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Magnetism of 3, 4d, and 5d transition-metal impurities on Pd(001) and Pt(001) surfaces
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We present systematab initio calculations for the magnetic moments af, 34d, and %l transition-metal
impurities as single adatoms on tt@01) surfaces of Pd and Pt. Large magnetic moments are found fod all 3
adatoms except for Sc and Ti, which are nonmagnetic. Amongdhend 5 adatoms Mo, Tc, Ru and W, Re,

Os have large magnetic moments. Also the adatom-induced magnetization of the Pd and Pt surfaces is inves-
tigated. We compare our results with former calculations for adsorbate atoms on Cu and Ag surfaces and for
monolayers on these substrates.

I. INTRODUCTION due to the hybridization with the substrate and with the ad-
atoms in the clusters, the maximum of the moment curve is
In the past years, magnetism of transition-metal monolayshifted to large valencies and approaches for larger clusters
ers on nonmagnetic substrates, such as Cu, Ag, Au, and F@ge monolayer results. The investigated surfaces of Cu and
has been investigated by different theoretical metHofis. Ag both have the electroni¢ bands located well below the
Ferromagnetic, as well as antiferromagnetic solutions, havEermi energy and the influence on adatoms and clusters is
been obtained for the monolayers of theé Bansition-metal ~ 9iven mainly through the hybridization with tisp electrons
series. As a general result, thel 3nonolayer moments are of the noble metals. The Pd and the Pt substrates represent

strongly enhanced, compared to the moments of the elemethe opposite limit. Thel bands of these systems are crossing
tal 3d metals. the Fermi level and are not completely filled. Tthdand of

Most unexpected was the prediction of magnetism for 4 Pd is near the threshold of becoming ferromagnetic and the
and 5 monolayers:® Recently, experimental evidence of bulk Pd has the largest Stoner enhanced susceptibility among
4d magnetism for Ru monolayers on 0001 has been the 4d rnetals. Therefore, the main difference between the
reportec® Until now no long-range magnetic order fod4 magnetic properties ai adatoms, clusters, an(_:i monolayers
and 51 monolayers on noble metals could be detected. Ther@ PdPY and AdAu, Cu) surfaces should arise from the
are different reasons for this. Fully relativistic calculatifhs Strongly increasedd-d hybridization between electronic
have shown that the moments of thel Snonolayers are States of adsorbates and substrates.
quenched by the spin-orbit coupling, which was neglected in N the past, first-principles calculations were performed
the previous calculations. On the other hand, tiedo-  for 3d impurities in Pd(Ref. 17 and for 21 monolayers on
ments are slightly affected by the spin-orbit interaction.the Pd001) SL_rrfacezf The results of these calculations show
However, the real growth conditions can lead to a structurdé®'9e magnetic moments for Cr, Mn, Fe, and Co. Among the

of the films, which cannot be described by the model of#d and the & elements, only for Ru impurities in R@ef.
pseudomorphically grown monolayers used in the calculal® and Ru monolayers on FaDl) (Ref. 19 appreciable
tions. magnetic moments~0.2ug) were obtained bwb initio cal-
Bligef! has shown that the magnetic moments of tde 4 eulatiqns._ In this paper, we present a systematic series of
double layers are significantly reduced. Turetkal 12 have first-principles calculations for the magnetic moments df 3
demonstrated that structural imperfections strongly reducéd. and 5 adatoms on R@01) and Pt001) surfaces and
the local magnetic moments of Ru and Rh films. Thus, th&ompare our results with those of Ag and Cu substrates.
relation between the structure of the monolayers and magne-
tism is avery important question. In this sense, the magnetic Il. METHOD OE CALCULATION
properties of single adatoms and supported clusters are of
considerable interest, because they show the development of Our calculations are based on density-functional theory
magnetic moments from single adatoms to monolayers. and the Korringa-Kohn-RostokegiKKR) Green’s function
Our own studie§® have revealed the changes in mag-method. The impurities are calculated within a recently de-
netic moments from adatoms and small clusters to monolayseloped KKR Green’s function method for defects at
ers for 3, 4d, and = elements on G@01) and Ag001)  surfaces>~1>2°We apply multiple-scattering theory to ob-
surfaces. Experimental verification for Nb adatoms on Agtain the Green’s function via a Dyson equation. First, we
surfaces has been reported recetftie have shown that treat the surface as a two-dimensional perturbation of the
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Pd001). The vertical line indicates the position of the Fermi energy.
FIG. 1. Comparison between the magnetic moments per atom of

