PHYSICAL REVIEW B VOLUME 62, NUMBER 1 1 JULY 2000-I

Hyperfine fields and local lattice relaxation at 4 and 5sp impurities in bcc iron
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The magnetic hyperfine field8,; for the 4d and 5p elements Rb through Xe at the substitutional site in
ferromagnetic iron were derived fromb initio calculations of the electronic structure. The full-potential
linearized augmented plane-wave technique forg¥esupercells 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 obtain®&gfare 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 superg&) (Fe
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.

l. MOTIVATION (FLAPW) techniqué®!? based on density-functional theory,
in particular, has been highly successful in calculating vari-
Hyperfine interaction techniques, based on the observesus properties of solids, including the hyperfine interaction at
tion of the coupling between nuclear moments and internanuclei’>**In recent years the computing power available as
fields, have been widely used to study condensed matter oi€ll as the improvement of the code efficiency have ren-
an atomic scale. The magnetic hyperfine fields at impuritieslered the application of supercell calculations to impurity
in the simple ferromagnetic metals Fe, Co, Ni, and Gd, inProblems practically feasible. In this contribution we have
particular, can be measured with a wide variety of experiStudied the 4 and %p elements. These impurities, where
mental methods. A very abundant amount of data material i§trong discrepancies between experiments and the earlier cal-
therefore available in the literatutdn this paper we dem- culations had been observed, are still light enough such that
onstrate that the experimental trends can now be quantit@ fully relativistic treatment is not necessary. The scalar-
tively reproduced withab initio full-potential band-structure relativistic approach used in this work should be sufficient.
calculations even for rather heavy elements. This paper is organized as follows: We first present a
The early attempts towards a qualitative understanding o$hort description of the theoretical methods used, followed
hyperfine fields at impurities in metdlgarticularly in iron, by the numerical results. Next we compare with experimen-
were stimulated by the rather complete series of experimerfal data and earlier calculations. We close with a summary of
tal data available for thedtand Ssp impurities treated in our conclusions and a short outlook.
this work. Numerous parametrized treatments have been re-
ported in the literaturé? All of them are able to reproduce
the strongZ dependence qualitatively by adjusting param-
eters. The experimental trend could also be qualitatively re- The theoretical calculations of the electronic structure and
produced byab initio calculations using a cluster mod&lA  hyperfine fields were performed using the full-potential lin-
breakthrough in the theoretical understanding was achieve@arized augmented plane-wav€sAPW) method, based on
for lighter impurity elements in particular, when the density-functional theory. We have chosen the computer
parameter-free density-functional method in the Green’seodewieNng7 (Ref. 15 that has been shown to yield reliable
function KKR version was applied to the problem of hyper-results for the band structure of various solids. It also allows
fine fields in ferromagnets® A comprehensive review is the calculation of hyperfine field4.
given in Ref. 10. For the heavier impurities of the 4nd The FLAPW method is well suited to calculate the elec-
5sp series these pioneering calculations have, however, naton distribution in the solid state for periodic structures. To
reproduced the experimental data. As possible reasons fapply it to the impurity problem one artificially constructs a
this failure neglect of the lattice relaxation about the impuritylarge enough unit cell with one or a few impurity atoms to
or lack of a fully self-consistent treatment of the potentials ateffectively eliminate their interaction. For precision calcula-
the neighboring atoms have been suggested. tions the required number of atoms is quickly becoming too
In order to apply an independent computational proceduréarge for the available computing resources. Particularly for
to this problem we have started to calculate the magnetistudies of local properties like hyperfine fields in ferromag-
hyperfine fields at impurities in Fe using a supercell methodnetic metals, however, one could imagine using rather small
The full-potential linearized augmented plane-wavessupercells. In order to investigate the suitability of this ap-

Il. CALCULATIONS
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0] nucleus was computed following Ref. 20 by averaging over a
ol small region near the nucleus with diameter=Ze?/mc.

