PHYSICAL REVIEW B, VOLUME 64, 184407

Spin and orbital magnetic moments of 3l and 4d impurities in and on the (001 surface of bcc Fe
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Results ofab initio calculations of the magnetic moments af 8nd 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 Il. COMPUTATIONAL ASPECTS

. : The work presented here was performed on the basis of
Recently, the magnetic properties of surfaces have re; . : ; : . .
density functional theory using a local spin density approxi-

ceived a lot of interest. One of the most prominent featuresr;nation (LSDA) for exchange and correlation. Within this

found in this field is the enhancement of the spin magnetlsnl;‘lramework the electronic structure of the investigated sys-

at the surface for spontaneously spin-polarized Syd@ﬁm' tems was described in terms of the corresponding electronic
Closely related to this is the prediction that certain surface P 9

layer systems built up by normally nonmagnetic component?reens function. This in turn was evaluated by means of

create a spontaneous spin magnetization due to the reduchJItiple—scattering theory. For the nonrelativistic case this
coordination at the surfade. approach is described in some detail in Ref. 14. With the

Another important aspect of surface magnetism is the in_Gree_n’s fur_lction. available, the eIeptronic sFructure of a sub-
fluence of the spin-orbit coupling. A very impressive ex- Stitutional impurity can be described straightforwardly by
ample for this is the creation of a spin-polarized photocurrenfn€ans of the Dyson equation. Due to the angular momentum
from a(111) surface of paramagnetic Pt using linearly polar-representation used for the Green’s function, the Dyson
ized light. For spontaneously magnetized systems, th&quation in real space can be transformed to an equivalent
magneto-optical Kerr effedMOKE) supplies an important algebraic matrix equation. The dimension of the matrices
example for spin-orbit-induced phenoménahile being in  occurring in that equation is fixed by the cutdff,, of the
most cases primarily a bulk property, there are also somangular momentum expansion and the number of host atoms
surface specific features concerning the MOKE-This ap-  around the impurity atom that are assumed to be disturbed by
plies even more to the magnetocrystalline anisotropy fothe impurity. This scheme has been applied recently for the
which now quite reliable calculations can be performed inscalar-relativistic case to study the spin magnetic properties
the case of transition metal multilayers and surface layeof 3d and 4d transition metal impurities in and on tf{@01)
systems?*2 Closely related to contribution to the magneto- surface of bcc Fe and fcc N7
crystalline anisotropy due to the spin-orbit coupling is the In the following it is assumed that the impurity atom re-
occurrence of an orbital magnetic moment. Quite similar toplaces substitutionally an Fe atom in the surface layer or
the case of the spin magnetic moment an enhancement otcupies a regular lattice site in the vacuum region next to
this spin-orbit-induced contribution to the total magnetic mo-the Fe surface layefadatom position The corresponding
ment has been found for surface layer systémnfis. calculations have been performed by accounting for a pertur-

In this contribution results of fully relativistic calculations bation of the host atomic potentials within two atomic neigh-
of the magnetic properties ford3and 4d impurities in and  boring shells around the impurity atom. The convergence of
on the surface layer of €01) surface of bcc Fe are pre- Green’s function calculations with respect to the size of the
sented. The computational scheme that has been used for thierturbed-potential cluster has been investigated in detail by
purpose is sketched shortly in the next section. The main paftefanouet all’ In a fcc crystal the moment of a magnetic
of the paper is devoted to the discussion of the correspondinignpurity is typically converged up to IGug if the poten-
results. Concerning this, the influence of the specific atomitials of the nearest neighbors are included in the self-
configuration on the spin and orbital magnetic moments willconsistency procedure. In a bcc crystal the same accuracy is
be of particular interest. For the latter one a simple modehchieved if the first two shells are included, which is due to
will be used to give a semiquantitative description of thisthe nearly equal distances to these two shells. At the surface
purely relativistic property. the convergence of impurity calculations is very similar to
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Se¢ Ti V Cr Mn Fe Co Ni Cu FIG. 2. The same as Fig. 1 but fod4ransition metal atoms.

