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We present a comparison betwealn initio calculations and a high-quality experimental data(4890—
2002 of magnetic hyperfine fields of Cd at different sites on Ni surfaces. The experimentally observed
parabolic coordination number dependence of this hyperfine field is verified as a general trend, but we dem-
onstrate that individual cases can significantly deviate from it. It is shown that the hyperfine fields ofsgher 5
impurities at Ni surfaces have their own, typical coordination number dependence. A microscopic explanation
for the different dependencies is given in terms of the details o6#B©S near the Fermi level.
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I. INTRODUCTION from the same host material. An example of such a study—
motivated by the unique capability of nuclear probe tech-
The class of experimental techniques which uses nucleaiiques to follow the diffusion of single atoms—is provided
probe atoms, such as Mossbauer spectroscopy, Perturbed Asyy the experiments of Voiget al,® recently extended and
gular Correlation spectroscopi?AC), and Nuclear Magnetic completed by Potzgest al?* Those authors put a Cd atom at
ResonancéNMR), plays an important role in the study of different low-index Ni-surfaces and at kinks and steps on
the electronic and magnetic properties of matefigidVhat  those surfaces, and measured the HFF at the Cd probe atoms.
is most rewarding in these methods is their ability to probeOverlooking the now fairly complete data set, Potzgeal.
simultaneously both charge symmetry related propertiessonclude that the HFF at Cd depends more or less paraboli-
such as the electric field gradientSFG), as well as mag- cally on thenumberof Ni-atoms in the first nearest neighbor
netic properties, such as magnetic hyperfine figld5F).  shell (NN-shel) (black dots in Fig. 1, and not on theexact
While for the EFG commonly accepted guidelines for sitepositionof those Ni-neighborgdubbed “symmetry indepen-
identification on(100) and(111) metal surfaces were derived dence of the HFF” in Ref. 22This is attributed to a gradual
from experiments, and understood and extendedlbinitio  change in the local DOS, not further specified. Our main
calculations’, no universal trends exist for the HFF. Indeed, goal in the present paper is to assess the validity of this
the HFF have been found to depend strongly on the type oflaim, to elucidate the possible physical mechanism behind it
probe atom(magnetic or nonmagnejicas well as on the (Sec. Ill A), and to try to extend this “rule” to impurity at-
elements composing the magnetic Host. oms other than CdSec. Il B, all this by calculating the
In this respect, parameter-frab initio band structure cal- HFF's at Cd in different Ni-environments b initio meth-
culations have assumed a critical role in providing models tads. This is the second paper of a series of two. In the first
the experimental community, and assisting in the interpreta-

tion of the experimental results. For instance, the general 40r

behavior of the HFF induced @p- andd-impurities embed- 30; A---AUnrel, bulk D"’D 7
ded in bulk magnetic materials, especially in Fe and Ni, has LG el bulk o 1
been well characterized and the calculated values compared 20 |O-ORel surface IF' 3
fairly well with the experimental ones!* Selected calcula- +—¢Exp. data '
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tions have been performed on more exotic systems. To name
a few, the HFF on a Cd impurity atom at Fe/Cand
Fe/Agt®1 interfaces have been studied, focusing on the re-
lation between the HFF induced on the radioactive probe
atom and the magnetic moment profile across the interface.
Similar studies have been performed on magnetic nanoclus-
ters embedded in A§ and Cud®° matrices. In thin layers of
fcc Fe on a Cu substrate, HFF and EFG at the surface and
interface have been calculat&y. FIG. 1. Calculated coordination numh@N) dependence of the

