
PHYSICAL REVIEW B, VOLUME 64, 184407
Spin and orbital magnetic moments of 3d and 4d impurities in and on the „001… surface of bcc Fe

V. Popescu and H. Ebert
Department Chemie/Physikalische Chemie, Universita¨t München, Butenandtstr. 5-13, D-81377 Mu¨nchen, Germany

B. Nonas and P. H. Dederichs
Institut für Festkörperforschung, Forschungszentrum Ju¨lich, Postfach 1913, D-52425 Ju¨lich, Germany
~Received 23 November 2000; revised manuscript received 3 May 2001; published 17 October 2001!

Results ofab initio calculations of the magnetic moments of 3d and 4d transition metal impurities in and on
the ~001! surface of bcc Fe are presented. These investigations were performed using the spin-polarized
relativistic version of the Korringa-Kohn-Rostoker Green’s-function method giving access to the spin as well
as the orbital magnetic moments induced by spin-orbit coupling. For the spin magnetic moment only small
changes are found compared to a previous scalar-relativistic calculation for the investigated surface impurity
systems. In most cases the orbital magnetic moment turned out to be somewhat enlarged compared to that of
the impurity dissolved in bulk Fe. A rather simple explanation for the variation of these spin-orbit-induced
moments with atomic number of the impurity atom could be given on the basis of perturbation theory.
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I. INTRODUCTION

Recently, the magnetic properties of surfaces have
ceived a lot of interest. One of the most prominent featu
found in this field is the enhancement of the spin magnet
at the surface for spontaneously spin-polarized systems1–6

Closely related to this is the prediction that certain surfa
layer systems built up by normally nonmagnetic compone
create a spontaneous spin magnetization due to the red
coordination at the surface.4,7

Another important aspect of surface magnetism is the
fluence of the spin-orbit coupling. A very impressive e
ample for this is the creation of a spin-polarized photocurr
from a ~111! surface of paramagnetic Pt using linearly pola
ized light. For spontaneously magnetized systems,
magneto-optical Kerr effect~MOKE! supplies an importan
example for spin-orbit-induced phenomena.8 While being in
most cases primarily a bulk property, there are also so
surface specific features concerning the MOKE.9–11 This ap-
plies even more to the magnetocrystalline anisotropy
which now quite reliable calculations can be performed
the case of transition metal multilayers and surface la
systems.12,13 Closely related to contribution to the magnet
crystalline anisotropy due to the spin-orbit coupling is t
occurrence of an orbital magnetic moment. Quite similar
the case of the spin magnetic moment an enhancemen
this spin-orbit-induced contribution to the total magnetic m
ment has been found for surface layer systems.4–6

In this contribution results of fully relativistic calculation
of the magnetic properties for 3d and 4d impurities in and
on the surface layer of a~001! surface of bcc Fe are pre
sented. The computational scheme that has been used fo
purpose is sketched shortly in the next section. The main
of the paper is devoted to the discussion of the correspon
results. Concerning this, the influence of the specific ato
configuration on the spin and orbital magnetic moments w
be of particular interest. For the latter one a simple mo
will be used to give a semiquantitative description of th
purely relativistic property.
0163-1829/2001/64~18!/184407~6!/$20.00 64 1844
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II. COMPUTATIONAL ASPECTS

The work presented here was performed on the basi
density functional theory using a local spin density appro
mation ~LSDA! for exchange and correlation. Within thi
framework the electronic structure of the investigated s
tems was described in terms of the corresponding electr
Green’s function. This in turn was evaluated by means
multiple-scattering theory. For the nonrelativistic case t
approach is described in some detail in Ref. 14. With
Green’s function available, the electronic structure of a s
stitutional impurity can be described straightforwardly
means of the Dyson equation. Due to the angular momen
representation used for the Green’s function, the Dys
equation in real space can be transformed to an equiva
algebraic matrix equation. The dimension of the matric
occurring in that equation is fixed by the cutoffl max of the
angular momentum expansion and the number of host at
around the impurity atom that are assumed to be disturbe
the impurity. This scheme has been applied recently for
scalar-relativistic case to study the spin magnetic proper
of 3d and 4d transition metal impurities in and on the~001!
surface of bcc Fe and fcc Ni.15,16

