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We present first-principles calculations of the electronic structure and hyperfine fields of4sp
impurities on the (001) surfaces of Ni and Fe. The calculations are based on the local-spin-den
functional theory and employ a Green’s function method for impurities at surfaces. The system
behavior obtained for the hyperfine fields of adatoms or impurities in the first surface laye
completely different from that found in the bulk, mainly due to the reduction of the symmetry a
the coordination number at the surface. Our results explain the surprisingly small hyperfine-field va
measured for Se adatoms and provide challenging predictions to be confirmed by future experim
[S0031-9007(98)06862-8]
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Hyperfine-interaction measurements provide unique
formation about the electronic properties of solids whic
cannot be obtained by other methods. However, since t
information originates from the inner region of the atom
close to the nucleus, it is in general difficult to understan
and interpret. In ferromagnetic materials such as Fe, C
Ni, and their alloys, the hyperfine fieldHhf is the most
important hyperfine quantity that is directly related to th
magnetization density at the nucleus. In the past. n
merous experiments have been performed for impurit
extending more or less across the whole periodic tab
[1]. A theoretical explanation of the systematic variatio
of the impurity hyperfine fields as a function of the atom
number of the impurity has been first given by Kanamo
et al. [2] and subsequently confirmed byab initio calcu-
lations [3–5]. According to this, forsp impurities, the
negative hyperfine fields at the beginning of ansp series
arise from bondings-d hybrids, which show a preferen-
tial occupation of the minority-spin states. On the oth
hand, the strong increase to large positive hyperfine-fie
values at the end of thesp series and the abrupt decreas
to negative values at the beginning of the next row of th
periodic table are due to the occupation of the spin-sp
antibonding states close to the Fermi levelEF .

In recent years, interesting hyperfine-field measur
ments have been performed using the perturbed-angu
correlation (PAC) technique with probe atoms at surfac
and interfaces, in order to investigate the complicat
electronic and magnetic properties of these systems [6–
While in earlier works the111Iny111Cd probe has been
used, the availability of the ISOLDE mass separator
CERN also allowed the study of more exotic systems su
as, e.g.,77Br nuclei decaying into77Se. Granzeret al. [7]
have used this probe in recent PAC experiments for
on the Ni(001) and (111) surfaces, where Br and Se a
known to occupy adatom positions [10]. While in bul
Ni the Se impurity has a hyperfine field of about150 kG
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[11], Granzeret al. found the surprising result that the S
adatom shows a very small hyperfine field:8 kG on the
(001) and27 kG on the (111) surface of Ni.

Motivated by these puzzling findings, we have carri
out a systematicab initio study of the hyperfine field for
a complete series ofsp impurities on the (001) surfaces
of fcc Ni and bcc Fe, as well as in bulk Ni and Fe. I
particular, we consider the impurities of the4sp series,
starting from Cu and Zn, up to Rb and Sr in the ne
series, and we investigate three different positions of
impurity atoms: (i) in the bulk, (ii) on top of the surface a
an adatom (fourfold hollow site), and (iii) in the surfac
layer by substituting a substrate atom (terrace position)

Our calculations are based on density-functional the
in the local-spin-density approximation (LSDA) an
employ the Korringa-Kohn-Rostoker (KKR) Green’
function method for defects at surfaces [12] or in bu
crystals [13]. Multiple-scattering theory is applied t
obtain the Green’s function in angular-momentum rep
sentation from an algebraic Dyson equation given by

Gnn0

LL0 ­ G0 nn0

LL0 1
X

n00,L00

G0 nn00

LL00 Dtn00

L00Gn00n0

L00L0 , (1)

where Gnn0

LL0sEd denotes the energy-dependent structu
Green’s function matrix elements andG0 nn0

LL0 sEd denotes
the corresponding matrix elements for the host mediu
(ideal infinite or semi-infinite crystal) which serves as
reference system. The summation in Eq. (1) runs o
all lattice sitesn00 and angular-momentum quantum num
bersL00 ­ h,00m00j for which the perturbationDtn00

L00sEd ­
tn00

L00sEd 2 t0 n00

L00 sEd of the t matrix between the defect and
the reference system is significant. In the calculations
include angular momenta up to, ­ 3. While we assume
the impurity and its first 12 nearest-neighbor cells to
perturbed for the fcc structure (Ni), in the case of th
bcc structure (Fe) we take into account more than t
© 1998 The American Physical Society 1505
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perturbed shells of neighbor potentials, in order to e
sure adequate convergence. The site-centered poten
are considered in the atomic-sphere approximation, i.
they are assumed to be spherically symmetric around
proper atomic center and nonvanishing within a sphere
atomic volume. However, the full nonspherical charg
density is calculated at each iteration step of the se
consistency procedure by taking angular momenta up
, ­ 6 into account in the multipole expansion. Exchang
and correlation effects are included in the LSDA using th
parametrization of Voskoet al. [14]. The calculations are
performed in the scalar-relativistic approximation [15
Further on, we neglect lattice relaxations, which shou
not seriously affect our conclusions since the trends of t
hyperfine fields are more or less independent of moder
lattice distortions.