If, for a few host materials, the dependence of HFF on thecd hyperfine field in Ni hosts. Trianglesip and dowi refer to
atomic number of the impurity atom has been studied irsimulations with bulk cells, while circles and squares are relative to
detail, less investigated is the variation in these properties fathe surface cells. Details of the cells are given in the text and in
one specific probe atom in different environments derivedrable |I.
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paper of the serie@Ref. 7) we have focused attention on the Cd-HFF's change to —12.0 T32 atoms, first shell of Ni
site identification—by means of EFG calculations—of Cdneighbors relaxedand —-11.7 T(64-atoms, 3 shells of Ni
atoms on low-index fcc metal surfacggl00), (110, and neighbors relaxed The Cd—Cd distance in both our cells is
(111)], and demonstrate how commonly accepted experimerarge compared to the impurity-impurity distance used in
tal rules are in fact a manifestation of a simple coordinatiorprevious supercell studies for different magnetic hosts, for
dependence mechanism. This mechanism was then subsehich good agreement with experimental HFF's have been
quently generalized to othersp impurities. Our work fol-  found: 5.71 A for bcc-FE14and 6.10 A for fcc-Cd# In a
lows pioneering cluster calculations by Lindgrehal,?3-2¢  recent paper by Hadé,the Cd HFF's in a smal16 atoms3
who investigated HFF and EFG of Cd as an adatom or in @nd in a very largg128 atom$ relaxed bulk Ni supercell
terrace site af100) and (111) Ni surfaces, and a more sys- were reported to be —-12.3 and —-9.2 T, respectieiycon-
tematic work by Mavropoulost al?” on the HFF for probe trast to our calculations, the supercell lattice constant was
atoms belonging to the wholesg series(Cu to Sy, placed allowed to vary in order to model better the long-range re-
on Ni and Fe(100) surfaces. Independent from our work, laxation. These values are comparable to our results. We
some of the questions that will be discussed here were studherefore conclude that most of the 5 T discrepancy with
ied very recently by Mavropoulé%using a different method experiment does not have its origin in the artificiaimall)
(full-potential KKR), a different exchange-correlation func- interaction between the impurity atoms induced by the super-
tional (LDA), and not considering atomic relaxations. cell technique, and we must attribute the difference with ex-
periment mainly to the approximations contained in the cho-
sen exchange-correlation functional, i.e., GGA. The 5T
error is similar to the 4.2 T overestimation of the HFF for Cd
We have employed a state of the art first-principles techin Fe, and is of the same magnitude as was found for all 5th
niques, developed within the Density Functional Theoryperiod impurities in Fé213As suggested by Had$ this is
(DFT).29-31 Most of the calculations have been performedan absolute error that becomes particularly relevant, in pro-
using the full-potential augmented plane wave +local orbitalgportion, in the case of a Ni host, where, due to a lower
(APW+lo) method'2® as implemented in thewiEN2k magnetization compared to Co and Fe, the impurities feel
packagé?* We have taken into account atomic relaxationssmaller HFF's.
since, as shown in the literature, they induce important ef- Finally, for the 32-atom cell we have done also a calcula-
fects in close-packed matrices to the HFF?43 We have tion including SO-couplingin contrast to all other calcula-
speed up such computationally expensive calculations by ugions reported in this papgrfrom which we could obtain the
ing a combination of methods. First, the atomic positionsorbital and dipolar contributions to the hyperfine figttie
were relaxed using the pseudopotential plane weage  Ni-moment was putin thgl11] direction, as in natune They
code3536The all-electron APW+lo code was then used in awere smaller than 0.01 T, however, as could be expected for
second stage to further relax the atoms to their equilibriung closed shell atom as GfKr]55°4d'9), such that the so-
positions(with forces less than 1 mRg.u), and to calcu- called Fermi contact terff is the only contribution to the
late the HFF. We have simulated sites with different coordi-HFF.
nation numbers using both bulk cell2 X 2X 2 periodicity
=32 atom$ and surface supercells with slabs with various
thicknesses and in-plane periodicities. For a discussion on
the convergence of the calculated quantitiEEG and HFIly Two main questions will be addressed in the next sec-
with the size of the cells, as well as on the other details andions. First, we want to verify and understand the experimen-
parameters of the calculations, i.e., muffin tin radii, energytally proposed parabolic dependence of the Cd HFF on the
cut-off, Brillouin zone sampling, etc.., we refer the reader number of Ni neighbors in the first coordination sh@lN),
to Sec. Il of the first paper of this seriés. and we examine whether and how the spatial arrangement of
Before proceeding with the discussion of the results, it ishese neighbors influences the HFF. As a second problem, we
important to assess the accuracy of our calculated HFF's. Tbroaden the scope to the entirepsseries, placing $p im-
this end, let us look at an experimentally well-known case;purity atoms only in NN=4(adatom and NN=8 (terrace
Cd in bulk Ni, for which the experimental HFF at 4.2 K is coordinated sites at the (li00) surface. This will allow us to
-6.9 T37 To mimic as good as possible the situation of angeneralize the behavior observed for Cd to other probe at-
isolated impurity in bulk Ni, we have considered two differ- oms, and to propose qualitative explanations on the mecha-
ent supercells: a 22X 2 cell where the Cd impurities are nisms ruling the observed HFF'’s.
arranged in a simple cubic sublattic®l Ni and 1 Cd in the
primitive cell, Cd—Cd distance of 7.02)Aand a 4<4x 4
cell with Cd arranged in a face centered cubic sublait&
Ni and 1 Cd in the primitive cell, Cd—Cd distance of In this section we focus on Cd probe atoms, placed in
9.93 A). The Cd HFF’s attain values of —-9.8 T and -9.3 T, terrace and adatom positions at the three low-Miller-index
respectively, for the 32-atom and 64-atom supercells, whesurfaces offcc Ni. This gives access to 6 differently coordi-
all Cd and Ni atoms are on ideal fcc positions. When wenated sites, in addition to the fully coordinated substitutional
allow the Ni neighbors to move to new equilibrium positions bulk site and to a more artificial bridge site with NN=2. In
as a reaction on the presence of the Cd-impurity, theorder to test the sensibility of the HFF on the details of the