FIG. 1. Spin magnetic momeniy, of 3d transition metal
impurity atoms at th€001) surface of bcc Fe sitting in and on the
surface layefin, solid squares; on, solid diamondi addition the
results of the corresponding scalar-relativistic calculations for the in
position are given by open squares.

G (., E)=2 Zy(rn,E) T\ N (E)ZX, (11 ,E)
AA'

—; [ZA(r E)IX (T}, E)O(r—1,)

the bulk, as has been found in test calculations with much R “ = ,
larger clusters® In the present calculations the perturbed +Ia(r, BE)Zy (g ,B)O(rq=rn)16nm-

cluster contained in fact 19 potentials: the impurity, all first (1)
and second neighbors, and four more sites in the layer of thﬁ

. ) : ._ .. Here we adopted a notation analogous to the nonrelativistic
impurity. For the self-con3|st§ncy cycle_ the p‘fjlrarnemz"ﬂ'Oncounterpart introduced by Faulkner and Sto®k&.andJ are
fe‘;r;ﬂ% (he;ghgggr? 323 dcorrelaﬂon potential proposed by VOSkﬂwe regular and irregular solutions to the Dirac equation for a

: . . . spin-polarized single-site potential well. Accordingly, these
To st_udy the |_nfluence o_f the _spm-Ofblt COUD“”_Q on thegnctions are labeled by the relativistic spin-orbit and mag-
magnetic properties of the impurity sy§t_ems cons_ldered, Weetic quantum number& = (i, ) 2% Of course, the expres-
used for the p_resent work a fglly relat|V|_st|c version of the gion for the Green’s function given in E(L) is completely
scheme described above. This means in particular that allgujvalent to that used in Ref. 15. This means in particular
calculations have been done ir211the framework of relativistiGnat the scattering path operataim,(E) carries the same
spin-density functional theofy (SDFT) (see discussion jasormation on the multiple-scattering events in the system
below. However, the corresponding Kohn-Sham-Dirac g the structural Green’s function used in Ref. (i ex-
equations have not been solved self-consistently but the spinyjicit expression connecting both conventions is given for
dependent potential has been taken from the precedingxample by Zelleret al2%). Finally it should be noted that
scalar-relativistic calculation. For the systems studied herezq. (1) is dealt with using the atomic sphere approximation
this is not a serious approximation. This is obvious from the ASA) as was done in the previous wa'rk.
experience gained with corresponding calculations fdr 3 The larger error of the ASA in surface calculations does
and 4 transition metal alloys where the self-consistencynot arise from the spherical approximation for the potential
cycle including all relativistic effects changed the spin andbut from the additional spherical approximation for the
orbital magnetic moments only by some few percents comeharge density. Reliable surface energies, for instance, can be
pared to a non-self-consistent calculation using potential setsbtained only if the dipolar charge contributions are included
created in a non- or scalar-relativistic way. in the Coulomb energie<:?® Note that in the present calcu-
The accuracy of non-self-consistent fully relativistic cal- lations the full charge density is included, so that the ASA is
culations with scalar-relativistic input potentials has alsoonly used for the potential. The additional, rather modest,
been recently studied in detail fold3 4d, and 5 adatoms improvements of a full-potential treatment concern mostly
on the surface of Ag and A%f.For the 31 as well as for the the charge distribution in the vacuuithThe effect on the
4d adatoms the spin moments are practically not affected bjocal moments, around 18u5, and on the density of states
the spin-orbit couplingas can be seenin Figs. L anda2 by  (DOS) are very small. For the clean K&01) surface we
the “new” self-consistency iterations. In thed3series both obtained a charge of 0.50 electrons in the first and 0.05 elec-
procedures give the same spin moments with an accuracy ¢fons in the second vacuum layers. For the(001) surface
better than 102ug. For the 4l adatoms the deviations are these numbers are 0.31 and 0.01 electrons, respectively.
somewhat larger, but well below 16w . Significant devia- Within the scalar-relativistic scheme sketched above the
tions are obtained only for & impurities being due to the surface is treated as the boundary of a half-infinite solid. For
much larger spin-orbit coupling constant. These impuritiesthe corresponding calculations it was assumed that the fifth
however, are not considered in the present paper. Fe layer counted inward starting from the surface layer is
Within the spin-polarized relativistic version of the already identical to Fe bulk. The same was assumed for the
Koringa-Kohn-Rostoke(tKKR) formalism the Green’s func- other direction, i.e., towards the vacuum region. For the fully
tion may be written & relativistic calculations we represent the surface region by a
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finite cluster of potential wellgnote that the vacuum region [(0.081,0.057,0.043,0.044,0.0%#] for which the enhance-