In the cases we examined, the dominant contribution
the hyperfine field is given by the Fermi contact intera
tion which, in the nonrelativistic limit, has the following
form: Hhf ­

8p

3 msr ­ 0d. We note that the magnetiza-
tion density at the nucleus,msr ­ 0d, is determined by
the s electrons only. In a relativistic treatment, as don
in the present paper, Breit’s formula has to be used
stead of the Fermi contact term [4,5]. In line with th
scalar-relativistic approximation, orbital contributions t
the hyperfine field are neglected, and the same applies
the dipolar field contributions, both of which are expecte
to lead to only minor corrections of the present results.

Figure 1 shows our results for the hyperfine fields
the 4sp impurities on the Ni(001) surface, as well as i
bulk Ni. Our calculations show that the hyperfine fiel
is essentially determined from the polarization of thes
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FIG. 1. Hyperfine field ofsp impurities in bulk Ni (open
squares, dotted line), in the first surface layer of Ni(001) (so
circles, dashed line), and adsorbed on Ni(001) (solid squar
solid line).
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valence states of the impurity, while the core-electro
contributions are negligibly small in all of the cases
examined, as expected for nonmagnetic impurities. W
note that the valence contribution to the hyperfine fiel
can be more or less linearly scaled to thes magnetic
moment of the impurity.

In bulk Ni (Fig. 1, dotted line) the hyperfine field
is negative for Cu and Zn, it increases and takes i
maximum value at Se, and then decreases abruptly taki
negative values at the beginning of the nexts5spd series.
As explained by Kanamoriet al. [2] the maximum occurs
due to the preferential filling ofs-like antibonding states
in the majority-spin band, while the subsequent filling
of the antibonding states in the minority-spin band lead
to the fast decrease of the hyperfine fields for Br an
Kr impurities. The progressive filling of the impurity
s states is illustrated in Fig. 2 (right side) which shows
the s-projected local density of states (LDOS) for Ga
Se, and Kr impurities in bulk Ni. Since the difference
in the population of the antibonding states betwee
majority- and minority-spin bands becomes largest for S
one obtains in this case the largest positives magnetic
moment which explains the very high hyperfine-field
value of the Se impurity.

FIG. 2. Spin-resolveds LDOS of Ga, Ge, and Kr adatoms
on Ni(001) (left), and impurities in bulk Ni (right). The
upper (lower) parts of the figure correspond to the majorit
(minority)-spin states. In the adatom case, the first antibondin
peak crosses the Fermi level for Ga, while the second is high
up, above 4 eV. For Se,EF separates the two antibonding
peaks, and for Kr the second antibonding state crossesEF while
the 5s state appears at about 7 eV (the dotted line represen
a magnification by a factor of 10). In the case of impurities
in bulk, the (one and only) antibonding peak is always situate
near the Fermi level.
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The situation is, however, very different for the
adatoms. Here the hyperfine field shows two peaks (s
Fig. 1). The first peak already occurs at Ga and t
second one at Kr, with a pronounced valley of small fie
values for the intermediate elements Ge, As, Se, and
Negative hyperfine fields are obtained only for Cu and S
The behavior of the impurities in the first surface layer
intermediate between the adatom and bulk cases. H
the first maximum develops into a broader shoulder a
the second maximum is increased and shifted to sma
valences. The calculated hyperfine field of5.5 kG for
the Se adatom is in very good agreement with a rece
experiment [7] which yields8 6 3 kG. Both values
are in sharp contrast to the large field obtained for a
impurity in bulk Ni.

As we observe in Fig. 1,Hhf increases versus the
impurity atomic number at the beginning of thesp series
and takes a maximum value at a smaller atomic numb
for the adatoms than for impurities in bulk. This is due t
the reduced coordination number and the resulting sma
bonding-antibonding splitting of the impuritys states at
the surface, as can be seen by comparing the left and r
sides of Fig. 2 for the Ga impurities.

Because of the reduced symmetrysC4yd at the (001)
surfaces of Ni and Fe as compared with the bulk, t
hybridization of thes and p impurity states with the3d
orbitals of the substrate results in the formation of o
site s-pz hybrids. This can occur because both thes
andpz impurity orbitals transform according to the sam
irreducible representation (the identity representation)
the point symmetry groupC4y , which is not the case in
the bulk, wheres and p orbitals transform according to
different irreducible representations of the point symmet
group Oh. Therefore, for the impurities at surfaces, w
can understand the features of thes LDOS (see Fig. 2,
left side) by considering the hybridization between ea
of the two s-pz impurity hybrids søjsl 6 jpzld and the
d states of the neighboring host atoms. This explai
why we obtain a doubling of thes-like bonding and
antibonding peaks, as can be seen by comparing the
and right sides of Fig. 2. Thes-pz impurity hybrid which
is directed towards the substrate hybridizes more stron
with the hostd states than the hybrid which points to th
opposite direction, due to the larger spatial overlap. Th
difference in the hybridization strength gives rise to tw
antibondings peaks separated by a region of vanishing
small LDOS, for each spin direction. As can be seen fro
Fig. 2, in the case of a Ga adatom the firsts antibonding
peak for each spin direction crossesEF , while, for Se,
EF lies in the valley of thes LDOS and, for Kr, EF

is situated in the region of the second antibonding pea
Thes-pz hybridization can also be seen in the peak of th
Kr s-LDOS at28 eV, which represents a parasite of th
localized4pz level, situated at this energy.