Il. METHOD AND DETAILS OF THE CALCULATIONS

Ill. MAGNETIC HYPERFINE FIELDS

A. Cd HFF's on Ni surfaces
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TABLE I. Hyperfine fields(T) of Cd in different Ni-environments. Experimental values are taken from
Ref. 21. NN is the coordination number, and the “Type of cell” column supplies the cell dimensions, in units
of the Ni lattice constant. The environment labeled as “bulk” refers to a single Cd inpurity M2x2 Ni
supercell, while in the “bulk-like” environments a number of Ni nearest neighbors have been removed from
the 2x 2 2 supercell. All other calculation@gvhere Miller indices are giverhave been carried out with slab

supercellgsee the text for details

Hyperfine fields(in T)

#NN Type of cell Nonrelaxed Relaxed Exp
Bulk 12 (2%x2x%2) -9.8 -12.0 -6.9
(100) Bulk (2x2,7L) -10.0 -11.7
(111 Terrace 9 (V2x42,7L) -7.4(12.18 A -13.710.49 A -6.6
(100 Terrace 8 (2%x2,51L) -9.87.02 A) -1.95.80 A) -35
(2x2,7L) -8.37.02 A -6.7(5.82 A
(V2x\2,7 D -3.613.19 A -5.911.88 A
Bulk-like (“random”) (2x2%2) -9.9 —
Bulk-like (terrace (2x2x%x2) -8.2 —
becbulk (2x2x%x2) -8.9 —
(110) Terrace 7 (2x\2,7 L) -2.97.45 A) 1.1(5.66 A) 4.1
(2x2y2,9 L) -6.87.45 A) —
(110) Adatom 5 (2x+2,5 L) -4.8(7.45 A 11.96.91 A) 4.3
(2xV2,7L) -14.27.45 A) -6.56.93 A)
(2x2V2,7 L) -21.77.45 A —
(100) Adatom 4 (2x2,5L) -6.57.02 A) -3.66.51 A) 7.3
(2%x2,70L) 3.47.02 A 38.76.63 A)
(V2x+2,5 ) — 15.99.35 A)
(V2x42,7L) 2.6(9.67 A) 22.99.28 A)
(\2x\2,9 1) — 31.99.35 A)
(V2x+2,11 D — 25.1(9.35 A)
Bulk-like (“random”) (2x2%X2) -5.6 —
Bulk-like (adatom (2x2%X2) 8.0 —
Bulk-like (free layej (2x2%X2) -4.2 —
bcc Bulk-like (adatom (2x2x%2) -9.6 —
(111 Adatom 3 (2\2x 22,5 1) 24.98.11 A) 31.97.92 A 16.0
(111) Adatom 2 (V2x42,7L) n.p. 33.48.26 A) —

