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Magnetic properties of 4d impurities on the „001… surfaces of nickel and iron
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We presentab initio calculations on the magnetic properties, in particular the surface enhancement, of single
4d transition-metal impurities on the~001! surfaces of the ferromagnets Fe and Ni. The calculations are based
on local-density-functional theory and apply a KKR-Green’s function method for defects on surfaces. We
calculate the local moments of impurities in the adatom and in-surface positions and compare with the results
obtained for bulk impurities. Contrary to the large local moments found for 4d impurities on the surfaces of the
noble metals, our calculations predict only a moderate magnetic enhancement at the surfaces of the ferromag-
nets.@S0163-1829~98!05602-1#
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I. INTRODUCTION

The magnetism of 4d elements recently received consi
erable attention. It is well known that all elemental 4d metals
and 4d impurities in noble metal hosts are nonmagne
whereas 3d impurities show very large moments in the
hosts. On the other hand, Riegelet al.1 have shown that 4d
impurities in the open lattices of alkali and alkali earth m
als are strongly magnetic.Ab initio calculations2 give indeed
very larged moments compatible with Hund’s rules for th
atoms, e.g., 5mB for a Mo impurity in K or Rb.

Due to the reduced coordination at surfaces, it is fou
that magnetic moments of monolayers and the surface
ments of ferromagnets are strongly enhanced. The calc
tions of Blügel3 and others4 predict magnetic 4d monolayers;
e.g., a Ru monolayer on Ag or Au~001! should have a loca
moment of 1.7mB , while for a Rh monolayer a moment o
about 1.1mB is estimated. Higher coordination at the surfac
attenuates the overlayer moments due to the increased
bridization as has been shown for Ru and Rh overlayers
Ag~111! where the moment decreases to 70% of the~001!
value.5 Recent calculations6 for single transition-metal ada
toms on the~001! surfaces of Cu and Ag yield even larg
values for the local moments. For instance, for Mo and
adatoms on Ag~001! as well as for the isoelectronic 5d ada-
toms W and Re, moments of about (3.5–4!mB are predicted.
Only slightly smaller moments are obtained on the~001!
surfaces of Pd and Pt.7 In general these moments also survi
if the adatoms are incorporated as substitutional impuritie
the first monolayer of the surface.

In this paper we investigate the magnetic behavior ofd
impurities as adatoms on the~001! surfaces of the ferromag
nets Fe and Ni. As such the present paper represents a
tension of the previous work of the authors8 for 3d impuri-
ties on these surfaces. As it is well known from experimen
and theoretical studies for impurities in the bulk
ferromagnets,9 the spin polarization of the host introduce
two additional complications. First, the host polarization
duces a local moment on the impurity sites, even if the
purities themselves are ‘‘intrinsically’’ nonmagnetic. Se
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ond, the impurity moments can couple eith
ferromagnetically or antiferromagnetically to the host m
ment, with the sign of the coupling changing in the middle
the series, from antiferromagnetic coupling for the ea
transition-metal impurities to ferromagnetic coupling for t
late ones. The main emphasis of the present paper lies th
fore on the surface enhancements of the 4d impurity mo-
ments and on the sign and strength of the coupling.

The outline of the paper is as follows. In the next secti
we shortly discuss the calculational method. In Sec. III
present the results of the calculations for 4d impurities on or
in the surfaces of Fe and Ni~001! and compare with the cor
responding results for bulk impurities as well as with resu
obtained for 3d and 4d adatoms on noble metal surface
Section IV concludes the paper.

II. CALCULATIONAL METHOD

Our calculations are based on density functional theory
the local-spin-density approximation and the Korring
Kohn-Rostoker~KKR! Green’s function method for defect
on surfaces. In the KKR scheme the Green’s function of
Kohn-Sham equation is separated by use of multip
scattering theory into a single-scattering part of individu
lattice sites and into a multiple-scattering part, containing
structural information of the considered system,

G~r1Rn ,r 81Rn8 ,E!5dnn8AE(
L

RL
n~r, ,E!HL

n~r. ,E!

1(
LL8

RL
n~r ,E!GLL8

nn8 ~E!RL8
n8~r 8,E!,

whereL is the usual angular momentum index.Rn denotes
the atomic positions,r refers to the position in the Wigner
Seitz~WS! cell andE is the energy. The first term describe
the Green’s function of a single potentialVn(r ) in free space,

whereas the structural Green’s function coefficientsGLL8
nn8 in
84 © 1998 The American Physical Society
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57 85BRIEF REPORTS
the second term take all multiple-scattering processes
account. The regularRL

n(r ) and irregularHL
n(r ) single-site

scattering solutions are calculated by integration of the
mogeneous radial Kohn-Sham equations and the struc
Green’s function is determined by an algebraic Dyson eq
tion

GLL8
nn8 ~E!5G° LL8

nn8 ~E!