In the following it is assumed that the impurity atom r
places substitutionally an Fe atom in the surface layer
occupies a regular lattice site in the vacuum region nex
the Fe surface layer~adatom position!. The corresponding
calculations have been performed by accounting for a per
bation of the host atomic potentials within two atomic neig
boring shells around the impurity atom. The convergence
Green’s function calculations with respect to the size of
perturbed-potential cluster has been investigated in detai
Stefanouet al.17 In a fcc crystal the moment of a magnet
impurity is typically converged up to 1022mB if the poten-
tials of the nearest neighbors are included in the s
consistency procedure. In a bcc crystal the same accura
achieved if the first two shells are included, which is due
the nearly equal distances to these two shells. At the sur
the convergence of impurity calculations is very similar
©2001 The American Physical Society07-1
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the bulk, as has been found in test calculations with m
larger clusters.18 In the present calculations the perturb
cluster contained in fact 19 potentials: the impurity, all fi
and second neighbors, and four more sites in the layer of
impurity. For the self-consistency cycle the parametrizat
for the exchange and correlation potential proposed by Vo
et al.19 has been used.

To study the influence of the spin-orbit coupling on t
magnetic properties of the impurity systems considered,
used for the present work a fully relativistic version of t
scheme described above. This means in particular tha
calculations have been done in the framework of relativis
spin-density functional theory20,21 ~SDFT! ~see discussion
below!. However, the corresponding Kohn-Sham-Dir
equations have not been solved self-consistently but the s
dependent potential has been taken from the prece
scalar-relativistic calculation. For the systems studied h
this is not a serious approximation. This is obvious from
experience gained with corresponding calculations ford
and 4d transition metal alloys where the self-consisten
cycle including all relativistic effects changed the spin a
orbital magnetic moments only by some few percents co
pared to a non-self-consistent calculation using potential
created in a non- or scalar-relativistic way.

The accuracy of non-self-consistent fully relativistic ca
culations with scalar-relativistic input potentials has a
been recently studied in detail for 3d, 4d, and 5d adatoms
on the surface of Ag and Au.22 For the 3d as well as for the
4d adatoms the spin moments are practically not affected
the spin-orbit coupling~as can be seen in Figs. 1 and 2! or by
the ‘‘new’’ self-consistency iterations. In the 3d series both
procedures give the same spin moments with an accurac
better than 1022mB . For the 4d adatoms the deviations ar
somewhat larger, but well below 1021mB . Significant devia-
tions are obtained only for 5d impurities being due to the
much larger spin-orbit coupling constant. These impuriti
however, are not considered in the present paper.

Within the spin-polarized relativistic version of th
Koringa-Kohn-Rostoker~KKR! formalism the Green’s func
tion may be written as23

FIG. 1. Spin magnetic momentmspin of 3d transition metal
impurity atoms at the~001! surface of bcc Fe sitting in and on th
surface layer~in, solid squares; on, solid diamonds!. In addition the
results of the corresponding scalar-relativistic calculations for th
position are given by open squares.
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~1!

Here we adopted a notation analogous to the nonrelativ
counterpart introduced by Faulkner and Stocks.24 Z andJ are
the regular and irregular solutions to the Dirac equation fo
spin-polarized single-site potential well. Accordingly, the
functions are labeled by the relativistic spin-orbit and ma
netic quantum numbersL5(k,m).25 Of course, the expres
sion for the Green’s function given in Eq.~1! is completely
equivalent to that used in Ref. 15. This means in particu
that the scattering path operatortLL8

nm (E) carries the same
information on the multiple-scattering events in the syst
as the structural Green’s function used in Ref. 15~the ex-
plicit expression connecting both conventions is given
example by Zelleret al.26!. Finally it should be noted tha
Eq. ~1! is dealt with using the atomic sphere approximati
~ASA! as was done in the previous work.15

