
shown separately.
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demonstrate that a rather quantitative account of the hy
fine fields acting at even heavy impurities in ferromagnets
possible with density-functional techniques. Within th
FLAPW method even with rather small supercells valu
close to the experimental ones can be obtained. The in
sion of lattice expansion and lattice relaxation about the
purity actually was found to make only a small contributio
even for the very oversized atoms treated in the pres
work. The discrepancies with experiment found in earl
Green’s-function KKR treatments were traced to limiting t
self-consistent treatment to the impurity site rather than
neglecting lattice relaxation. For the 5sp impurities~Ag-Xe!
the results furthermore depend not much on the exchan
correlation potential chosen. For thed impurities, where
core-polarization is important, the use of gradient correctio
brings a substantial improvement of theBh f values. In cer-
tain very isolated cases, when the change of spin polariza
very close to the Fermi level is very abrupt, the presen
applied approximations may not be sufficiently accurate,
alkali elements Cs~and possibly Fr! being particularly prob-
lematic.

The ab initio calculation of lattice expansion by impur
ties with the supercell FLAPW technique appears to rep
duce experimental data astonishingly well. This will allow
to estimate with confidence also the corresponding par
eters for systems where an experimental determination is
feasible.

The possibility to account for the magnetization chang
by impurities in ferromagnets even with rather small sup
cells is an additional feature of the present calculations. A
parently the large extent of the magnetic influence of a sin
impurity is incorporated in this treatment implicitly by th
cumulative effects at the solvent sites from several impu
atoms.

VI. OUTLOOK

Clearly the present investigation makes additional exp
mental and theoretical investigations highly desirable:

The magnetic fields acting on Rb and Sr in Fe should
remeasured, in order to clear up the discrepancy with
present calculation. This is unfortunately a quite difficu
task, since these elements are completely insoluble in Fe
thus will probably not reach a substitutional site on impla
tation. The implantation of a radioactive precursor~Zr or Y!,
preferably at high energy, could perhaps eliminate this pr
lem.

For Fr as impurity in Fe the hyperfine field has recen
been measured.41 Preliminary calculations for this case hav
shown that the strong lattice relaxation and the weakly bo
valence electron will require a larger supercell than used
the present investigation. In addition the effects of spin-or
interaction will have to be included.

Preliminary calculations of the type described here for
very light impurities~O, F, Ne! at a substitutional site hav
resulted inBh f values incompatible with the experiment
measurements. Obviously in these cases similar calculat
for the interstitial sites could lead to further insight~as well
as lattice location studies via channeling experiments!.

The predictions for large lattice expansion due to Ag a
In impurities in Fe could possibly be checked with mode
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precision lattice constant measurements. A remeasureme
the lattice expansion by the only weakly soluble impurit
Zr and Nb, where the old data scatter widely, could be
further test of the present treatment.
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H. Dederichs~Jülich!, initiating discussions with Professo
L. Vanneste~Leuven!, and continuous support of this wor
by Professor M. Rots~Leuven! are gratefully acknowledged
We thank Dr. W. D. Zeitz~Berlin! for various useful com-
ments.
ne

ys.

.

E

of

et.

f,

gn.

,

a

s.

ur-
M.
1G.N. Rao, Hyperfine Interact.24Õ26, 1119~1985!.
2D.A. Shirley and G.A. Westenbarger, Phys. Rev.138, A170

~1965!.
3I. Sondhi, J. Chem. Phys.62, 1385~1975!.
4M.B. Stearns and J.M. Norbeck, Phys. Rev. B20, 3739~1979!.
5B. Lindgren and A. Rosen, Hyperfine Interact.9, 431 ~1981!.
6B. Lindgren, Hyperfine Interact.49, 357 ~1989!.
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