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Induced resistivity of magnetic impurities in the proximity of a metal surface
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The induced surface resistivify, of 3d adatoms is calculated on a semi-infinite Al-like jellium within the
density-functional theory in the local-spin-density approximatit®DA). The unexpected nonmonotonic
behavior ofpg, as function of the position of the atoms with respect to the surface, recently found for most of
3d adatoms in calculations without spin polarization in the local-density approxim@tdA), is confirmed.
However, the intensity and the dependence on the atomic numbgg ©f modified by the LSDA in a
significant way. At the equilibrium adsorption site on clean Al, the largest resistivity is found for Fe, not for Cr,
which is different from the LDA results. The relationship between the maxima pthe magnetic moment
and the density of states induced by the adatom on the surface is discussed.
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[. INTRODUCTION a first step such a calculation was useful to know the trends
of the induced resistivity of those impurities, which showed
The resistivity induced by adatoms and molecules on thiran unexpected behavior with a maximum for songeaBoms
metal films is a very important phenomenon for several reaat a certain position from the surface. However, one should
sons. Its strong sensitivity to the surface geometry and topoFealize that most of @ adatoms can display a magnetic mo-
ogy, such as roughness, steps, and defects in general, makggnt even on the electronically densest metals such as Al,
it a valuable tool for monitoring the growth conditions of a since they experience a reduced charge density compared to
thin metallic film! Advances in nano manipulation tech- bulk. So one expects this property to affect the previously
niques allow for a detailed analysis of the previous effects ofnentioned nonmonotonic behavior of the induced resistivity.
the atomic scale. A simple equation for the adsorbateFor this reason, in this paper we extend the LDA results by
induced resistivity derived by Persson, also shows tpat ~ carrying out a spin-polarized calculation within the local-
is directly related to the electronic friction and the dampingspin-density approximatiofLSDA) of the DFT. We shall
of the infrared parallel vibrational modes of the adsorbed!se the embedding method for the isolated adsorbate, which
molecules’ Regarding the latter property there are recentireats a single particle interacting with a semi-infinite
experimental works in which the infrared reflectance and thgolid**° This approach is most suitable for dealing with a

dc resistance changes were measured during adsorption ¢ty dilute overlayer. Since it is able to consider the continu-
molecules on coppéﬁ‘ ous eigenenergy spectrum of a semi-infinite metal, it can

Theoretical studies of surface resistivity are still scarceaccurately account for the adatom-induced resonances whose
Only recently a general expression of the induced surfaceroperties at the Fermi level are central to the understanding
resistivity beyond the spherical symmetry has been worke@f the induced resistivity.’ In our approach the semi-infinite
out® Ab initio calculations of surface resistivity due to ada- Solid is described by Al-like jellium. Such a model accounts
toms in this framework have only been performed on a semifor the substrate of the adsorption system in a simpler way,
infinite jellium.®7 In fact, although adsorbate overlayers on aand consequently is amenable to calculating the adatom in-
thin, clean metal slab are expected to increase the experimefiuced resistivities, at any atom position normal to the sur-
tal film resistivity, such an effect cannot be computed in theface, sayz, . This allows one to understand in detail how the
standard slab approach that assumes a supercell geometry fapurity-induced resistivity changes from its asymptotic
the overlayer structure. This is because in such calculationskulk value to that characteristic of an adsorbate. From our
perfect two-dimensional periodicity does not allow for infini- LSDA calculations, we establish a new dependence of the
tesimal electron-hole pair excitations, which are the essentig@datom resistivity both oz, and on the atomic numbé,
processes in resistivity. and we shall analyze features absent in our previous LDA

The study of the electronic properties of a metal surfacecalculation in detail.
covered with an overlayer of magnetic adatoms is also an In the following section, we present and discuss all the
important topic in surface physics, as it is related to severalesults, while the last one is devoted to the conclusions.
fundamental as well as applied issues from the magnetism of

dilute alloys to the efficient storage of data. In a previous Il RESULTS
paper, to be referred to as | hereon, we computed the '
surface-induced resistivity ofd3adatoms on semi-infinite Al Since all details of the embedding apprdathand of the

jellium within the density-functional theoryDFT) frame-  resistivity calculatiofi” have already been discussed, in this
work in the local-density approximatiofii.DA), without ex-  paper we only report the equation of the adatom-induced
plicitly considering the spin polarization of the electrons. Asresidual resistivity for a spin-polarized system
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Ty reported elsewhetd. We note that when the adatoms have a
S I ] finite magnetic moment, the calculated induced resistivities
2 | | by the LSDA become very different from the corresponding
E 4 i LDA ones, which display a bell-shaped curvepqf as func-

g t - tion of Z. In particular, it is observed that the minimum in the
2 . LSDA resistivity curve corresponds instead to a maximum in
- 1 the LDA results. For comparison, in Fig(cl we also show

8 the resistivities induced by thimterstitial bulk impurities,
o I LDA --»-- | which have been computed by placing the &toms atz,
e | = —oo inside jellium. In this configuration the magnetic mo-
E 4 N z.=15au. 4 ment of all these impurities disappears because of the high
g t g A ! § density of the substrate and the LSDA results coincide with
=270 1 the LDA ones. To describe bulk impurities, it may be more