The larger error of the ASA in surface calculations do
not arise from the spherical approximation for the poten
but from the additional spherical approximation for th
charge density. Reliable surface energies, for instance, ca
obtained only if the dipolar charge contributions are includ
in the Coulomb energies.27,28 Note that in the present calcu
lations the full charge density is included, so that the ASA
only used for the potential. The additional, rather mode
improvements of a full-potential treatment concern mos
the charge distribution in the vacuum.29 The effect on the
local moments, around 1022mB , and on the density of state
~DOS! are very small. For the clean Fe~001! surface we
obtained a charge of 0.50 electrons in the first and 0.05 e
trons in the second vacuum layers. For the Ni~001! surface
these numbers are 0.31 and 0.01 electrons, respectively

Within the scalar-relativistic scheme sketched above
surface is treated as the boundary of a half-infinite solid.
the corresponding calculations it was assumed that the
Fe layer counted inward starting from the surface layer
already identical to Fe bulk. The same was assumed for
other direction, i.e., towards the vacuum region. For the fu
relativistic calculations we represent the surface region b

in

FIG. 2. The same as Fig. 1 but for 4d transition metal atoms.
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finite cluster of potential wells~note that the vacuum regio
is accounted for by so-called empty spheres centered
regular lattice sites!. For all calculations a cluster of 13 shel
around the impurity atom, containing 259 atoms in total, h
been used. For this big cluster size the resulting moments
reasonably converged; i.e., the uncertainty of the spin
orbital magnetic moments is smaller than 5% and 10
respectively.30

The adopted cluster approach allows to obtain the sca
ing path operator in Eq.~1! by simply inverting the real-
space KKR matrix:31

M ~E!5m~E!2G~E!. ~2!

Herem= is a matrix diagonal with respect to the site indicesn
and with its elements given by the inverse of the single-
scattering matricest= @with ( t=)n5 t=n# corresponding to the
potential centered at siten. The quantityG= is the so-called
real-space KKR structure constant matrix describing
propagation of free electrons with energyE. Finally, tnm is
given by (M= 21)nm. With the Green’s function available th
spin and orbital magnetic moments are obtained from23

mspin52
mB

p
Im TrEEF

dEE d3rbszG
1~rW,rW,E!, ~3!

morb52
mB

p
Im TrEEF

dEE d3rb l zG
1~rW,rW,E!. ~4!

Here EF is the Fermi energy, which has been determin
from a separate calculation for the bulk.

III. RESULTS AND DISCUSSION

A. Properties of the unperturbed Fe surface

As a first application of the cluster approach describ
above the unperturbed~001! surface of bcc Fe ha
been investigated. The resulting spin magnetic mome
mspin for the Fe layers close to the surfac
@(2.99,2.16,2.28,2.27,2.28)mB starting from the surface laye
with the last value corresponding to bulk Fe# are in fair
agreement with the results of the preceding scalar-relativ
calculation@(2.79,2.05,2.13,2.04,2.09)mB#. These data show
the well-known enhancement ofmspin at the surface.1–6 The
common explanation for this is the reduced coordinat
number at the surface leading to a decrease in thed-band
width that is accompanied by an increase of the param
netic DOS n(EF) at the Fermi energy. According to th
Stoner criterion this increases locally the tendency for
spontaneous formation of a spin magnetic moment. Fo
more detailed explanation one observes that the majorid
band of Fe, being only partially filled in the bulk
becomes—as a result of the band narrowing—comple
filled at the surface. Since the totald charge of the surface
atoms is more or less conserved, the number of occu
minority states decreases by the same amount, so that
result the moment at the surface increases.