cells, we performed also several calculations by varying theositive values for low coordination, in agreement with the
cell size and number of Ni layers in the slab. All the calcu-experimental assignments. Changing the size of the slab, by
lated Cd HFF for the differently coordinated systems areadding Ni layers or by increasing the extension of the cells in
summarized in Table | and Fig. 1. Details on the cell arethe surface plane, results in some scattered values which lay,
given in the format(2D cell size, number of Ni layeysThe  except for NN=5 and to a lesser extent also for NN=4,
Cd-Cd distance through the vacuum spacer is given in parewithin the aforementioned expected precisi@tb T). For
theses after the HFF values. The long hyphen “—” is used tehe NN=5 case, i.e., adatom position at thé 14D surface,
label cases that were not calculated. The NN=2 coordinatethe HFF's are found to attain large negative values for some
site has been achieved by placing the Cd atom in a noncrysf the considered cells. We will come back to these puzzling
tallographic adatom position on {il1). An “ideal unre- results later on.

laxed position” has therefore no meaning for Cd on this site, As already discussed before, lattice relaxations are ex-
which is indicated by the label “n.p(*not possible’). For  pected in such open systems and might induce important
the fully coordinated bulk sitéNN=12), both a bulk and a changes to the HFF's. In fact it has been shown recently that
slab calculation are reported, the latter with the Cd placed itheir inclusion improves the agreement with the experimental
the middle layer of the Ni slab. The experimental results ofdata, in the case ofsp and &p impurities in bcc bulk
Potzget! are reported in the last column. We first discuss theFe1?13 Due to the larger atomic volume of Cd with respect
unrelaxed calculations, where all the atogimeluding Cd sit  to Ni, an outward relaxation away from the surface is ex-
at their idealfcc position. The calculated values predict for pected for both terrace and adatom positions, for all low-
the Cd HFF a change in sign for mid-coordination and largeéndex surfaces. Our calculations show Cd displacements
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TABLE II. Cd perpendicular relaxatioin A) from an idealfcc 02—
crystallographic site for the three low-index Ni surfaces. Every- r Spin ! i — GGA

where Cd moves towards the vacuum.

Site (100) (110 (111

Adatom 0.20 0.26 0.09
Terrace 0.60 0.90 0.84

Cd s-DOS (states/eV)