is accounted for by so-called empty spheres centered oment at the surface is even more pronounced thap{gr,.
regular lattice sitgs For all calculations a cluster of 13 shells Very similar results have been obtained for example for Fe
around the impurity atom, containing 259 atoms in total, hag(0.12,0.06,0.05,0.0%)z], Co[(0.11,0.09,0.09¢;], and Ni
been used. For this big cluster size the resulting moments a[¢0.06,0.05,0.04,0.04)z] by Erikssonet al®’ as well as
reasonably converged; i.e., the uncertainty of the spin angljortstamet al® using slab-type calculations. The later au-
orbital magnetic moments is smaller than 5% and 10%tnors give three possible sources for the enhancement of

H 0
respectively’ orp at the surface(i) the d-band width decreases, leading to

. The adopted clugter approach_ a”OW.S to optain the scatteﬁ]e filling of the majority bandsee above The contribution
ing path operator in Eq(1) by simply inverting the real- to worp, CcOMing from a nearly filled band, however, is very

AL
space KKR matrix. small. For that reason the contributiongg,, from minority
M(E)=m(E)— G(E). (2)  states becomes dominant, causijag,, to increase in this
= = = way. (i) The reduced symmetry at the surfa@e) The DOS
Herem is a matrix diagonal with respect to the site indices N(Eg) at Eg is enhanced. Of course these mechanisms are
and with its elements given by the inverse of the single-siténtimately interwoven and difficult to separate. For that rea-
scattering matriceg [with (t)"=t"] corresponding to the son a model will be used below that accounts for all of them
potential centered at site The quantityG is the so-called at the same time.
real-space KKR structure constant matrix describing the
propagation of free electrons with enerfly Finally, "™ is
given by (M ~1)"™. With the Green’s function available the B. Spin magnetic moments of 8 and 4d impurities
spin and orbital magnetic moments are obtained from at the (001) surface of bcec Fe