IIl. RESULTS

For all systems a calculation for the unrelaxedsXecell
q with the lattice constant of 10.847 a.u. was performed first.
) The obtained values fd,; are included in Table I, and the
j calculated forces at the nearest-neighttddN) position are
shown in Fig. 2a). Positive forces are directed away from
the impurity. The force resulting from this calculation gave a
0 good guideline to the amount of lattice expansion and NN
,/O/‘ relaxation expected in the optimal structure. Around this ex-
trapolated structure several geometries were then chosen, for
which the total energy and the NN forces were determined.
By interpolation the final lattice constant and NN position
were found, at which the total energy was at a minimum and
the NN force vanished. In Table | the lattice constants, NN
~ - distances and find3y; values are summarized. In Fig. 2 the
o - O/O/‘ final geometrical parameters are compared to the forces ob-
tained in the unrelaxed calculation. Clearly, a very similar
FIG. 1. FgsX simple cubic unit cell and 1/8 of an fcc FX trend is evident in all three curves. In Fig. 3 the firg);
supercell used in the calculations. Black symbols are impurities, thalues are shown together with the experimental numbers of
dashed lines connect impurities and their nearest neighbors. Ref. 1.

For the series Ag-Xe in the X geometry theBy; val-
proach, we have made systematic calculations using a urft€S Were also calculated with the two o.ther density function-
cells with 15 matrix atoms per impurity. In order to check als mentioned a.bove. As can be seen in Table Il, the results

a{or these are quite close to the ones with GGA96. The small
changes relative to the results in Table | are due to the use of

O
S

that the results are representative for the dilute impurity,
cell with 31 matrix atoms per impurity was also used for
some cases. The simple cubic,£€ cell and 1/8 of the fcc . a)
Fe,.X, (effectively Fg,X) cell employed in this work are 60 —
shown in Fig. 1.

The calculations were performed with the FLAPW code
WIEN97 using the most advanced density functional with -
generalized-gradient correctiofGGA96) (Ref. 16 for the 20
exchange-correlatiofXC) energy. It has been demonstrated .
that in this way the properties of pure Fe can be reproduced 0
quite welll” Some systematic checks with an earlier GGA R'b S'r :{ ZIrI\;va:o T'C R'uR'hP'd A'g Cld 1:1 S'u Slb T'e 1| )!e
version(GGA92) (Ref. 18 and the simple local-density ap- 5.1 o
proximation(LDA) (Ref. 19 were performed to investigate . —e—Fe X b)
the influence of different choices.

In the FLAPW procedure wave functions, charge density,
and potential are expanded in spherical harmonics within
nonoverlapping atomic spheres of radiRgt and in plane
waves in the remaining space of the unit cBY;t values of
2.2 a.u. for Fe and 2.4 a.u. for the impurity were chosen
throughout. The maximum | for the waves inside the atomic
spheres was confined tq },= 10. The wave functions in the -
interstitial region were expanded in plane waves with a cut- 1.1 c)
off of ki,ax=8/Rut, While the charge density was Fourier
expanded up t&,,,= 16. A mesh of 35 speci&l points was
taken in the irreducible wedge of the Brillouin zone for the
FesX cell (10 for FgX). The lowest valence states were
either J(Rb), 4s(Sr-In), 4p(Cd-Sb), or 4l(Te-Xe). All
these technical parameters were checked to yield convergec 45
results. For the calculations in the unrelaxed Fe matrix the
experimental lattice constant of 5.4235 a.u. was taken.

The hyperfine fields acting at the nuclei are, in the ab- F|G. 2. (a) Forces(in mRy/ay on nearest-neighbor R&IN) in
sence of orbital magnetism, dominated by the Fermi contacin unrelaxed latticea,= 10.847 a.u.)(b) distance between impu-
interaction. For the scalar-relativistic wave functions used irvity and NN for optimized FgX and Fg;X supercells(c) lattice
the present calculations the effective spin density at th@arametefa.u) for optimized FgsX.

40
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TABLE |. Calculated lattice parametefa anddy in a.u) of the FgsX supercells and resultant hyperfine
fields (B¢ in T) for the 4d and 5sp impurities as compared to results without lattice relaxation, experimental
data, and earlier calculations.