1 (
n9L9L-

G° LL9
nn9 ~E!DtL9L-

n9 ~E!GL-L8
n9n8 ~E!

with DtLL8
n

~E!5tLL8
n

~E!2 t°LL8
n

~E!,

which relates the structural part of the Green’s functionGLL8
nn8

of the considered system via the transition matricestLL8
n (E)

to the structural Green’s function of a reference syst

G° LL8
nn8 (E). In the following calculations angular momenta u

to l max53 are included.
The reference system used for the following impurity c

culations is either the undisturbed surface~in the case of
adatoms on the surface or impurities in the first layer! or the
ideal bulk ~in the case of bulk defects!. For bcc iron self-
consistent calculations are carried out by considering in
dition to the impurity potential also the potentials of th
nearest and next-nearest neighbors as perturbed, wherea
calculations for the less open fcc nickel substrate inclu
only perturbations of the nearest neighbors of the impur
The scattering potentials are assumed to be spherically s
metric, but a multipole expansion of the charge density up
l 56 is used to take the intercell contributions of the pote
tial into account. Lattice relaxations are neglected in our c
culations so that the atoms remain fixed at ideal lattice si
Following simple size arguments the 4d atoms at the sur-
faces considered here will presumably relax outwards, t
increasing the local moments. We think that neglecting t
effect will qualitatively not influence the results presented
this paper focusing on the relative changes in local mome
but at present no definite answer to this question can
given. The exchange and correlation effects are include
the local-spin-density approximation, using the parame
by Vosko et al.10 Relativistic effects are described in th
scalar relativistic approximation. For more details about
calculational method we refer to Refs. 6 and 11.

III. RESULTS AND DISCUSSION

In this section we present the results of our calculatio
for 4d impurities on the~001! surfaces of bcc Fe and fcc N
In particular we study the influence of the impurity positio
as well as the influence of the substrate on the local magn
moments of the impurities. We consider impurity atoms
three different configurations: as adsorbate atoms at the
low position in the first vacuum layer, as surface impurit
at an ideal lattice site in the first surface layer, and as sub
tutional impurities in the bulk.
to
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A. Results for Fe„001…

Figure 1 shows the calculated local moments of 4d atoms
as adsorbate and surface atoms on the Fe~001! surface and as
impurities in bulk Fe. In all three cases we find an antifer
magnetic coupling for the early 4d impurities up to Tc and a
ferromagnetic coupling for Ru, Rh, and Pd. As indicated
the lines the transition from antiferro- to ferromagnetic co
pling is continuous, which is substantiated by calculatio
for noninteger nuclear charges. All adatom moments are
hanced compared to the moments of the bulk impuriti
typically by a factor of about 2. However, when we compa
these moments with the ones found for the 4d adatoms on
the Cu or Ag~001! surfaces, being, e.g., for Mo or Tc as larg
as ~3–4!mB , we realize that the enhancement on Fe~001! is
rather modest. The ‘‘intrinsic’’ moments of the impuritie
are to a large extent quenched by the strong hybridization
the extended 4d-wave functions with the also extende
3d-wave functions of the substrate, so that only relative
small ‘‘induced’’ moments are obtained.

But whereas the moments of the antiferromagnetica
coupling surface impurities are enhanced, the ferromagn
Ru, Rh, and Pd impurities in the surface layer have mome
smaller than in the bulk, despite the fact that the coordinat
number is decreased. This anomaly can be explained by
vestigating the local density of states~LDOS! for both con-
figurations. Figure 2 shows the LDOS of the majority a
minority electrons for a Ru impurity in the surface positio
~dotted line! and in bulk Fe~solid line!. For the surface po-
sition the LDOS of the minority electrons shows a pe
slightly below the Fermi energy, which is absent in the bu
This peak increases the number of minority electrons a
due to charge neutrality, decreases the population in the
jority band, thus decreasing the local moment. The peak
self is connected with a surface state of the Fe~001! surface,
which is characteristic for the bcc structure. The same ef
also explains the increase of the~negative! moment of the Tc
surface atom above the adatom value.

Figure 3 shows a comparison of the local moments of
4d adatoms with the ones calculated for 3d adatoms on
Fe~001!.8 The open symbols refer to calculations for hyp
thetical noninteger nuclear charges, which have been
formed to clarify the trend of the coupling. A characteris
feature of the 3d adatoms and surface atoms is the two-st

FIG. 1. Local moments of 4d impurities as adatoms on th
Fe~001! surface~triangles!, as impurities in the first surface laye
~circles!, and as impurities in the bulk~squares!. ~The connecting
lines are a guide to the eye.!
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86 57BRIEF REPORTS
region in the middle of the series, leading to a first-ord
transition between the antiferro- and the ferromagnetic c
figuration. The third solution with a nearly vanishing m
ment corresponds to an energy maximum~or saddle point!.
For Mn the two solutions are nearly degenerate, with
adatom preferring the ferro- and the surface atom favor
the antiferromagnetic configuration.8 This clearly shows the
‘‘intrinsic’’ nature of the 3d moments versus the induce
origin of the 4d ones.