e
-
T

from idealfcc positions towards the vacuum, that range from - Spin 4 ]
0.60 to 0.90 A for the terrace atom and from 0.09 to 0.26 A 02— o5 1
for the adatom, depending on the surface orientatiable E-E;(ineV)
II). Displacement for the terrace site are larger than for the
adatom site: the Cd atom strives for a-CdNi bond length FIG. 2. Partials-DOS for relaxed Cd on NL0O) calculated in
of about 2.65 A(an observation taken from our 32-atom the LDA and GGA approximations.
bulk calculation, that is somewhat larger than the idéat
Ni-Ni bond length of 2.48 A. Starting from an adatom posi- to a reduced spin moment of 1.0% 10 %ug (2.02X 1072 ug
tion, this can be realized with less displacement. Minor refor GGA). The corresponding HFF’s are 20.4(IDA) and
laxations appear also in the Ni atoms around the impurity. AS88.7 T (GGA). As also in the LDA calculation this-peak
evident from Table |, the correction due to the relaxation isremains akg, it can be expected that using LDA throughout
mostly within 7 T (except for NN=4 with corrections up to will not remove the sensitivity problem for NN=4 or 5,
35 T; see later The correction is negative for the highest which is indeed what we observe. As a general rule, when-
coordintion numberg§NN=9 and 12 and positive for all ever such a peak is observed so clos&tp an enhanced
others. sensitivity of the HFF is foreseen, which adds to the inner
For a better comparison, the theoretical results for theprecision of the calculations. For NN=4 and NN=5, we do
unrelaxed and relaxed systems are plotted in Fig. 1 togethebserve such a peak in theDOS, for the other environ-
with the experimental results. When more than one valuanents this is not the case. This explains the instability and
exists in Table I, the ones relative to the cell with the largestvide scattering of the HFF’s for those two coordination num-
volume are selected, except for the more sensitive NN=4ers in Table I(note that this instability does not affect the
and NN=5 cases where the values closer to the experimentslculations for the EFG, which is ruled ly rather than
are chosergthis will be justified beloy. The chosen HFF's s-electrong. For impurity elements other than Cd, it might be
are given in bold in Table I. As evident from Fig. 1, upon that such sensitivity does not show up at all, or—if it
relaxation of the atoms in the cell the barycenter of the HFFdloes—it might do so for other values of the coordination
curve moves towards more positive values for N8, in-  number, depending on the details of ®0S close toE;.
ducing a sign change already for NN§Zd on a N{110)  The experimental values in Table | are up to 20 T below the
terrace sitgp The largest changes are seen for NN=4 andcalculated values for N& 4. This indicates that in nature the
NN=5, indicating once more a high sensitivity of these en-majority s-peak is aboveeg, while in our calculations it is
vironments. No clear overall improvement is found whenbelow.
relaxations are included, and the experimental data lay some- We now turn to the experimental parabolic NN-counting
how between the relaxed and unrelaxed theoretical curvesrule from Fig. 1. Both our relaxed and unrelaxed calculations
In order to investigate the reason for the large variationshow roughly the same tren@rig. 1), and agree with the
seen for the NN=4 and NN=5 coordinated sites, it is fruitful experimental trend. But how absolutely does this “parabolic
to look at the partial Density Of Staté®OS) of Cd with  rule” hold? Is it really true—as concluded by Potzgerl !
s-symmetry(only s-electrons contribute to the HEANn Fig.  —that knowledge of the NN coordination is enough to pre-
2 the majority and minoritys-DOS of a relaxed Cd adatom dict the HFF on Cd in Ni-environments? In order to answer
on Ni(100) is shown in a small energy window in the vicinity this question, we exploit the advantageadf initio calcula-
of the Fermi energy. Tha-DOS shows several structures, tions that one is not restricted to environments that necessar-
among them a pronounced peak which for the majority chanily have to exist in nature. We can easily create artificial
nel lays right atEg while it remains abové& for the minor-  Cd-in-Ni-environments with an arbitrary number of nearest
ity channel. Small variations in the details of the qelim-  neighbors. That allows us to test the NN-counting rule in
ber of layers, 2D cell size, relaxation or not,).or in the  more situations than are experimentally accessible. The en-
computational methodLDA/GGA, APW+lo or KKR, ..)  vironments we created arex2 X 2 supercells for Cd in bulk
will push this peak in the majority channel below or aboveNi, with a given amount of nearest neighbor Ni atoms re-
Eg. Since only the majority spin is involved, one has a netmoved(such that vacancies remaifThis removal was done
change of thes spin magnetic moment, and — because this igair by pair, with the requirement that the remaining cell still
roughly proportional to the HFF — also a change of the HFFhas inversion symmetrgout of the several possibilities for
itself. This is illustrated in Fig. 2 by an LDA-calculation for every NN, we calculated only opeThis requirement makes
exactly the same cell as used for GGA. The majosifyeak  such environments essentially different from the correspond-
for LDA is at a slightly higher energy than for GGA, leading ing surface environments with the same NN, because the
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latter inevitably do not have inversion symmetry. In a first S0¢
series, we start from the relaxed 32-atom Cd-in-Ni supercell sof
as calculated beforgabeled as “semi-relaxed,” because after =
removal of the Ni atoms no further relaxation is dpne a E 30f
second series all atoms are at the ideal Ni bulk positions. The Y F
results of both series are almost identical, and are reported in = 20
Fig. 1. Clearly, the same trend as in experiment and as in the Z) 10k
surface calculations is present in the artificial bulk calcula- € f
tions. This proves that there is a basic truth in the NN- % of
counting rule. On the other hand, the large difference be- of
tween the bulk and surface calculations—especially for the [ | !

E I I 1 1 1 1
low-coordination environments—is a clear sign that contri- Cd In Sn Sb Te I Xe Cs Ba
butions from _h|gher coordlnatlpn shells are not negligible. FIG. 3. Hyperfine fields of the entiresp series(Cd —Ba) in