3d transition metals as adatoms on(8@ll), 3d monolayers on L. .
PA001), and 3 impurities in bulk Pd. well saturated and are similar to the monolayers and the im-

purity moments. The impurity and adatom moments of Fe

bulk. For the construction of the ideal surface the nuclea”Nd Co are slightly larger than the corresponding monolayer
charges of seven PRf) monolayers are removed, thus creat- ©N€s. The moment of Ni is nearly t.he same for all cases. _The
ing two half crystals being practically uncoupled. The struc-more or less equal moments obtained for Fe, Co, and Ni for
tural Green’s function of the ideal surface is then used as thé1€ three different environments are basically a consequence
reference Green’s function for the calculations of the impu-°f the fact that in all these cases the majority band is practi-
rities on the surface. We perform the calculations for impu-cally filled, so that the moments are determined by the va-
rity atoms at hollow sites, i.e., at a regular fcc site in the first€nce and increase by aboygd in the sequence of Ni, Co,
“vacuum” layer. We allow the potentials of all adatoms and @nd Fe. The effect osp-d interactions is relatively small,

of all reference sites adjacent to the adatoms to be perturbe@ince, as discussed by ‘el et al,” the major trends are
Using a multipole expansion up te=6, the full charge den- determined by thel-d hybridization. Dramatic environmen-
sity is taken into account to calculate the Coulomb and@l effects are, however, found for V and, to a somewhat
exchange-correlation potential. For the latter we use the formgmaller extent, for Cr. For a V impurity in bulk Pd, the
of Vosko, Wilk, and Nusaif* Only the spherically symmetric Stoner criterion is not ;atlsfled, since thd-8d hybridiza-
part of the potentials inside atomic Wigner-Seitz spheres i§on between the impurity @ and the bulk 4 states shifts
then used to calculate the Green’s functions. This approxithe virtual bound state above the Fermi energy, so that the
mation is not important for the calculated local moments, aglensity of states at thE is rather smalf. This can also
can be concluded from model calculations with our full- €xplain the rather small moment obtained for the V mono-
potential codes for impurities in the bulk, where we simu-layer on P@01). On the other hand, for the V adatom, the
lated the surface geometry by putting Ru atoms close to Rybridization is sufficiently reduced so that a rather large V
void of 13 vacancies inside a Ag cube. At these “inner” moment of 2.8 is obtained. The adatom moments in Fig. 1
surfaces the moments, calculated by full and spherical poteriollow essentially Hund's rule of isolated atoms with the
tials, are nearly identicall.79ug and 1.8Jg, respectively.  largest moment at the center of the seris®). The para-
Relativistic effects are described in the scalar relativistic apMmagnetic local density of stat¢sDOS) for 3d adatoms on
proximation. Details concerning the calculations of the surthe Pd001) surface are shown in Fig. 2. The peak of the
face Green's function can be found elsewh&. In our ~LDOS is located abov& at the beginning of the @series,
calculations, lattice relaxations are neglected, i.e., all atomgesulting in a small LDOS & and in a suppression of the
are fixed at ideal lattice positions. For single adsorbatenoments of Sc and Ti adatoms.

atoms, having very large local moments, the spin polariza- A comparison of the magnetic moments af 8datoms on

tion energy is sufficiently large so that the moments should®d: Ag, and C(001) surfaces is presented in Fig. 3. The
not be appreciably changed by lattice relaxatitis:?? lattice constant of Cu is about 10% smaller than the lattice

constant of Ag, which increases te@-d hybridization with

the substrate considerably. As a result, the magnetic moments

of the adatoms on the Cu surface are always smaller than
First, we discuss the results obtained for théd®d) sur- those on the Ag surface. Compared to the Ag and the Cu

face and then we compare the Pd and Pt substrates. Since théabstrates, the whole curve for thel Zdatoms on the Pd