The same behavior shows up if we compare the LDOS
two isoelectronic impurities of the 3d and 4d series. Figure
4 shows the spin-polarized LDOS of a Rh adatom and a
adatom~isoelectronic to Rh! on Fe~001!. Due to the much
stronger hybridization of the 4d-wave functions with the
host wave functions the average bandwidth of Rh is con
erably broadened. This and the resulting smaller excha
integrals of the 4d elements decrease the tendency for m
netism and lead to smaller moments (0.8mB for Rh versus
1.8mB for Co!.

B. Results for Ni„001…

Figure 5 shows the calculated local moments of 4d impu-
rities on the Ni~001! surface for the above considered co
figurations. As in Fig. 3 the open symbols refer to calcu
tions for noninteger nuclear charges. One can see tha
moments of the 4d impurities in the first Ni layer are slightly
enhanced. Compared to this there is a substantial enha
ment of the 4d adatom moments, in particular for Tc and R
with moments of about 2mB . However, the transition from
ferro- to antiferromagnetic coupling is continuous, in co
trast to the behavior found for the 3d adatoms on Fe or N
~Fig. 6!. Nevertheless, we find for Tc further antiferroma
netic solutions with moments of21mB and22mB but with
an energy higher than the ferromagnetic one. Interestin
the topology of the moment–versus–nuclear-charge curv
different from the one for 3d adatoms on Fe and Ni~Fig. 6!.

At the end we compare the local magnetic moments ofd
adatoms on Fe and Ni~001! with the local moments of the
same adatoms on Cu~001! and the corresponding results o
tained for 3d adatoms on these substrates.7 For the case of

FIG. 2. Local density of states of a Ru impurity in the surfa
layer of Fe~001! ~dotted line! and in bulk Fe~solid line!. The sur-
face state below the Fermi energy in the minority band decre
the local moment of the impurity on the surface site below the b
value.
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the nonmagnetic Cu substrate the positive and negative
ments are both plotted, since the corresponding states
degenerate. For the 3d adatoms on Ni~001! the hybridization
with the substrate is sufficiently weak so that a broad tw
magnetic-state region exists resembling very much the
sults for Cu. On the other hand, for the Fe substrate
hybridization is much stronger and the two-state reg
shrinks considerably. In fact, for the 3d impurities in bulk Fe
a very sharp but continuous transition is obtained, leading
an anomalously small Mn moment of 0.8mB . Analogously to
the behavior of 3d adatoms, the 4d adatoms show large an
stable moments on the Cu substrate. On the other hand
the Ni substrate the moments are considerably reduced
the transition becomes continuous, except for the Tc ada
where also antiferromagnetic solutions exist. On the Fe s
strate the increased hybridization reduces the 4d moments
further so that essentially only the induced part of the m
ments remains. The induced nature of the moments
clearly be seen at the beginning and end of the series. S
these adatoms are nonmagnetic on the Cu substrate, th
sulting induced moments should scale with the strength
the hybridization and the size of the exchange splitting of
substrate. Therefore these elements show larger momen

FIG. 3. Local moments of 4d and 3d impurities as adatoms on
the Fe~001! surface. The open symbols refer to calculations
noninteger nuclear charge values.

FIG. 4. Spin-polarized density of states of a Rh adatom and
isoelectronic 3d partner Co on the Fe~001! surface.
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57 87BRIEF REPORTS
the Fe than on the Ni~001! surface. This reversed order of th
magnitude of the moments is found at the beginning and
of both the 4d and 3d series.

IV. SUMMARY

We presented KKR-Green’s function calculations for t
electronic structure and local moments of 4d impurities on
the ~001! surfaces of bcc Fe and fcc Ni. Three different co
figurations are considered: adatoms in the first vacuum la
impurities in the surface layer, and impurities in the bu
We find for both substrates a surface enhancement of
local moments, which is largest for the adatom configurati
Exceptions are the ferromagnetically coupling impurities R
Rh, and Pd on Fe~001! which have a smaller moment in th
surface layer than in the bulk. This anomaly is caused by
minority surface state of Fe~001!. The coupling of the impu-
rity moments to the substrate moments changes from ant
romagnetic at the beginning of the series to ferromagneti
the end. The broad two-magnetic-state region in the 3d se-
ries leads to a first-order transition, whereas the transitio
the 4d series is continuous. In general, the 4d moments are
relatively small and to a large extent induced by the subst
magnetization. This is very different from the large loc
moments found for the same impurities on noble metal s
faces. With moments of about 2mB , only Tc and Ru adatoms
on Ni~001! represent an intermediate case which resem
the behavior found for the noble metals.

FIG. 5. Local moments of 4d impurities on the Ni~001! surface
~triangles!, in the first surface layer~circles!, and in the bulk
~squares!.
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FIG. 6. Local moments of 3d atoms ~above! and 4d atoms
~below! as calculated for the~001! surfaces of iron, nickel, and
copper.
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