M £ o Adding impurities_ at the_: Fe surface or embedding them in
Hspin=— “Bim Trf dEI d®rBo,GT(r,r,E), (3 the surf_ace layer gives rise, of course, to a change of t_he
™ magnetic moments of the surrounding Fe atoms. Concerning
. the spin magnetic moments, these are most pronounced and
L F 3 4,22 negative for the early elements of a transition metal row. For
Korb™ 7ImTrf dEf drpl.G(rrE). (4 the late elements, on the other hand, the changes are much
, , , _smaller. In addition, the influence of the impurity drops very
Here E is the Fermi energy, which has been determinedapiqly with the distance; in general, the change of the mo-
from a separate calculation for the bulk. ment is less than half for the next-nearest Fe atoms as com-
pared to the nearest neighbors. A more detailed discussion of
Ill. RESULTS AND DISCUSSION this issue can be found in Ref. 18.
The corresponding results of our cluster calculations for
Mspin Of 3d and 4d transition metal impurities in and on the
As a first application of the cluster approach described001) surface of Fe are given in Figs. 1 and 2, respectively.
above the unperturbed001) surface of bcc Fe has In both figures the results of the previous scalar-relativistic
been investigated. The resulting spin magnetic momentsalculation for the in-surface position have been added. A
tspin for the Fe layers close to the surface comparison with the fully relativistic cluster data demon-
[(2.99,2.16,2.28,2.27,2.28) starting from the surface layer strate that—as stated above—the latter data are well con-
with the last value corresponding to bulk JFaere in fair  verged with respect to the size of the cluster. In addition, one
agreement with the results of the preceding scalar-relativistiaotices that inclusion of relativistic effects has not much im-
calculation[ (2.79,2.05,2.13,2.04,2.0R}]. These data show pact on the spin magnetic moments.
the well-known enhancement pf,;, at the surfacé-®The For all sets of calculations an antiferromagnetic alignment
common explanation for this is the reduced coordinationof the spin magnetic moment is found for the early transition
number at the surface leading to a decrease indthand metals, while the late ones show a ferromagnetic coupling to
width that is accompanied by an increase of the paramaghe Fe host. This behavior is analogous to that known for the
netic DOSn(Eg) at the Fermi energy. According to the impurities dissolved in bulk Fe. The origin of the S-like
Stoner criterion this increases locally the tendency for thecurve shown in Figs. 1 and 2 is essentially the variation of
spontaneous formation of a spin magnetic moment. For ¢he atomic energy level of the states with respect to those
more detailed explanation one observes that the majdrity of the Fe host, being exchange split. This mechanism has
band of Fe, being only partially filled in the bulk, been discussed in great detail for the corresponding bulk sys-
becomes—as a result of the band narrowing—completelyems in the past on the basis of tight bindihdf as well as
filled at the surface. Since the totdicharge of the surface ab initio calculations’* In addition, the difference of thed4
atoms is more or less conserved, the number of occupieinpurity spin magnetic moment for the bulk as well as the
minority states decreases by the same amount, so that asm and on-surface positionsee Fig. 2 has been discussed
result the moment at the surface increases. by Nonaset alX® and traced back to a difference in hybrid-
A similar behavior is also found for the spin- ization with an Fe surface state close to the Fermi level. With
orbit-induced orbital magnetic moment wo,  thisin mind it seems at first sight astonishing that for tlle 3

A. Properties of the unperturbed Fe surface
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same: for the beginning and the end of the series one has a

0.12 1 [ S positive orbital magnetic moment. In the middle of the series
. there is a dip in the curve with partly negative moments. This

dip is more pronounced for theddelements than for thed3

elements and shifted to higher atomic numbers. This finding

is in full line with previous results for & impurities dis-

solved in bce FE° In that case the biggest spin-orbit-induced

orbital magnetic moment was found for Ir with antiparallel

. . orientation to the host spin magnetization.

S¢ Ti V. Cr Mn Fe Co Ni Cu Quite similar to the result fopspn of the 3d elements it

FIG. 3. Spin-orbit-induced orbital magnetic momexy,,, of 3d is fo_gnd that'%rb doe.s not depen.d very much_ on the specific
transition metal impurity atoms at t{801) surface of bc Fe sitting ~ POSition of the impurity atom. This seems to indicate that the
in and on the surface layéin, solid squares; on, solid diamonds ~P&havior ofsu, is connected to that ofispi, according to
In addition the results obtained from the estimation based ofgEq. Mechanisnii) mentioned abovéchange of the occupation of
are given by open symbols. the spin-up and -down stajes

For the 4 elements a much stronger dependence of the
impurities there is not much difference ji,;, for the in-  orbital magnetic moment on the position is found. This be-
and on-surface positior(see Fig. 1 havior again goes parallel with that of;p,. In particular