- N 1 realistic to considesubstitutionalones. Within the jellium

51 DA LDA) —— | model this can be done by taking away a sphere of positive-
Sel | charge background containing exactly the valence electrons
= | ) of the substituted atom of the host. However, in this paper we
E 4 _ also deal with 8 atoms inside jellium but very close to its
g . edge. In such a case the impurity nucleus may be surrounded
=27 1 by only a portion of the above-mentioned sphere-of-charge

. () ] background. So we prefer describing such a systenefor

<0 by aninterstitial impurity. Regarding thesubstitutional

impurities, previous theoretical works* report that Cr,
FIG. 1. Resistivity induced by @ adatoms on Al at atom- Mn, and Fe may possess a magnetic moment in bulk Al

surface positiorz,=1 a.u.(a), z;=1.5 a.u.(b), and as interstitial depending on the detailed features of each calculation. Ex-

impurity (c), by the LSDA(solid line) and the LDA(dashed ling  perimental data suggest thatl 3mpurities are nonmagnetic

in Al with the possible exception of Cr and Mn, for which

Sc Ti V Cr Mn Fe Co Ni Cu

h spin fluctuations manifest themselves in dependence of the
Ps=—— 55 > f dr dr' ImG“(r,r',Eg) residual resistivity on the temperature.
Vmnee® o On the contrary, when some ofd3bulk impurities are
VO VO magnetic, like in metals with lower electronic densities such
X fﬁlm G(r',r,Ep)—. (1)  as Cuand Ag, the@impurity resistivity;® as function oz,

IX IxX deviates largely from the bell-shaped behavior and resembles
ps (solid line) in Fig. 1(a) and Xb): The resistivity curve

In Bq. (1) G”(r, ') is the spin {r)-dependent Green's func- exhibits a minimum at Cr and a maximum at Fe. This sug-

tion solution of the Kohn-Sham equation aw@(r) its ef- gests that the behavior gf,, as function ofZ, is mainly

fer::]nve p:)tegtlfllg t:}? LSDn'ZV' ge'nanld EtFr l:;\aggnthi(te Vci)rl; th related to the magnitude of the local charge density at the
ume per adatom, theé conduction €lectron gensity (?mpurity site vis avis the existence of a magnetic moment.

substrate, and the Fermi energy, respectively. Because of trl'ﬁ fact we have verified that at distances from the surface

cylindrical symmetry of the system aboutzeaxis pointing such as those in Figs(@ and 1b), the Al-jellium-tail charge

towards the vacuum f_rom the jellium edgg and PassINGa nsities are close to the average electronic charge densities
though the adatom, derivatives can be taken in any dwecnorh the vacancy region of aubstitutionalimpurity in bulk

normal toz. noble metals. Also note that the magnetic moments in Table
In Fig. 1, we report the surface resistivity induced iy 3 | resemble those in Cufirst row) and Ag (second row
atoms on Al as function of the atomic numb2r at two  pylksl®
atomic positions from the jellium edge, namety=1 a.u. Figure 2 shows the adatom-induced resistivity, calculated
[Fig. 1(@] andz,= 1.5 a.u[Fig. 1(b)], where the dashed and i the LSDA, as function of bottZ and z,, varying from
solid lines refer to values obtained with the LDA and the; — -3 to z,=3 a.u., or in other words, from the
LSDA, respectively. The magnetic moments of these adsorasymptotic value of the bulk impurity to that of an atom far
bates calculated within the LSDA framework are listed |nfr0m the surface. As previous|y discussed, our results merge
Table | (a detailed discussion about this magnetic behavior i$g the bulk interstitial impurity values shown in Fig. (¢).
Furthermore, from a comparison with a recently performed
total-energy calculation of@adatoms on a periodic 100
surface by using the slab modélye infer that the adatom
equilibrium position on the real substrate corresponds to the
one on jellium, which lies betweerz,=1 a.u. andz,
1.0 00 00 32 39 34 22 03 00 00 =1.5a.u.from its edge for all@atoms.
15 00 19 35 44 39 27 12 00 00 In Fig. 2, we observe that the induced resistivities display
a behavior as function of, strongly dependent oZ. In

TABLE I. Magnetic moments gg) of 3d adatoms on Al at two
different distances from the surface.