3d wave functions are well localized, the interaction of thesubstrate is shifted to the right. In fact, we obtain that the Ti

adatoms with the d states of the Pd is strongly reduced, adatom is nonmagnetic, the magnetic moments of V and Cr

especially for the elements at the end of tliksgries. Figure adatoms are slightly suppressed, while the moments of the

1 shows the calculated local moments fat &atoms on the adatoms at the end of tiek series are enhanced and larger

Pd001) surface together with the corresponding results forthan the moments on the &Qu) surface. Exactly the same

the monolayersand the impurities in the bulk It is seen  trend was observed for thed3monolayers on the R@01)

that, except for V and Cr, the moments of theé &latoms are  surface and the @ impurities in bulk Pd' It was showf

Ill. RESULTS AND DISCUSSION
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atoms on different substratgg(001), Cu001), PA00D)]. —~ | | —=— Ag(001) 5d
@ 4L | --e- Cu(001)
that due to the hybridization with theddband of Pd, thed = | | 4 Pd(001)
states of the impurities and the monolayers at the end of th§':
d series are shifted to higher energies, leading to an increasg 3r(b)
of the LDOS atEg and thus to higher moments. £ I
Due to the large extent of theddand the & wave func- © 2|
tions, the differences between the(8@l) and the Ag001) E
substrates should be more pronounced for tdeatd Tl 8 ]
adatoms. This is clearly shown in Figsiai(b), where the 3 i
results for the 4 and the %l adatoms on the Pd, Ag, and the I N
Cu surfaces are shown. Compared to the Ag surface, the 0Lt . O L i . ,X,__
magnetic moments of Ru and @soelectronic to Feon the Hf Ta W Re Os Ir Pt

Pd surface are enhanced, but the moments of Mo and W
(isoelectronic to Orare suppressed, while Nb and Tiao-
electronic to \J are nonmagnetic. FIG. 4. Comparison of the local magnetic moments df (4)

Surprisingly, the moments ofd4adatoms Mo, Tc, Ru and and & adatoms(b) on different substratef(Ag(001), Cu(001),

of the isoelectronic & adatoms W, Re, Os are very large. For PA001].

Ru and Os the moments are nearly the same. This is quite

different from the usual assumption that the magnetisndin 5 might also be surpressed by spin-orbit interaction being ne-
metals is more strongly suppressed than in tHeodes. The glected in our calculations. However, the calculatedmo-
same effect is seen for the Ag surface: the moments of Reents of the adatoms and the resulting exchange splitting of
and Os are larger than the correspondingohes of Tc and the densities of states are much larger than in the monolayer
Ru. This unexpected behavior is caused by relativistic efcase and the spin-orbit interaction should be less important
fects, as was suggested by B&l?® The 6 wave functions for the moments of the adatoms. Future calculations should
of 5d metals are “heavier” than & for 4d metals, due to the show if this is correct.

relativistic mass enhancement. Moving fromd 40 5d ad- Let us shortly speculate about the importance of lattice
atoms, the energy difference between tleahd & states relaxations for the calculated local moments being neglected
becomes larger. It means that, relative to thke states, 8 in our method. For instance, in the case of a Mn adatom on
states are shifted up in energy. This leads to an enhancemend, we expect a strong inward relaxation similar to the value
of the magnetic moments at the second half of tdesbries. ~— 8% calculated for a ferromagnetic Mn monolayer on?Pd.