If the requirement of inversion symmetry is removed, wey ik Ni (circle, NN=12, at a terrace positiofsquares, NN=gand

can bridge the gap between these bulk-like cases and thg 5, adatom positiofdiamonds, NN=4#on the N{100) surface.
surface slabs by calculating bulk-like cells where the first

coordination shell is exactly the same as on a specific surfacg .27 for 4sp impurities on Fe and Ni surfaces, and very

site. We did this for NN=8 and NNZélfl'abIe I, the environ- recent|y and independent|y from this work also f(g‘pﬁm_
ment labeled as “random” is the one with inversion symmepurities on Ni surface® We take the bulk environment
try). For NN=8, we could simulate in this' way an environ- (NN=12) and the terracéNN=8) and adatom{NN=4) en-
ment that has exactly the same NN-coordination ag108)  yironments for thg100) surface, and calculate the HFF for
terrace site. If the NN-counting rule was absolutely valid, wethe 9 elements from Cd to Ba in those environments. The cell
would find exactly the same HFF in the random and terracesjzes chosen for those calculations are the ones labeled as in
like bulk case. The results are indeed quite close: =9.9 T anftapje | as(2x 2% 2), (2x2,5L), and(2x 2, 7 L), respec-
-8.2 T, which are values that are also not far from the slajyely. Because we are looking for gross trends now and not
calculation(-8.3 T). An even more daring test of the count- for fine details, relaxations were not included. The results for
ing rule is to put Cd at a substitutional site of an unrelaxegne 5%p HFF's are displayed in Fig. 3. Exactly the same
hypotheticalbcc Ni 2x 22 supercell(16 atoms, with @ pehavior as Mavropoulost al. observed for 4p and Sp
lattice constant chosen such that the Ni-Ni distataed  jmpurities is seen here, which mutually supports the validity
hence also the unrelaxed Cd-Ni distaneethe same as in  of the very different computational methods that were used.
thefcc case. Even in this very different kind of environment, |, the bulk environment, the HFF starts at about —10 T for
the calculated HFF of —8.9 T follows the Simple Counting Cd, Strong'y increases with increasing atomic nunﬁmnd
rule. All this is different for NN=4. Apart from the random eaches a maximum near the middle of the seriets T for
environment(-5.6 T), we tested a configuration that is iden- | Then it decreases again, and at the end of the series turns
tical to the fcc (100) adatom casé8.0 T), a configuration  pack to values close to =10 T. This behavior is in agreement
with all 4 Ni plus Cd in the same plarte free layer, -4.2 Y, with recent bulk calculations for relaxed 128-atom supercells
and in abcc cell a configuration that is identical tolzcc  (see Ref. 14, where also the comparison with experiment is
(100 adatom(-9.6 T). These 4 numbers prove that—even in discussefl When the coordination number is reduced, the
fcc-based environments only—the exact spatial configuratiomain peak of the HFF curve moves to heavier elements and
of the Ni neighbors in the first coordination shell can bean additional structure—that for NN=8 is more a broad
important, leading to differences of more than 13 T. It is notshoulder than a peak—appears at the beginning of the series.
surprising to find this effect for NN=4 rather than NN=8, For NN=4 two clear structures are evident, and the HFF
the former being identified before as a sensitive case. Fronmcreases and decreases twiggth less intense variations
this analysis we conclude that although the NN-counting rulghan for the bulkin the course of the €p series.
certainly indicates a trend, there can be substantial deviations The microscopic origin of Fig. 3 can be understood by a
from it for specific environments. In such sensitive environ-slight extension of arguments given by Mavropoustsal 27
ments, the spatial arrangement of the neighbors is importadr 4sp impurities. Later on, we will derive from thergand
as well. There is probably some luck involved that for Cd intesy generalized NN-counting rules for alsp impurities in
Ni the behavior in nature is so smooth as experimentallyNi environments. For a systematic explanation, let us go
observed, and there is no fundamental reason why the dafmck to the origin of hyperfine fields in ferromagnésee
could not have been considerably more scattered around tief. 9 for a detailed and instructive revigws the hyperfine
parabolic trend. field in our cases is dominated by the Fermi contact contri-
bution, we have to care about the details of the bond between
the 5sp states and its environmef(ttere Ni-3l). It has been
known for a long timé®*°that in the case of such asd

As a last part of this study we now present a survey forbond the locak-DOS of the impurity shows a characteristic
the Spimpurities from Cd to Ba in Ni-environments, to see depression a few eV below the Fermi energy: the “antireso-
if and how the NN-counting rule can be extended to othemance dip”(AR). The position of the AR is mainly deter-
impurities. We use the strategy applied by Mavropowdds mined by the host materiéNi), and not by the impurity. The

B. HFF's of the 5sp series
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FIG. 4. Cartoons for the majority and minority partaDOS of 4&»“/4%}