A similar behavior is also found for the spin
orbit-induced orbital magnetic moment morb
18440
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@(0.081,0.057,0.043,0.044,0.057)mB# for which the enhance-
ment at the surface is even more pronounced than formspin .
Very similar results have been obtained for example for
@(0.12,0.06,0.05,0.05)mB#, Co @(0.11,0.09,0.09)mB#, and Ni
@(0.06,0.05,0.04,0.04)mB# by Erikssonet al.5,7 as well as
Hjortstamet al.6 using slab-type calculations. The later a
thors give three possible sources for the enhancemen
morb at the surface:~i! thed-band width decreases, leading
the filling of the majority band~see above!. The contribution
to morb coming from a nearly filled band, however, is ve
small. For that reason the contribution tomorb from minority
states becomes dominant, causingmorb to increase in this
way. ~ii ! The reduced symmetry at the surface.~iii ! The DOS
n(EF) at EF is enhanced. Of course these mechanisms
intimately interwoven and difficult to separate. For that re
son a model will be used below that accounts for all of th
at the same time.

B. Spin magnetic moments of 3d and 4d impurities
at the „001… surface of bcc Fe

Adding impurities at the Fe surface or embedding them
the surface layer gives rise, of course, to a change of
magnetic moments of the surrounding Fe atoms. Concern
the spin magnetic moments, these are most pronounced
negative for the early elements of a transition metal row. F
the late elements, on the other hand, the changes are m
smaller. In addition, the influence of the impurity drops ve
rapidly with the distance; in general, the change of the m
ment is less than half for the next-nearest Fe atoms as c
pared to the nearest neighbors. A more detailed discussio
this issue can be found in Ref. 18.

The corresponding results of our cluster calculations
mspin of 3d and 4d transition metal impurities in and on th
~001! surface of Fe are given in Figs. 1 and 2, respective
In both figures the results of the previous scalar-relativis
calculation for the in-surface position have been added
comparison with the fully relativistic cluster data demo
strate that—as stated above—the latter data are well c
verged with respect to the size of the cluster. In addition, o
notices that inclusion of relativistic effects has not much i
pact on the spin magnetic moments.

For all sets of calculations an antiferromagnetic alignm
of the spin magnetic moment is found for the early transit
metals, while the late ones show a ferromagnetic coupling
the Fe host. This behavior is analogous to that known for
impurities dissolved in bulk Fe. The origin of the S-lik
curve shown in Figs. 1 and 2 is essentially the variation
the atomic energy level of thed states with respect to thos
of the Fe host, being exchange split. This mechanism
been discussed in great detail for the corresponding bulk
tems in the past on the basis of tight binding32,33 as well as
ab initio calculations.34 In addition, the difference of the 4d
impurity spin magnetic moment for the bulk as well as t
in- and on-surface positions~see Fig. 2! has been discusse
by Nonaset al.15 and traced back to a difference in hybrid
ization with an Fe surface state close to the Fermi level. W
this in mind it seems at first sight astonishing that for thed
7-3
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impurities there is not much difference inmspin for the in-
and on-surface positions~see Fig. 1!.

The reason for this seems to be partly that the spin m
netic moment of the 3d impurities is nearly saturated; i.e
the d band is nearly fully spin polarized. Partly this is also
peculiarity of the bcc~001! surface, which has the sam
number of nearest neighbors for the adatom as well as
surface atom position. Due to the shorter extend of thed
wave functions, the 3d impurities have for both position
nearly the same moments. On the other hand, significant
viations occur for 4d impurities. In this case, due to a larg
extend of the 4d wave function, the number of second nea
est neighbors becomes important: for the bcc structure t
are 5 for the surface layer position, but only 1 for the adat
position. Therefore, the 4d elements have considerab
larger moments as adatoms as compared to atoms in the
face layer, whereas for 3d atoms both values are nearly th
same. For Rh, it is often that an extraordinary behavio
found. However, the special role of Rh exists only in syste
where Rh-Rh hybridization dominates the behavior, e.g.,
clusters in free space or on noble metal surfaces. On
surface of Fe, the Rh hybridization with Fe is extreme
strong, so that the behavior of a single Rh atom is qu
normal.

