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Magnetic properties of 4d impurities on the (001 surfaces of nickel and iron
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We presenab initio calculations on the magnetic properties, in particular the surface enhancement, of single
4d transition-metal impurities on th@01) 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 dan#purities on the surfaces of the
noble metals, our calculations predict only a moderate magnetic enhancement at the surfaces of the ferromag-
nets.[S0163-182698)05602-1

I. INTRODUCTION ond, the impurity moments can couple either
ferromagnetically or antiferromagnetically to the host mo-
The magnetism of d elements recently received consid- ment, with the sign of the coupling changing in the middle of
erable attention. It is well known that all elemental shetals the series, from antiferromagnetic coupling for the early
and 4 impurities in noble metal hosts are nonmagnetic,transition-metal impurities to ferromagnetic coupling for the
whereas 8 impurities show very large moments in these late ones. The main emphasis of the present paper lies there-
hosts. On the other hand, Riegelal® have shown thatd  fore on the surface enhancements of the ithpurity mo-
impurities in the open lattices of alkali and alkali earth met-ments and on the sign and strength of the coupling.

als are strongly magnetiéb initio calculation8 give indeed The outline of the paper is as follows. In the next section
very larged moments compatible with Hund’s rules for the we shortly discuss the calculational method. In Sec. Ill we
atoms, e.g., bg for a Mo impurity in K or Rb. present the results of the calculations far npurities on or

Due to the reduced coordination at surfaces, it is foundn the surfaces of Fe and (001 and compare with the cor-
that magnetic moments of monolayers and the surface mgesponding results for bulk impurities as well as with results
ments of ferromagnets are strongly enhanced. The calcul®btained for & and 4d adatoms on noble metal surfaces.
tions of BligeF and other$predict magnetic @ monolayers; ~ Section IV concludes the paper.

e.g., a Ru monolayer on Ag or A201) should have a local
moment of 1.4y, while for a Rh monolayer a moment of
about 1.} is estimated. Higher coordination at the surfaces Il. CALCULATIONAL METHOD

attenuates the overlayer moments due to the increased hy- oy calculations are based on density functional theory in
bridization as has been shown for Ru and Rh overlayers ofe local-spin-density approximation and the Korringa-
Ag(111) where the moment decreases to 70% of @1)  kohn-RostokerKKR) Green’s function method for defects

value® Recent calculatiofisfor single transition-metal ada- on surfaces. In the KKR scheme the Green’s function of the
toms on the(001) surfaces of Cu and Ag yield even larger konhn-Sham equation is separated by use of multiple-
values for the local moments. For instance, for Mo and Tcscattering theory into a single-scattering part of individual
adatoms on A@O1) as well as for the isoelectroniadSada-  |atiice sites and into a multiple-scattering part, containing the

toms W and Re, moments of about (3.3u4 are predicted.  styyctural information of the considered system,
Only slightly smaller moments are obtained on t@®1)

surfaces of Pd and Pin general these moments also survive
if the adatoms are incorporated as substitutional impurities in
the first monolayer of the surface.

In this paper we investigate the magnetic behavior @f 4
impurities as adatoms on tti@01) surfaces of the ferromag-
nets Fe and Ni. As such the present paper represents an ex-
tension of the previous work of the authdfsr 3d impuri-

ties on these surfaces. As it is well known from experimental h is th | | indéx. d
and theoretical studies for impurities in the bulk of WherelL is the usual angular momentum indéX, denotes

ferromagnetg, the spin polarization of the host introduces e atomic positions;, refers to the position in the Wigner-
two additional complications. First, the host polarization in- S€iz(WS) cell andE is the energy. The first term describes
duces a local moment on the impurity sites, even if the imNe Green’s function of a single potentil(r) in free space,

purities themselves are “intrinsically” nonmagnetic. Sec- whereas the structural Green'’s function coeffici&hﬁﬁ, in