a dnn Bt B¢ Bt Refs. 8 and 9 Ref. 10
unrel relax expt
Rb 11.112 5.060 -17.3 -26.1 510) 3.6
Sr 11.106 5.071 -30.3 -26.1 -103D) -19.0
Y 10.987 4.960 -25.0 -30.4 -304) -25.4 -26.3
Zr 10.909 4.865 -26.9 -29.8 214 -29.3 -27.1
Nb 10.868 4.793 -24.9 -26.1 -26.&J -23.8 -27.8
Mo 10.835 4.742 -25.7 -26.1 -25.40 -22.8 -29.3
Tc 10.831 4.720 -30.9 -31.2 -3155 -26.7 -31.7
Ru 10.826 4,732 -47.1 -47.7 -501 -31.6 -39.2
Rh 10.868 4779 -56.7 -57.6 -5610 -34.9 -44.4
Pd 10.898 4.821 -55.4 -56.2 -5012) -34.2 -46.2
Ag 10.970 4.893 -47.9 -51.0 4422 -31.4 -40.8
Cd 10.977 4.903 -41.4 -43.4 -394 -30.9
In 10.939 4.891 -40.4 -34.8 -28.68 -27.6
Sn 10.948 4.886 -23.8 -15.0 -8@0 -22.2
Sb 10.887 4.853 10.6 20.5 23(2y -17.7
Te 10.914 4.866 49.4 68.0 684 11.6
| 10.937 4.892 102.2 128.3 11422 34.8
Xe 11.013 4.960 163.3 154.7 15750) 60.9

a slightly different geometry in these comparative studies. to determine the FgX lattice constants from first principles
For the same serig@\g-Xe) calculations with the FgX  because of the long computer running times. For thgXe
cell were performed. The geometry was estimated from thealculations, however, the NN displacements closely parallel

FesX result by taking the same impurity volume and NN the independently calculated unit-cell expansifigs. 2b)
distance. For the second neighldbiNN) distance a starting and(c)]. Our procedure used to estimate the;Xeunit cell
value was chosen according to the displacement ratio exyolume is then justified by the fact that the displacements
pected between NN and NNN proportional tod4/ The change only very slightly in going from X to FeyX.
forces at NNN obtained in this way, also included in Table  Since for the cases treated here the hyperfine fields at the
Il, show a rather systematic trend. TBg; values from this  nucleus are determined by the polarization ofgkeectrons,
calculation are practically not changed from thedXeval-  the density of states with symmetry & DOS) in the impu-
ues. For a few casd#g, In, Sb, and ) the three free atomic rity sphere has been extracted from the calculations. As has
positions were then slightly readjusted to resultant negligibleheen pointed out befofethis quantity has a rather complex
forces in two to three more cycles of calculation. TBg  energy dependence, and the position of the Fermi enepgy E
results were unchanged and the NN displacements obtaingd this structure is important. For the presently studied prop-
were almost identical to the [X values, as can be seen in erties we are only interested in the sum of the contributions
Fig. 2(b). No total energy minimizations could be performed of all valence electrons witacharacter. The integral of the
DOS for both spin directions is therefore plotted for repre-

15— Thiswork sentative cases in Fig. 4. Their difference, directly related to
.z::::m TABLE Il. Hyperfine fields B; in T) for the 5sp elements
100d - 55 state calculated in the RgX supercell with various XC functionals as
o compared to FgX results and residual forces on NN\ mRy/
< a.u).
m 504
LDA GGA92 GGA9 unrel FegX Fynn
° Ag -40.5 -50.5 -51.0 -47.9  -52.9 -4.9
Cd -35.1 -43.3 -43.5 -41.4  -455 -3.0
50 In  -295  -35.1 347  -346 -366 -5.4
Sn -12.5 -15.8 -14.9 -18.0 -17.3 -6.6
A0 Sb 19.4 21.3 21.7 11.3 145 -4.6
Rb St Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe
Te 64.5 66.7 68.0 49.3 57.5 -0.6
FIG. 3. Calculated hyperfine fields compared to experimental 123.3 128.2 128.7 1025 128.0 5.4

data. The semicore contributionsgfor Rb-Cd and the contribu- Xe 143.5 161.6 161.8 163.2 165.1 10.1
tion from the split-off 5 state(for In-Xe) are shown separately.
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FIG. 4. Integral of partial spilup/dowr s DOS (electrong within Ry, of the impurity (left scalg and their differencéright scale for
representative cases. Mind the change in scale for Pd, Cd, and Sn.