C. Orbital magnetic moments of 3d and 4d impurities
at the „001… surface of bcc Fe

The results formorb of the investigated impurity system
obtained by the relativistic cluster calculations are shown
Figs. 3 and 4. The main features of these data sets are

FIG. 3. Spin-orbit-induced orbital magnetic momentmorb of 3d
transition metal impurity atoms at the~001! surface of bcc Fe sitting
in and on the surface layer~in, solid squares; on, solid diamonds!.
In addition the results obtained from the estimation based on Eq~5!
are given by open symbols.

FIG. 4. The same as Fig. 3 but for 4d transition metal atoms.
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same: for the beginning and the end of the series one h
positive orbital magnetic moment. In the middle of the ser
there is a dip in the curve with partly negative moments. T
dip is more pronounced for the 4d elements than for the 3d
elements and shifted to higher atomic numbers. This find
is in full line with previous results for 5d impurities dis-
solved in bcc Fe.35 In that case the biggest spin-orbit-induce
orbital magnetic moment was found for Ir with antiparall
orientation to the host spin magnetization.

Quite similar to the result formspin of the 3d elements it
is found thatmorb does not depend very much on the spec
position of the impurity atom. This seems to indicate that
behavior ofmorb is connected to that ofmspin according to
mechanism~i! mentioned above~change of the occupation o
the spin-up and -down states!.

For the 4d elements a much stronger dependence of
orbital magnetic moment on the position is found. This b
havior again goes parallel with that ofmspin . In particular
one notes that all the main features of themorb curve—i.e.,
extrema and zeros—are shifted to lower atomic numb
when going from the in to the on position—just as was fou
for mspin ~see Fig. 2!.

To get more insight into the mechanism giving rise
morb , estimations have been made based on the follow
expression:35

^ l z&52 (
lmlms

j lml
2msnlmlms

~EF!, ~5!

wherej l is the spin-orbit coupling parameter defined by36

j l5
1

c2E0

Rmax
rRl

2~r !
dV~r !

dr
dr, ~6!

whereRl(r ) is the radial wave function for the angular mo
mentuml.

To arrive at this equation one starts from a non- or sca
relativistic calculation giving thel-, ml-, and ms-resolved
DOSnlmlms

. To account for the perturbation due to spin-orb

coupling the termj lW•sW can be restricted to its partj l z•sz
because the perturbation is treated in first order.37 Accord-
ingly, the resulting nonvanishing expectation value^ l z& is
first order with respect toj l . Because of this,̂l z& is prima-
rily connected with a reoccupation of the states in the vic
ity of the Fermi level. This leads to Eq.~5! from which the
orbital magnetic moment is obtained via the express
morb5^ l z&mB . For the systems studied here it is of cour
sufficient to restrict the sum in Eq.~5! to l 52, i.e., to d
electrons. The corresponding spin-orbit coupling parame
jd is given in Fig. 5 for the Fermi energy. As expected, t
values are smaller for the 3d elements than for the 4d ele-
ments. In both cases one notes an increase ofjd with increas-
ing atomic number because the corresponding wave func
gets more contracted by the increasingly attractive poten
in the nuclear-near region. In addition, one may note that
values forjd are all increased by around 10% compared
the free-atom values given by Koelling and MacDonald38
7-4
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SPIN AND ORBITAL MAGNETIC MOMENTS OF 3d AND . . . PHYSICAL REVIEW B 64 184407
because the potential is more attractive for the solid state
because the wave function is normalized within the Wign
Seitz sphere.

The orbital magnetic moments estimated on the basi
Eq. ~5! and the data forjd shown in Fig. 5 have been adde
in Figs. 3 and 4. For the 3d elements the simple model i
obviously able to give a semiquantitative account of the r
orously calculated results based on Eq.~4!. In particular, one
can conclude that the spin-orbit-induced orbital magne
moment for the 3d elements is of the same order of magn
tude as for the 4d elements—although the correspondi
spin-orbit coupling parameterjd is about a factor of 2
smaller—because the corresponding DOS related term
higher. This can be seen as a consequence of the sm
d-band width of the 3d element compared to that of the 4d
elements.