G(r+R,,r' +R.,E)= 8y VE>, RI(r- ,E)H(r- ,E)
L

+L2L, R\(r,E)GI(E)RI,(1",E),
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the second term take all multiple-scattering processes into e T

AAdatom
account. The regulaR['(r) and irregularH{'(r) single-site | Surface

—

scattering solutions are calculated by integration of the ho- = | "%
mogeneous radial Kohn-Sham equations and the structural 5
Green's function is determined by an algebraic Dyson equa- é
tion =0

Q
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|
—
T

G/ (E)=G[T.(E)

2onn” n” n"n’ Y Zr Nb Mo Tc Ru Rh Pd Ag Cd
+ 2 GLLH(E)AtLHLW(E)GLH/L!(E) g

L FIG. 1. Local moments of d impurities as adatoms on the

with AtEL,(E)=tEL,(E)—?EL,(E), Fe(00)) surface(triangles, as impurities in the first surface layer
(circles, and as impurities in the bulisquares (The connecting
lines are a guide to the eye.

which relates the structural part of the Green’s funcﬁﬂﬁ',
of the considered system via the transition matrices(E) A. Results for Fe(001)
to the structural Green’'s function of a reference system Figure 1 shows the calculated local moments dfadoms

& (E). In the following calculations angular momenta up &S adsorbate and surface atoms on t{@@% surface and as
to l-...=3 are included impurities in bulk Fe. In all three cases we find an antiferro-
max . - . . .
The reference system used for the following impurity cal—][mgn‘c‘\t'C C(;_upllng fI(_)r thfe egrlydg;]npurgl?asduzto_ T(;:_ ar:ddab
culations is either the undisturbed surfa@e the case of ¢'romagnetic coupling for Ru, Rh, and Fd. As Indicated by

adatoms on the surface or impurities in the first lay@rthe the lines the transition from antiferro- to ferromagnetic cou-

ideal bulk (in the case of bulk defedtsFor bce iron self- pling is continuous, which is substantiated by calculations

consistent calculations are carried out by considering in ad[O" noninteger nuclear charges. All adatom moments are en-

dition to the impurity potential also the potentials of the hanced compared to the moments of the bulk impurities,

nearest and next-nearest neighbors as perturbed, whereas h@cally by a iactq;k?ir?bout 2. llc-|ow§vfer, ;valge;dm{[e compare
calculations for the less open fcc nickel substrate includ ese moments wi € ones found for atoms on

only perturbations of the nearest neighbors of the impurity.he Cu or AG00T) sur_faces, being, e.g., for Mo or Tc as _Iarge
The scattering potentials are assumed to be spherically syn"i‘—s (3-Dpug, we reallz“g that the enhancement or(FKH) IS
metric, but a multipole expansion of the charge density up tdather modest. The “intrinsic” moments of the Impurities
=6 is used to take the intercell contributions of the poten-are to a large extent quench_ed by the strong hybridization of
the extended d-wave functions with the also extended

tial into account. Lattice relaxations are neglected in our cal; d ¢ . £ th b h | lativel
culations so that the atoms remain fixed at ideal lattice sites>d-Wave functions of the substrate, so that only relatively

Following simple size arguments thed latoms at the sur- smgllt“lncri]uced” rtr;]oments ar(ta Ob]:[at'ﬂed' tif ticall
faces considered here will presumably relax outwards, thus ut whereas the moments of the antitérromagnetcaily
increasing the local moments. We think that neglecting thi oupling surfacg Impurities are enhanced, the ferromagnetic
effect will qualitatively not influence the results presented in u, Rh, and '.Dd Impurities in t.he surface layer have moments
this paper focusing on the relative changes in local momentsc‘,maller than in the bulk, dgsplte the fact that the co_ordlnathn
but at present no definite answer to this question can b@un:_bert_ls ciﬁcrleaseldd Th'_? anf<)rrt1atly C%‘Sb? exgal?rl]ned by in-
given. The exchange and correlation effects are included iffS"934"9 F'e oca2 e;]n5| y Oh SED%% f) r?r oth con- d
the local-spin-density approximation, using the parametergguraf['ons' igure 2 shows the LDOS of the majority an
by Vosko et al® Relativistic effects are described in the minority electrons for a Ru impurity in the surface position