the By contribution of the valence electrons, is the mostslightly and thus change the resultiBg; substantially. For
important information in Fig. 4 and allows direct conclusionsRb and Sr the calculated separation of this peak fEgnis,
on the origin ofBy;. Note that theBy; values reported in  however, so large, that it is difficult to conceive that it would
Tables | and Il and in Fig. 3 were not calculated from thisin reality coincide withEr. One should therefore also con-
atomics DOS difference, but directly from the DOS dif-  sjder the possibility that a problem in the experimental mea-
ference at the nucleus. surements might be the reason for the discrepancy. Both
Obviously also deeper levels, being polarized by the uneasurements were performed with the low-temperature
paired spin distribution of the valence electrons, will make g, clear orientatiorfNO) technique on implanted sampi®s.
contribution toBy. In Fig. 3 this core polarization contri- This method allows no independent check of the fraction of
bution is included separately for the series Rb-Cd. Since Corgyqjei occupying substitutional sites, a critical parameter in

polarization is rather.insi.gnificant for .the heaviep ele- he experimental analysis. Actually the occupation of a
ments, here the contribution of the split-off valence state o nique substitutional site of Rb and Sr on implantation into

essentially $ character is shown. iron appears quite unlikely for thermodynamic reastns.

IV. COMPARISON WITH EXPERIMENTAL DATA Also included in Table | are results of earliab initio
AND EARLIER CALCULATIONS calculations with the Korringa-Kohn-RostokefKKR)
method in the atomic sphere approximati&xSA).2° Since

A. Hyperfine fields only graphs were published, numbers were read from these.

As evident from Fig. 3 and Table |, the present theoreticalA complete set of results is available in the literature only for
values ofBy,; for the 4d and 5sp impurities in Fe are very a calculation where just the impurity potential was treated
close to the experimental results, with the exceptions of Riself-consistently. This approximation can account for the ex-
and Sr. From this quantitative agreement one may safelperimental data for dp impurities reasonably well. It appar-
conclude that even for heavier impurities the electronic strucently fails, however, for the $p elements. Furthermore,
ture is well described by the FLAPW technique. there are substantial disagreements in tbeséries, though

The reason for the substantial disagreement in the cases thfe qualitative trends are reproduced. Fortunately for tthe 4
Rb and Sr is not completely clear. For some impurities theémpurities more advanced calculations are available in the
integrated difference DOS has a peak in the region BE, literature® where apparently the potential for the neighbor-
as to be seen for the examples Sr and Xe in Fig. 4. If theng Fe sites was calculated with the impurity present. The
steep slope of such a peak is very closeEto, any small  results come considerably closer to experiments, though still
error in the calculation could shift the relative position not as well as the present ones. In order to determine
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whether the choice of exchange potential was the cause for — This work
the difference between the theoretical numbers, a calculation o] Qe
using the LDA was performed for the representative case of o ® Experiment (1)

Rh. The result agreed almost completely with the KKR cal- O Experiment (2)
culation, thus demonstrating that our better agreement with 034 *~,
experiment in these cases stems from the use of gradien
correction.

The use of gradient corrections in density-functional cal-
culations of hyperfine fields has been criticizédn the
grounds that the gradient terms lead to unphysical diver-
gences near the nucleus due to the strong Coulomb field
there. The functional applied here does not suffer from this .
divergence with increasing normalized gradient, so its use is o
equivalent to the local-density approximation in the nuclear Ro St Y Z No Mo To Ku Kb Pd Ag Cd I S S T I Xo
region. For the regions where the inner atomic c_)rbltals Inter- FIG. 5. Calculated lattice expansiahn a/dc with a the lattice
act with the outer ones to produce the electronic core polar- : : '

N | . T parameter and the impurity concentration, evaluated for an alloy
ization, however, the gradient terms will lead to a modifica-

. fth ial th iderablv ch h lcul ith c=6.25% impurities, as compared to an early tabulatex
tion of the potential that considerably changes the calcu ategeriment 1, Ref. 30, except Ref. 31 for Agnd newer experiments

fields. Though there is no certainty that the chosen form fo'ﬁExperiment 2, Ref. 28, except Ref. 32 for Ag. Sn and Sb: recalcu-

the gradient term, optimized to relgro'du.ce the valence charggtior). Expectations for a simple continuum model and theoretical
distribution in simple molecule¥;*® will improve the treat- calculations for ordered Bealloys are also shown.