On the basis of Eq.~5! the variation ofmorb along the 3d
row can be explained in a simple way. For the early eleme
Sc, Ti, V, and Cr on or in the surface layer, the majorityd
band is empty due to the antiferromagnetic coupling with
Fe host. Accordingly, the filling of the minority band dete
minesnml

(EF) and with that the orbital moment. In particu

lar, morb turns out to be positive for that reason. For the la
transition metals Fe, Co, and Ni, on the other hand, the
jority band is filled. For this reason, only the minority ban
determinesmorb , which again has to be positive. For Mn, th
situation is more complex because both bands are not c
pletely filled. This leads in particular to the dip in the cur
in Fig. 4, with a negative orbital moment.

Application of Eq.~5! for the 4d elements results in the
middle of the series in values formorb that by far overshoot
the rigorously calculated results. Nevertheless, one notes
the trend ofmorb along the series is properly reproduced
the estimation. Similar to the 3d elements, the majority ban
of the early 4d elements Zr and Nb is empty, leading to
positive orbital magnetic moment, while for the late eleme
the majority band is filled, also giving rise to a positiv
morb . In contrast to the 3d elements, the situation is muc
more complex in the middle of the 4d series. Nevertheless
the shift for the main features of themorb curve when going

FIG. 5. The spin-orbit coupling parameterjd for the d states of
3d and 4d transition metal impurities in and on the~001! surface of
bcc Fe calculated for the Fermi energy. The results for both p
tions are practically identical.
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from the in to the on position is accounted for by the mod
For the on-surface position a strong peak in the majority-s
DOS at the Fermi energyEF occurs for Tc and Ru, leading to
a relatively large negative orbital moment. For the in-surfa
position, on the other hand, a larger majority peak atEF is
present only for Ru while a smaller majority peak occurs
Rh.

Concerning the difference of the orbital moments bas
on Eq.~5! with the properly calculated ones using the ful
relativistic approach together with Eq.~4!, one has to empha
size that Eq.~5! is based on a number of simplification
Obviously, these are here more problematic for the 4d than
for the 3d elements. A way to improve the quantitativ
agreement would be to drop these simplifications and to p
form a full perturbational calculation, following essential
the lines of the approach suggested by Solovyevet al. in Ref.
36. However, this would not lead to the very transpar
picture based on Eq.~5!.

On the basis of these findings, one can conclude that
spin-orbit-induced orbital magnetic moment for all the imp
rity systems studied here can be traced back to the varia
of nlmlms with the atomic number and the spatial atomic p
sition. This in turn is primarily determined by the relativ
position of the atomic energy levels of thed-like states with
respect to the corresponding exchange-split levels of Fe,
d-band width, and the coordination number.

In total, the orbital moments of the 3d and 4d impurities
in and on the Fe surface are of about the same size as
bulk or surface orbital moments of Fe, Co, and Ni. Thu
even a single adatom on the Fe~001! surface behaves in thi
respect rather bulk like with a nearly quenched orbital m
ment and is far away from the behavior of free atoms,
orbital moments of which are determined by Hund’s seco
rule.

IV. SUMMARY

We have presented a study of the magnetic propertie
3d and 4d transition metal impurities at the~001! surface of
bcc Fe. The fully relativistic calculations revealed that t
spin magnetic moment of the impurity atoms is not mu
affected by the inclusion of relativistic effects. On the oth
hand, accounting for the spin-orbit coupling resulted in qu
pronounced orbital magnetic moments. The dependenc
these with the position of the impurity atom at the surfa
and in the periodic table could be described by a rat
simple model based on perturbation theory. Apart from
spin-orbit coupling parameterj the central quantity of this
model is theml- andms-resolved DOSnlmlms

of the d elec-
trons at the Fermi level. The latter quantity is of cour
highly sensitive to the specific details of the hybridization
impurity states with those of the Fe host.
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