scalar relativistic approximation. For more details about the((.jc.)tted ling and in bulk Fe(;oluj ling). For the surface po-
calculational method we refer to Refs. 6 and 11. sition the LDOS of the minority electrons shows a peak

slightly below the Fermi energy, which is absent in the bulk.
This peak increases the number of minority electrons and,
due to charge neutrality, decreases the population in the ma-
jority band, thus decreasing the local moment. The peak it-
self is connected with a surface state of th¢0Bd) surface,

In this section we present the results of our calculationsvhich is characteristic for the bcc structure. The same effect
for 4d impurities on thg001) surfaces of bce Fe and fce Ni.  also explains the increase of tfreegative moment of the Tc
In particular we study the influence of the impurity position surface atom above the adatom value.
as well as the influence of the substrate on the local magnetic Figure 3 shows a comparison of the local moments of the
moments of the impurities. We consider impurity atoms in4d adatoms with the ones calculated fod &datoms on
three different configurations: as adsorbate atoms at the hoFe&(001).® The open symbols refer to calculations for hypo-
low position in the first vacuum layer, as surface impuritiesthetical noninteger nuclear charges, which have been per-
at an ideal lattice site in the first surface layer, and as substformed to clarify the trend of the coupling. A characteristic
tutional impurities in the bulk. feature of the 8 adatoms and surface atoms is the two-state

Ill. RESULTS AND DISCUSSION
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FIG. 2. Local density of states of a Ru impurity in the surface Y Zr No Mo Tc Ru Rh Pd Ag

layer of F&001) (dotted ling and in bulk Fe(solid ling). The sur- FIG. 3. Local moments ofd and 3 impurities as adatoms on

face state below the Fermi energy in the minority band decreasetﬁe F€001) surface. The open symbols refer to calculations for
the local moment of the impurity on the surface site below the bqunoninteger nuclear charge values

value.

region in the middle of the series, leading to a first-orderthe nonmagnetic Cu substrate the positive and negative mo-
transition between the antiferro- and the ferromagnetic conments are both plotted, since the corresponding states are
figuration. The third solution with a nearly vanishing mo- degenerate. For thed3adatoms on NDOJ) the hybridization
ment corresponds to an energy maxim(on saddle point ~ With the substrate is sufficiently weak so that a broad two-
For Mn the two solutions are nearly degenerate, with thenagnetic-state region exists resembling very much the re-
adatom preferring the ferro- and the surface atom favoringults for Cu. On the other hand, for the Fe substrate the
the antiferromagnetic configuratiriThis clearly shows the hybridization is much stronger and the two-state region
“intrinsic” nature of the 3 moments versus the induced shrinks considerably. In fact, for thel3mpurities in bulk Fe
origin of the 4l ones. a very sharp but continuous transition is obtained, leading to
The same behavior shows up if we compare the LDOS oftn anomalously small Mn moment of @.§. Analogously to
two isoelectronic impurities of thedand 4 series. Figure the behavior of & adatoms, the d adatoms show large and
4 shows the spin-polarized LDOS of a Rh adatom and a Cétable moments on the Cu substrate. On the other hand, on
adatom(isoelectronic to Rhon Fe&001). Due to the much the Ni substrate the moments are considerably reduced and
stronger hybridization of the dtwave functions with the the transition becomes continuous, except for the Tc adatom
host wave functions the average bandwidth of Rh is considwhere also antiferromagnetic solutions exist. On the Fe sub-
erably broadened. This and the resulting smaller exchanggrate the increased hybridization reduces therdoments
integrals of the 4 elements decrease the tendency for magfurther so that essentially only the induced part of the mo-