ment, our much better agreement with experiment, particu-

larly for Ru, Rh, and Pd, is strong evidence that it does SOeffects. Actually to obtain an even approximate agreement
Actually for the 4d impurities one expects an additional with the data using the continuum model, we have used for
small contribution to the hyperfin_e field from th_e orbital mo- the bulk modulus of the impurity sphere not the value of the
ments, that would have to be mcqrporated in a Comp!e'f_@rnpurity Bimp, but the geometric meaB, = /—BFeBimp-
treatment. Such a term has been included in a'r'elaztiwstm For some 4 elements earlier theoretical calculations for
calculation of the hyperfine fields of thedSimpurities: ordered FX alloys with CsCl structure are availalfieFrom
Even there it represents only a small correction. Since théne theoretical volumes calculated for these extremely con-
spin-orbit interaction for the @ elements is only about half centrated supercells one can also estimate the effective im-
that of the i series, the orbital contribution 8By is only  pyrity volume. It is quite reassuring that the numbers thus
expected to contribute values of the order of 3 T. calculated for Tc-Ag come quite close to our present results.

Some comments are necessary as to the accuracy of the
experimental lattice expansion information. For the soluble

The calculated theoretical lattice constants of thegfe systems Zr, Nb, Mo, Ru, Rh, Pd, Sn, and Sb the data are
supercells allow directly to determine the effective volumequite old®?°and have apparently not been remeasured with
taken up by the impurity. Since it is generally observed, modern techniques. We have in some cases reanalyzed the
however, that density-functional methods do not reproduc@vailable data and obtained somewhat different coefficients
experimental lattice constants exactly, the calculated latticom King.2° For the insoluble system Ag in Fe more recent
parameters of the FgX cells must not be compared with the measurements on sputtered samples are available. Appar-
experimental value for pure Fe, but with the correspondingently the sample preparation technique has a substantial in-
theoretical one. We have therefore calculated the lattice corfluence, however, as evident from the different results for Ag
stant for pure Fe in exactly the same way as for the impurityn Fe when produced by magnetron sputtetingr laser
cells. The value obtainedir.=5.38 a.u., is less than 1% ablation®? For Te the point given in the old tabulatiis in
smaller than the experimental result®t0. The effective complete disagreement with our result. It obviously comes
impurity volume obtained using this number was convertedrom a wrong interpretation of the original datahat unfor-
to a lattice expansion coefficiedtin a/dc. The numbers thus tunately do not really allow a determination @fn a/dc.
obtained are shown in Fig. 5 together with the experimental
information available for impurities in Fe.

It is obvious that the general trend of the volume effect The systematic calculations performed in the present
calculated reproduces the experimental information quitevork also allow us to investigate the important question of
well. Since the present calculation relies on the total energyhe magnetization change of iron by foreign atoms. The
of a rather large unit cell, numerical uncertainties could be~e;gX supercell effectively represents an alloy with 6.25%
significant. It is thus not clear whether the fine structure ofatomic concentration of impurities. Since the spin polariza-
the lattice expansion seen in Fig. 5, the drop from Sn to Shtion in all atomic spheres and in the interstitial region is
e.g., really has statistical significance. directly calculated in the FLAPW procedure, the tdishin

Included in Fig. 5 is also the volume expansion expectednagnetization is available. By subtracting the magnetization
from elastic continuum theor, using the experimental of 15 atoms in pure Fe, the effective impurity moment is
atomic volumes and bulk moduff. Apparently such a treat- obtained. Since such a subtraction process of large numbers
ment is a very rough approximation to nature at best. Itis naturally prone to errors, some care must be taken in doing
clearly does not take into account specific chemical bondingo, however. We have actually calculated the magnetization

C

0.2

d(in a)/d

B. Lattice expansion

C. Magnetization
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54 — This work demonstrate that a rather quantitative account of the hyper-
1 - --- Local moment fine fields acting at even heavy impurities in ferromagnets is
“oa4 SN e Volume effect possible with density-functional techniques. Within the

® BExperiment FLAPW method even with rather small supercells values

close to the experimental ones can be obtained. The inclu-
sion of lattice expansion and lattice relaxation about the im-
purity actually was found to make only a small contribution
s even for the very oversized atoms treated in the present
e N/ work. The discrepancies with experiment found in earlier
ARy Green’s-function KKR treatments were traced to limiting the
S T self-consistent treatment to the impurity site rather than to
it e neglecting lattice relaxation. For thesp impurities (Ag-Xe)
the results furthermore depend not much on the exchange-
Rb S Y Zr Nb Mo To Ru Rh Pd Ag Cd In sn Sb Te I Xe correlation potential chosen. For thek impurities, where
core-polarization is important, the use of gradient corrections
FIG. 6. Calculated impurity-induced moment as compared t%rings a substantial improvement of tBg; values. In cer-
results from magnetization measurements. The contribution of thegjn very isolated cases, when the change of spin polarization
local moment and thénypothetical effect of lattice expansion are very close to the Fermi level is very abrupt, the presently
shown separately. applied approximations may not be sufficiently accurate, the