A comparison of the magnetic moments on(@ad) and In direct analogy to this result the Mn moment, being prac-
Pt(001) surfaces is presented in Figgah(b),(c). The mag- tically saturated, should only be slightly reduced. In contrast
netic moments of 8 adatomg Fig. 5@)] are similar for both  to this, the volumes of theddmetals Mo and Tc are about
substrates. Due to the more extendetfbnctions of Pt, in  the same as the one of Pd, so that no large relaxation effects
comparison with the d ones of Pd, the interaction between are expected, while for the isoelectronid Blements the W
adatoms and Pt surface is stronger than for the Pd surfacand Re one would expect a modest outward relaxation, lead-
Therefore, the magnetic moments on the Pt substrates are, iing to an increase of the moments. Due to the similar lattice
general, decreased. This is a small effect for tHea8atoms, constants of Pd and Pt, the relaxation effects are expected to
since the moments are very large and more or less saturatdee also similar for both surfaces. Thus, in total, we do not
However, this is more pronounced for thel 4nd & ada-  expect substantial changes of the present results, due to lat-
toms[cf. Figs. 8b),(c)]. tice relaxation. Nevertheless, calculations including these ef-

Analogously to the quenching of the local moments of thefects would be highly desirable.
5d monolayers, due to the spin-orbit coupling, one might Due to the large spin susceptibility of Pd and Pt, one
argue that the moments of thel adatoms W, Re, and Os expects that the magnetic adatoms induce magnetic moments
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FIG. 5. Comparison of the local magnetic moments df(8), 4d (b), and & (c) adatoms on R@01) and P{001).

on surfaces of these metals. This effect was extensively studhe Pd surface, the results for monolayers and impurities are
ied for thed impurities in Pc?* the Fe monolayers on the Pd also presented. Amongd3adatoms, the largest moments on
(001) surface*?® and Fe-Pd interface$.Table | shows the Pd and Pt surfaces are induced by Fe and Co. The moments
magnetic moments of Pd and Pt atoms being nearest neigiduced by other 8 adatoms are small. The moments in-
bors of the adatom in the first surface layer. Fdr&8oms on ~ duced by adatoms and impurities are nearly the same for Pd

TABLE 1. 3d, 4d and 5 induced magnetic moments on Pd and

with the adatom ones being somewhat larger. For tte 3
monolayers, the increased coordination number strongly en-
hances the induced moments, since a Pd or Pt surface atom

Pt atoms. “sees” four magnetic adatoms. Surprisingly appreciable in-
Pd001) duced moments are found around 4Tc,Ru and & (O
V Cr Mn Fe Co Ni adatoms on R@01). The magnetic moments induced by Ru
and Os are even larger than the moments induced by Fe. On
Adatoms  -0.09 -0.03 0.07 0.15 0.14 0.09 the Pt surface, Ru induces nearly the same moment as Fe
Imp. 0.00 -0.03 0.05 0.10 0.12 0.07 does. While in the present calculation, we only calculate the
Monol. -0.01 0.17 0.30 0.32 0.33 0.24 induced polarization of the neighboring Pd and Pt surface
Nb Mo Tc RuU Rh pd  atoms, we expect in analogy to the behavior in the Huk
Adatoms 000 001 0.13 020 0.00 0.00 longer-ranged polarization cloud extending into the Pd or Pt
Ta W Re Os Ir Pt §ubstrate. The form and extension of this <_:I_oud might be
Adatoms 000  0.01 0.09 019 000 0.00 mfluenqed by the half space boundary condition, as well as
' ' : ' ' "~ by the inhomogeneous enhancement at the surface and rep-
P100D) , resents an interesting problem for future calculations.
\% Cr Mn Fe Co Ni
Adatoms  -0.08  -0.05 0.05 012 011 0.0 V. CONCLUSIONS
Nb Mo Tc Ru Rh Pd We have presented results of first-principle calculations of
Adatoms  0.00 0.00 0.08 0.11 0.00 0.00 magnetic moments of & 4d, and & adatoms on Pd and
Ta W Re Os Ir Pt  Pt001 surfaces. Our calculations show that thdy 3d, and
Adatoms  0.00  0.00 0.05 0.07 0.00 0.00 5d adatoms from the middle of the series have very large

magnetic moments. Compared to the Ag and Cu surfaces, the
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