netism and lead to smaller moments (@g8for Rh versus ~Ments remains. The induced nature of the moments can
1.8ug for Co). clearly be seen at the beginning and end of the series. Since
these adatoms are nonmagnetic on the Cu substrate, the re-
sulting induced moments should scale with the strength of
the hybridization and the size of the exchange splitting of the
Figure 5 shows the calculated local moments dfidhpu-  substrate. Therefore these elements show larger moments on
rities on the N{001) surface for the above considered con-
figurations. As in Fig. 3 the open symbols refer to calcula- _ [ [ : : : : :
tions for noninteger nuclear charges. One can see that thz 3 Rh Adsorbate (Fe)
moments of the d impurities in the first Ni layer are slightly — Co Adsorbate (Fe)
enhanced. Compared to this there is a substantial enhanc
ment of the 4 adatom moments, in particular for Tc and Ru
with moments of about 25. However, the transition from
ferro- to antiferromagnetic coupling is continuous, in con-
trast to the behavior found for thed3adatoms on Fe or Ni
(Fig. 6). Nevertheless, we find for Tc further antiferromag-
netic solutions with moments of 1ug and —2ug but with
an energy higher than the ferromagnetic one. InterestinglyB
the topology of the moment—versus—nuclear-charge curve it _5
different from the one for 8 adatoms on Fe and NFig. 6). - I
At the end we compare the local magnetic momentscf 4 B
adatoms on Fe and (01 with the local moments of the
same adatoms on @201) and the corresponding results ob-  FIG. 4. Spin-polarized density of states of a Rh adatom and its
tained for 31 adatoms on these substrateBSor the case of isoelectronic @ partner Co on the F801) surface.

B. Results for Ni(001)
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FIG. 5. Local moments of d impurities on the Ni001) surface
(triangles, in the first surface layeKcircles, and in the bulk
(squares

the Fe than on the K001) surface. This reversed order of the
magnitude of the moments is found at the beginning and end

of both the 4 and 3 series. 4F AAdatom (Fe) | ' ' ' ' ' -
B Adatom (Ni) P,
~& 3  e®Adatom (Cu) T
IV. SUMMARY =5
C
We presented KKR-Green'’s function calculations for the £ 1
electronic structure and local moments af fpurities on 2 0
the (001 surfaces of bce Fe and fcc Ni. Three different con- g
figurations are considered: adatoms in the first vacuum Iayer,S‘1 "o
impurities in the surface layer, and impurities in the bulk. -2r . 1
We find for both substrates a surface enhancement of the _,| J
local moments, which is largest for the adatom configuration. @
Exceptions are the ferromagnetically coupling impurities Ru, -4r i

Rh, and Pd on K801 which have a smaller moment in the Y Zr
surface layer than in the bulk. This anomaly is caused by the
minority surface state of k801). The coupling of the impu-
rity moments to the substrate moments changes from antifefbelow
romagnetic at the beginning of the series to ferromagnetic #°PPe"
the end. The broad two-magnetic-state region in tbes8-

ries leads to a first-order transition, whereas the transition in

the 4d series is continuous. In general, thd toments are
relatively small and to a large extent induced by the substrate
magnetization. This is very different from the large local This work profited from collaborations within the TMR-
moments found for the same impurities on noble metal surNetwork “Interface Magnetism” of the European Union.
faces. With moments of aboug; , only Tc and Ru adatoms We acknowledge financial support within the Schwerpunkt-
on Ni(001 represent an intermediate case which resembleprogramm “Relativistic effects” of the Deutsche Fors-
the behavior found for the noble metals. chungsgemeinschatt.

Nb Mo Tc Ru Rh Pd Ag

FIG. 6. Local moments of @ atoms (above and 4d atoms
as calculated for th€001) surfaces of iron, nickel, and
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