of pure Fe with exactly the same parameters as in the impilkali elements Céand possibly Frbeing particularly prob-
rity treatment, using the theoretical lattice constant as dislematic. . . . . .
cussed above. The spin magnetization obtained in this way The ab initio calculation of lattice expansion by impuri-
for Fe isMpe=2.224ug . The resultant numbers for the im- ties with the supercell FLAPW technique appears to repro-

purities are shown in Fig. 6, together with some experimentafiuce experimental data astonishingly well. This will allow us
data available for this property. to estimate with confidence also the corresponding param-

The rather imprecise experimental magnetization meaeters for systems where an experimental determination is not
surements are well reproduced by our calculation, with thdeasible.
exception of palladiunf and particularly silve?f! Silver, The possibility to account for the magnetization changes
however, is exactly the case where also the experimentddy impurities in ferromagnets even with rather small super-
lattice expansion numbers are not consistent, so that theells is an additional feature of the present calculations. Ap-
sample preparation should have a strong influence on thgarently the large extent of the magnetic influence of a single
magnetization data. Obviously a measurement on sampléspurity is incorporated in this treatment implicitly by the
produced by laser ablation would be highly interesting. Thiscumulative effects at the solvent sites from several impurity
is even more the case, because for the impurity Ag the efatoms.
fective moment deviates strongly from the result of an earlier
calculation with an unrelaxed lattice.

Our calculations allow us to separate various contribu- VI. OUTLOOK
tions to the effective impurity moment: the local moment at
the impurity, the moment change due to lattice expansiorpn
and the magnetization change at the N&hd furthey Fe
positions. The local moments obtained by us, also includege
in Fig. 6, are virtually identical to the previous treatmé&ht,
and also to the earlier less sophisticated ASA calculdtion
for that matter. A comparison with experimental data show
that these difficult to measure quantities are apparently rath
unreliable, as has also been found for the iBapurity mo-
ments, where newer ddfsagree much better with the theo-
retical numbers.

The influence of lattice expansion on the effective impu-
rity magnetization has been pointed out bef§rén order to
give a quantitative estimate of this effect, we have calculate
the moment of Fe as function of volume. The calculatedt
derivatived In M/dIn V=0.653 can also be extracted from all
earlier self-consistent calculatiof&3®!’ in reasonable
agreement with the only experimental result avail&Bréhe
volume effect on the effective impurity moment thus calcu-
lated is seen in Fig. 6 to make a significant contribution.

Magnetic moment ()

Clearly the present investigation makes additional experi-
ental and theoretical investigations highly desirable:

The magnetic fields acting on Rb and Sr in Fe should be
measured, in order to clear up the discrepancy with the
present calculation. This is unfortunately a quite difficult
‘task, since these elements are completely insoluble in Fe and
Thus will probably not reach a substitutional site on implan-
Fhtion. The implantation of a radioactive precur§or or Y),
preferably at high energy, could perhaps eliminate this prob-
lem.

For Fr as impurity in Fe the hyperfine field has recently
been measurett.Preliminary calculations for this case have
hown that the strong lattice relaxation and the weakly bound
alence electron will require a larger supercell than used in
he present investigation. In addition the effects of spin-orbit
interaction will have to be included.

Preliminary calculations of the type described here for the
very light impurities(O, F, N@ at a substitutional site have
resulted inBy; values incompatible with the experimental
measurements. Obviously in these cases similar calculations
for the interstitial sites could lead to further insiglas well
as lattice location studies via channeling experiments

Taken together with earlier calculations using the The predictions for large lattice expansion due to Ag and
Green's-function KKR method, the present calculationsin impurities in Fe could possibly be checked with modern

V. CONCLUSIONS
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precision lattice constant measurements. A remeasurement 8£0137.95 and GOA nr. 9445.C). We would like to thank
the lattice expansion by the only weakly soluble impuritiesProfessor K. Schwarz and Dr. P. Blafiien) for making
Zr and Nb, where the old data scatter widely, could be eavailable thewiEN97 FLAPW program package and various

further test of the present treatment.
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