The reason for this seems to be partly that the spin magene notes that all the main features of g, curve—i.e.,
netic moment of the & impurities is nearly saturated; i.e., extrema and zeros—are shifted to lower atomic numbers
the d band is nearly fully spin polarized. Partly this is also awhen going from the in to the on position—just as was found
peculiarity of the bcc(001) surface, which has the same for g, (see Fig. 2
number of nearest neighbors for the adatom as well as the To get more insight into the mechanism giving rise to
surface atom position. Due to the shorter extend of tHe 3 o, €stimations have been made based on the following
wave functions, the @ impurities have for both positions expressiort
nearly the same moments. On the other hand, significant de-
viations occur for 41 impurities. In this case, due to a larger
extend of the 4 wave function, the number of second near- (Iy=— 2 &mimgnip m (Ee), (5
est neighbors becomes important: for the bcc structure there I ms
sti‘?i;?{ tqig:gﬁfg Ia;zzr 510::2?7?&3? ?]r:\yl/el fcoc)rr:;]i?j :gegl?,mwherea is the spin-orbit coupling parameter definedby
larger moments as adatoms as compared to atoms in the sur-
face layer, whereas ford3atoms both values are nearly the 1 (Rmax , dV(r)
same. For Rh, it is often that an extraordinary behavior is §I=gfo IR (r)Tdr, (6)
found. However, the special role of Rh exists only in systems
where Rh-Rh hybridization dominates the behavior, e.g., Rr\}vhereR (r) is the radial wave function for the angular mo-
clusters in free space or on noble metal surfaces. On thr%entumll 9
surface of Fe, the Rh hybridization with Fe is extremely '

strong, so that the behavior of a single Rh atom is quite Tg arrive at this 'equat'lo'n one starts from a non- or scalar-
normal. relativistic calculation giving thd-, m-, and mg-resolved

DOSn;, ».. TOo account for the perturbation due to spin-orbit
I"s

C. Orbital magnetic moments of & and 4d impurities coupling the termél -s can be restricted to its patl,-s,
at the (001) surface of bce Fe because the perturbation is treated in first ofdekccord-

. . . . ingly, the resulting nonvanishing expectation valle) is
The results forue of the investigated impurity SYSIeMS ot order with respect tg, . Because of thigl,) is prima-

obtained by the relativistic cluster calculations are shown iNiiv connected with a reoccupation of the states in the vicin-
Figs. 3 and 4. The main features of these data sets are ti of the Fermi level. This leads to E¢5) from which the

0.06 +

W (M)

0.00

-0.06

008 ' _ orbital magnetic moment is obtained via the expression
‘. torb={l) g . For the systems studied here it is of course
V{\'.;\ /\Bﬁ sufficient to restrict the sum in Ed5) to 1=2, i.e., tod
0.00 —H#= A e electrons. The corresponding spin-orbit coupling parameter
AN L4~ . . . . .
3 ‘u\‘\i N &4 is given in Fig. 5 for the Fermi energy. As expected, the
% o005 | Rwars values are smaller for thed3elements than for thed4ele-
= ments. In both cases one notes an increasg wfith increas-
ing atomic number because the corresponding wave function
-0.10 ¢ gets more contracted by the increasingly attractive potential

in the nuclear-near region. In addition, one may note that the
values for&y are all increased by around 10% compared to
FIG. 4. The same as Fig. 3 but fod4ransition metal atoms.  the free-atom values given by Koelling and MacDorald

Y Zr Nb Mo Tc Ru Rh Pd Ag Cd
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300 — ' from the in to the on position is accounted for by the model.
For the on-surface position a strong peak in the majority-spin
DOS at the Fermi enerdy occurs for Tc and Ru, leading to
200 | a relatively large negative orbital moment. For the in-surface
position, on the other hand, a larger majority pealEatis
present only for Ru while a smaller majority peak occurs for

£ (mRy)

100 t Rh.
Concerning the difference of the orbital moments based
on Eq.(5) with the properly calculated ones using the fully
00— T v Fe o Ni Ca relativistic approach together with E@L), one has to empha-