The above considerations imply the following physica
picture for the progressive filling of the antibondings
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states as we move along the series from Cu to Sr.
impurities in the bulk, these antibonding states for
a relatively broad peak of low intensity for each sp
direction. Spin-up states are initially filled more rapid
than the spin-down states, since they are lower in ene
Thus, the s impurity moment and the hyperfine field
increase and take their largest values at Se. Then,
filling of the spin-down antibonding states and part
also of the bonding 5s states (the latter yield a negativ
spin polarization [2,3,5]) decreases thes moment and the
hyperfine field which become negative for Kr, Rb, an
Sr. On the other hand, in the case of adatoms, for e
spin direction, thes antibonding states form a first pea
followed by an energy region almost empty of states a
then a second peak of low but nonvanishing intensi
First are filled the spin-up states of the first peak, givi
a positive contribution to thes moment and the hyperfine
field which reach a maximum at Ga. Subsequently,
filling of the corresponding spin-down states cancels t
polarization, which becomes vanishingly small for As an
Se. As we move to the next elements, the same filli
process is repeated for the second antibonding peak.
s impurity moment and the hyperfine field increase aga
they reach a maximum at Kr, then decrease, and beco
negative for Sr. So we see that the double-peak struc
in the systematic variation of thes magnetic moment and
hyperfine field of the adatoms reflects the double-pe
structure of thes antibonding states in the LDOS for eac
spin direction, in contrast to the single-peak behavior
the bulk case.

Figure 3 shows our results for the hyperfine fields
sp impurities on the (001) surface of bcc Fe, as we
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FIG. 3. Hyperfine field ofsp impurities in bulk Fe (open
squares, dotted line), in the first surface layer of Fe(001) (so
circles, dashed line), and adsorbed on Fe(001) (solid squa
solid line).
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as in bulk Fe. For the adatoms, the first peak of th
Hhf curve is smaller and broader than in the case of N
and occurs at As, while the second larger maximum
shifted to Sr. The minimum values for Se and Br an
the large positive fields predicted for Rb and Sr adatom
are in striking contrast to the behavior found for th
bulk impurities. Here also, the impurities in the surfac
layer represent an intermediate case between the bulk
adatom impurities. As can be seen by comparing theHhf
curves for Ni (Fig. 1) and Fe (Fig. 3), in the case of F
all curves are shifted to higher valences. This can
explained by the stronger impurity-host hybridization, du
to the larger spatial extent of the Fed orbitals, which leads
to a larger bonding-antibonding splitting. Consequentl
the s antibonding states are situated higher in energ
and their progressive filling, which is responsible for th
systematic variation ofHhf as we move along within an
sp series of impurities, occurs later in the case of Fe th
of Ni host. Preliminary experimental results of the Berli
group [16] for Se adatoms on the Fe(001) surface yie
a hyperfine field of about40 kG, which again fits well
to our calculated value of42 kG. However, since in the
experiment the Fe surface was contaminated, the clo
agreement could be fortuitous.

In summary, we have performed first-principles LSDA
calculations using the KKR Green’s function method fo
sp impurities on the (001) surfaces of Ni and Fe, as we
as in bulk Ni and Fe. The calculated behavior for th
impurity hyperfine fields of the adatoms or impurities in
the first surface layer is completely different from tha
found in the bulk. Instead of a single maximum with
very large hyperfine fields for impurities at the end o
the sp series, the adatoms exhibit two maxima with
pronounced minimum in between. On Ni(001) the firs
maximum occurs at Ga, the second one at Kr, and sm
positive values are obtained for the intermediate eleme
Ge, As, Se, and Br. This behavior has its origin i
(i) the reduced coordination number and the resultin
smaller bonding-antibonding splitting of the impurity
s states at the surface and (ii) the lower symmet
at the surface which leads to the formation ofs-pz

hybrids on the impurity site and a doubling of thes-
like bonding and antibonding peaks. As a result of th
stronger hybridization on the Fe surface, both maxim
are shifted to higher valences for adatoms on Fe(00
Our calculations are in very good agreement with th
experiments for Se adatoms on Ni(001) and Fe(001). W
hope that our results will motivate additional experimen
with other probe atoms to verify the trends predicted.
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