(a) a Sspimpurity in bulk Ni and(b) a 5spimpurity at a Ni surface oI
(low coordination, e.g., NN=¥ The vertical line indicates the
Fermi energy, the name of the elements indicates for which element
a particular picture is representative. This picture is inspired by Ref.
9.

states below the AR are bonding states; the states above are
antibonding. The up and down states are exchange split, such
that at first sight one expects an excess-ap overs-down,
resulting in a positive hyperfine field. Due to a different
-d hybridization for up and down electrons, however, the i 5 (a) The first of the two antibonding-peaks for majority
number ofs-up below AR will be diminished, while the ,,q minority spin. (b)) The smoment derived from(a) by
number ofs-down will be enhanced. Above AR, the situation gypiracting—at a particular energy—the integral of the minority
is oppositet! The final result is that the impuritgmoment s pos up to that energy from the integral of the majosPOS up
(and hyperfine fielpwill be negative in the beginning of the 1, that energy. In botlta) and (b) 3 typical cases are drawn: high
sp-series, where the effect of the bonding states is dominanigordination = broad band widtthin full line), medium coordina-
(Fig. 4-a-). In the second half of the series, also the anti-tion = medium band widttithick full line) and low coordination =
bonding states will get filled, and because they have to bemall band width(dashed ling The horizontal arrows indicate the
squeezed between AR and the Fermi energy, they have tegion where the Fermi energy falls for the indicated eleméhts
develop a sharp peak in the DOS. The exchange splitting dfrst half of the Sp-serieg. This story can be repeated with the
this peak is responsible for the large positive HFF at the endecond of the two antibonding peaks, starting friofor which the
of the sp-series(Fig. 4-a-2/3, which quickly drops to small Fermi energy falls at the place indicated by the vertical arrow.
and negative values again if also the down antibonding states
are below the Fermi energ¥ig. 4-a-4. Mavropouloset al. ~ Fig. 5 shows thes spin moment derived from Fig.(& as a
have shown by group theoretical arguments that in the cadéinction of energy(found by subtracting the integral of the
of reduced point group Symmetry for the impuri@gg on down-peak from the integral of the up-peak, where the inte-
surfacey the antibonding part of the impurittDOS is split ~ grals are made up to the energy under consideratiorery-
in two parts. This splitting is more pronounced if the impu- thing now depends on where the Fermi energy lies in Fig. 5.
rity is in more non-bulk-like environments, i.e., it is more If it falls in the region indicated by Cd-In-Sn, Fig(& cor-
pronounced for NN=4 than for NN=8. Let us take the NN responds to Fig. 4-b-1. At the corresponding energy in Fig.
=4 case with a clear splitting. When going from Cd to Ba,5(b), the smoment(HFF) for the small band-width(NN
we evolve through the different stages of Figby which ~ =4) is larger than for the medium band-widitNN=8),
explains the double-peak structure of the HFF for NN=4 inwhich in turn is larger than for the large band-widtNN
Fig. 3. =12). If the Fermi energy falls in the region indicated by
An aspect of Fig. 3 that has not been discussed bysb-Te, Fig. $a) corresponds to Fig. 4-b-2 and the sequence
Mavropouloset al. is the physical origin of the coordination of ssmoments is reversed. After Te, this story repeats for the
number dependence of the HFF for a particular element: whgecond antibonding pedkor I, the Fermi energy will be at
is, e.g., for In the NN=4 HFF the larger one and the NNthe position marked by the vertical arrow, but of course in
=12 the smaller one, while this is reversed for, e.g., Te? Thishe second series of peakbut will be increasingly less clear
we will explain by the cartoon in Fig. 5. The upper part of due to the presence of thes Gtates that start to manifest
Fig. 5 schematically shows the first of the two antibondingthemselves around the Fermi energy. That is the reason for
s-peaks of Fig. &), for any particular impurity. If one low- the more chaotic evolution for Cs and Ba. Of course, Fig. 5
ers the coordination number of the impurity, the band-widthis a cartoon only, and its conclusions should not be taken too
of these peaks will decrease—an obvious fact, which wditerally: the real DOS are not Gaussians as used in the car-
clearly observe in our calculations. Figuréapshows the toon, and therefore the details of the hyperfine field evolution
same situation for 3 typical band-widths: largdN=12), might be different. Nevertheless, it captures the basic mecha-
medium (NN=8), and small(NN=4). The bottom part of nism. Summarizing, we conclude that the physical mecha-
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i 1 be inferred from the surface calculations of Fig. 3: a mono-
30F 0—ocd| A

Do o-OTel 1 tonic (parabolig increase for Cd, a monotonic decrease for
ol ©--0Ba| ] Te, and nonmonotonic behavior for Ba. In light of these

results we therefore conclude that each of thp inpurities

103_ in Ni has its own typical coordination number counting rule.