Y Zr Nb Mo Tc Ru Rh Pd Ag Cd size that Eq.(5) is based on a number of simplifications.
_ ) ) Obviously, these are here more problematic for thletlan
FIG. 5. The spin-orbit coupling parametgy for the d states of for the 3d elements. A way to improve the quantitative
3d and 4d transition metal impur.ities in and on t{€0Y) surface of .agreement would be to drop these simplifications and to per-
’?igﬁsF:rga[:?:(li?itcea(:|)1/:Oi:jgr]1?i0'¢:’j.rmI energy. The results for both pos'form. a full perturbational calculation, following e;sentially
the lines of the approach suggested by Solowfeal. in Ref.
36. However, this would not lead to the very transparent
because the potential is more attractive for the solid state angicture based on Ed5).
because the wave function is normalized within the Wigner-  On the basis of these findings, one can conclude that the
Seitz sphere. spin-orbit-induced orbital magnetic moment for all the impu-
The orbital magnetic moments estimated on the basis ofity systems studied here can be traced back to the variation
Eq. (5 and the data fof, shown in Fig. 5 have been added of n;, s with the atomic number and the spatial atomic po-
in Figs. 3 and 4. For the B elements the simple model is gjtion. This in turn is primarily determined by the relative

obviously able to give a semiquantitative account of the rig'position of the atomic energy levels of thidike states with

orously calculated results based on B4). In particular, one  yegpect to the corresponding exchange-split levels of Fe, the
can conclude that the spin-orbit-induced orbital magneticy_pand width. and the coordination number.

moment for the 8 elements is of the same order of magni- |, total, the orbital moments of thed3and 4d impurities

tude as for the @ elements—although the correspondingin and on the Fe surface are of about the same size as the
spin-orbit coupling parameteq is about a factor of 2 |k or surface orbital moments of Fe, Co, and Ni. Thus,
smaller—because the corresponding DOS related term isyen a single adatom on the(B81) surface behaves in this
higher. This can be seen as a consequence of the smallgispect rather bulk like with a nearly quenched orbital mo-
d-band width of the 8 element compared to that of thel4  hent and is far away from the behavior of free atoms, the

elements. o orbital moments of which are determined by Hund’s second
On the basis of Eq5) the variation ofu,,, along the @ rule.

row can be explained in a simple way. For the early elements

Sc, Ti, V, and Cr on or in the surface layer, the majodty IV. SUMMARY

band is empty due to the antiferromagnetic coupling with the , .

Fe host. Accordingly, the filling of the minority band deter- Ve have presented a study of the magnetic properties of
minesnml(EF) and with that the orbital moment. In particu- 3d and 4d transition metal impurities at th@01) surface of

lar, so, tUNNS OUt to be positive for that reason. For the Iatebcc Fe. The fully relativistic calculations revealed that the

o : spin magnetic moment of the impurity atoms is not much
transition m_eta}Is Fe, Co, r_;md Ni, on the other hand_, the M3 frected by the inclusion of relativistic effects. On the other
jority band is filled. For this reason, only the minority band

. . ) " hand, accounting for the spin-orbit coupling resulted in quite
d?te“f“'”e%rb’ which again has to be positive. For Mn, the ronounced orbital magnetic moments. The dependence of
situation is more complex because both bands are not co

) ; : . o hese with the position of the impurity atom at the surface
ip;:e;%y ZIlsyit.hTQIz;zzgielnofgigfl#%rn:gr?e dip in the curve and in the periodic table could be described by a rather

S . simple model based on perturbation theory. Apart from the
Application of Eq.(5) for the 4d elements results in the L . : .
middle of the series in values far,,, that by far overshoot spin-orbit coupling parametef the central quantity of this

the ri n}odel is them,- and mg-resolved DO, ., of the d elec-
gorously calculated results. Nevertheless, one notes tha ) Ms =0

the trend ofu,,, along the series is properly reproduced bytrpns at th'e. Fermi level. The Iattgr quantity is Qf course

the estimation. Similar to thed3elements, the majority band _hlghly_ sensitive to the specific details of the hybridization of
of the early 41 elements Zr and Nb is empty, leading to a IMPUrity states with those of the Fe host.

positive orbital magnetic moment, while for the late elements

the majority band is filled, also giving rise to a positive
Morp- IN contrast to the @ elements, the situation is much  This work was supported by the Deutsche Forschungsge-
more complex in the middle of theddseries. Nevertheless, meinschaft(DFG) within the program “Theorie relativistis-

the shift for the main features of the,,, curve when going cher Effekte in der Chemie und Physik schwerer Elemente.”
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