zz@u) Sc Ti V Cr Mn Fe Co Ni Cu
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FIG. 2. Resistivity induced by @ adatoms as function of the 0 : 5 ! L L
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particular, we note that the impurity-induced resistivities OftheFolliGs,iagricZesflrsgm%:ani?(;i(:f:é,qu ?l:g fgg’&ﬁ;ul?:;o;n‘;f
.SC’ TI.’ Mn, Fe, and Co vary from the asympta‘rm:erst!tlal . the LDA (dasérlled ling The arrows on the left refer to the resistivity
impurity value, sayp,, and show a maximum, which is for the sameinterstitia) atom in Al bulk.
larger or comparable tp, and whose position varies de-
pending onZ. We have verified that the enhancement of the 1
adatom-induced resistivity at the maximum with respect to o o N ;
the calculated bulksubstitutional impurity-valué?® occurs n"(e) Wf drimG*(r.r.e+19)=Go(r.r,e+19)],
only for Sc, Ti, and Fe, and solely for the last atom such a (2
maximum lies at about the equilibrium adsorption position. )
Note that the largest value @f in Fig. 2 is attained by Sc whereG, denotgs the Green’s function of the cIeap s_ubstrate.
when located at the jellium edge. Bpt of Sc diminishes AS expected, in the LSDA approach the majority- and
rapidly both by decreasing and increasing Since up to minority-spin populgt!ons spllt up and two maxima appear in
our knowledge there are no previous results for the impuritf€ IDOS with a minimum in between them. Depending on
induced resistivity of Sc in the proximity of the surface, suchth€ relative position of the Fermi level with respect to such
anomalous behavior cannot be compared with others. extrema, the values gfs, roughly proportional to the IDOS
We study now the existence of maximafas function at Er, may be very different. For Cr, the magnitude of the
of z, for all 3d adatoms other than Sc, and recall first that!/DOS atEg is about its minimum, hencg; is indeed very
maxima of ps as function ofz, were also obtained with a Small. For Fe, on the contrary, the minority-spin population
LDA calculation for 3l adatoms up to Fe. However, we displays a maximum exactly &g, which clearly accounts
point out that the LSDA approach modifies the intensity, po-for the largestps. On examining Fig. 3 we see that the
sition, and dependence @wof the LDA maxima in a signifi-  increase inps for Cr atz,=3 a.u. in the LDA calculation is
cant way. In fact around the equilibrium position, the largest
ps is attained by Cr in the LDAsee paper)lwhile by Fe in
the LSDA. So we discuss the dependenceobn the posi-
tion from the surface for these two adatoms, namely Fe and
Cr, for which the difference between the LDA and LSDA
results is most striking. These functions are shown in Figs.
3(a) and 3b) for Cr and Fe, respectively, from,=—3 to
z,=3 a.u. In the LSDA calculations, whiles of Cr shows a
slow monotonic decrease from, by varyingz,, that of Fe
displays a more complex behavior with a fairly shallow
maximum aroundz,=1 a.u. Therefore, very accurate mea-
surements of the induced resistivity should be rather insen-
sitive to the position of a Cr adatom in the proximity of the
surface. Instead they could help understanding whether a Fe
atom is adsorbed just underneath the surface, tucked in it, or . s . .
adsorbed on kinks, terraces or steps. S5 4 3 2 1 Ep o1 2
In paper |, we have demonstrated that the magnituge, of
mainly depends on that of the induced density of states F|G. 4. Induced density of statéstates/eY of Cr (a) and Fe(b)
(IDOS) at the Fermi energi . This result is confirmed by atz,=1 a.u. on Al, by the LSDASsolid line) and the LDA(dashed
the LSDA analysis. In Fig. 4, we plot the spin dependentiine). 1, majority-spin population,|, minority-spin population
IDOS’s, n’(¢), for Cr and Fe az,=1 a.u. defined by (dash-dotted ling
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IDOS
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T
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not confirmed by the LSDA calculation. For this latter ap- curs when this adatom is about its equilibrium position on a
proach such a nonphysical behavior startg,at4 a.u. This clean, flat Al surface. We have investigated the relationship
is expected, since the LSDA, though not accounting for corbetweenp, and the magnetic moment ofi3adatoms on Al,
relation of two separate subsystems correctly, is a much be&nd found similarities between our surface results and those
ter approximation for such a magnetic atom than the LDA. Inof the same impurities in metal bulk of lower electronic den-
this case, since for atoms farther away from the surface ansity than Al.

open-shell systems, it pins only electrons of one spin popu- The surface-induced resistivity can also be related to the
lation, the divergent behavior already discugsethrts at electron-hole pair nanofriction mechanism, though in this

larger atom-surface distances. case we expect lateral barriers to hamper effective diffusion
of 3d adatoms. Finally, note that there is no simple way to
I1l. CONCLUSIONS relate the adatom magnetic moment to the surface-induced

. ) resistivity, since the former mainly depends on the difference
In this paper, we have presented a full calculation df 3 of spin populations in the ground state, which encompasses
atom-induced resistivities in the proximity of a metdll-  the full density of states, while the latter on the density of
like jellium) by the LSDA. Our results demonstrate that thestates at the Fermi level. This dependence could make the
LSDA approach is a necessary tool to descpbesince the  adatom-induced surface resistivity a very sensitive tool of

calculated in the LDA in paper |. We observe that for somejgyg|.

3d atomsp, displays a nonmonotonic behavior by varying

the. atom position normally to the surfac_e. This property, ACKNOWLEDGMENT

which is sensitive to the local charge density sampled by the

adatom, could help in determining the impurity local chemi- One of the author$G.P.B) is grateful to B.N.J. Persson
sorption environment. Only for Fe the maximum @f oc-  for useful discussions.
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