IV. CONCLUSIONS

Hyperfine Fields (Tesla)

. We have undertaken a comparison betwabrinitio cal-
r ] culations and a data set—experimentally collected during the
20t PR 5 3 4 ) . pagt 15 yea}rs—of magnetig hypgrfine fields pf Cd at mag-
Coord. number (NN) netic metallic fcc surfaces, i.e., Ni. The experimentally sug-
gested parabolic-like coordination number dependence for
FIG. 6. Coordination dependence of the HFF for selected, i.e.the HFF of Cd at Ni surfaces is confirmed as being a reliable
Cd, Te and Ba, §p elements in Ni hosts, as obtained by bulk trend, but we warn that it is just a trend and not a rigorous
calculations(see the text for details rule: sensitive environments exist, for which the spatial ar-
nism behind Fig. 3 can be understood from a combination o angement of the Ni _neighbors c_onsiderably inﬂuences_the
three basic featuresi) the double peak structure of the an- FF. We have explained n deta!l_the phy_smal mechanism
tibonding peaksyii) the decrease in the band-width—and P€hind the HFF for all Sp impurities at Ni surfaces, by
hence the increase of the peak height—upon reduction of thePmbining knowledge from the literature and new insight. In
coordination number, andii) the position of the Fermi en- Particular we have generalized the parabolic NN-counting
ergy with respect to the peaks. rule for Cd to other Spimpurities, showing that each impu-
We now take Fig. 3 as a source of inspiration to extendity has its own typical rule, and explaining why this is so.
the parabolic NN-counting rule proposed by Potzgerl. Together with the results on the EFG presented in the first
(Ref. 21 to 5spimpurities other than Cd. It can be seen from paper of this serieSwe hope to have demonstrated thadt
Fig. 3 that the Cd-HFF for bulk and NN=8 is almost the initio calculations can greatly enhance the physical insight in
same and negative, while the value for NN=4 is small anc&n experimentally complex problem.
positive: this is the parabolic behavior seen in experiment. In
the same way, we can then deduce that for In and Sn as
impurities, the HFF should monotonically rise from NN2
to NN=4 (it is interesting to note that for the experimentally ~ One of the authorgVv.B.) acknowledges a fruitful discus-
“easily” accessible Mossbauer probéSn, Fig. 3 suggests a sion with Dr. K. Potzger. Part of the calculations were per-
linear behavioy. Between Sn and Sb all lines cross, such thaformed on computer facilities granted by an INFM project
for Sb to | the HFF monotonically decreases from NN=12 tolniziativa Trasversale Calcolo Parallelat the CINECA su-
NN=4. For Xe to Ba, there is nonmonotonic behavior in-percomputing center. Another part of the computational work
stead. We have checked this deduction by calculating thevas performed on computers in Leuven, in the frame of
artificial bulk-like (nonrelaxegl environments as discussed projects G.0239.03 of thd-onds voor Wetenschappelijk
before, but now for Te and Ba as impuritigsoth are taken Onderzoek—Vlaanderé®RWO), the Concerted Action of the
as a representative for the region of monotonic decrease andJLeuven (GOA/2004/03 and the Inter-University Attrac-
the nonmonotonic region, just as Cd is a representative of thigon Pole (IUAP P5/1). The authors are indebted to L. Ver-
region of monotonic increageln these bulk-like cells, we wilst and J. Knudts for their invaluable technical assistance
can more easily create environments with NN different fromconcerning the pc-cluster in Leuven. M.C. thanks @reler-
4, 8, and 12. The results are given in Fig. 6. The generatoeksfondsof the KULeuven for financial support-/02/
trends shown in Fig. 4 are the same as the ones which coul@L0).
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