
PHYSICAL REVIEW B, VOLUME 65, 125413
Induced resistivity of magnetic impurities in the proximity of a metal surface
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The induced surface resistivityrs of 3d adatoms is calculated on a semi-infinite Al-like jellium within the
density-functional theory in the local-spin-density approximation~LSDA!. The unexpected nonmonotonic
behavior ofrs , 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 approximation~LDA !, is confirmed.
However, the intensity and the dependence on the atomic number ofrs is 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 ofrs , the magnetic moment
and the density of states induced by the adatom on the surface is discussed.
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I. INTRODUCTION

The resistivity induced by adatoms and molecules on t
metal films is a very important phenomenon for several r
sons. Its strong sensitivity to the surface geometry and to
ogy, such as roughness, steps, and defects in general, m
it a valuable tool for monitoring the growth conditions of
thin metallic film.1 Advances in nano manipulation tech
niques allow for a detailed analysis of the previous effects
the atomic scale. A simple equation for the adsorba
induced resistivityrs derived by Persson, also shows thatrs
is directly related to the electronic friction and the dampi
of the infrared parallel vibrational modes of the adsorb
molecules.2 Regarding the latter property there are rec
experimental works in which the infrared reflectance and
dc resistance changes were measured during adsorptio
molecules on copper.3,4

Theoretical studies of surface resistivity are still scar
Only recently a general expression of the induced surf
resistivity beyond the spherical symmetry has been wor
out.5 Ab initio calculations of surface resistivity due to ad
toms in this framework have only been performed on a se
infinite jellium.6,7 In fact, although adsorbate overlayers on
thin, clean metal slab are expected to increase the experim
tal film resistivity, such an effect cannot be computed in
standard slab approach that assumes a supercell geomet
the overlayer structure. This is because in such calculatio
perfect two-dimensional periodicity does not allow for infin
tesimal electron-hole pair excitations, which are the essen
processes in resistivity.

The study of the electronic properties of a metal surfa
covered with an overlayer of magnetic adatoms is also
important topic in surface physics, as it is related to seve
fundamental as well as applied issues from the magnetism
dilute alloys to the efficient storage of data. In a previo
paper,7 to be referred to as I hereon, we computed
surface-induced resistivity of 3d adatoms on semi-infinite A
jellium within the density-functional theory~DFT! frame-
work in the local-density approximation~LDA !, without ex-
plicitly considering the spin polarization of the electrons.
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a first step such a calculation was useful to know the tre
of the induced resistivity of those impurities, which show
an unexpected behavior with a maximum for some 3d atoms
at a certain position from the surface. However, one sho
realize that most of 3d adatoms can display a magnetic m
ment even on the electronically densest metals such as
since they experience a reduced charge density compare
bulk. So one expects this property to affect the previou
mentioned nonmonotonic behavior of the induced resistiv
For this reason, in this paper we extend the LDA results
carrying out a spin-polarized calculation within the loca
spin-density approximation~LSDA! of the DFT. We shall
use the embedding method for the isolated adsorbate, w
treats a single particle interacting with a semi-infin
solid.8–10 This approach is most suitable for dealing with
very dilute overlayer. Since it is able to consider the contin
ous eigenenergy spectrum of a semi-infinite metal, it c
accurately account for the adatom-induced resonances w
properties at the Fermi level are central to the understand
of the induced resistivity.2,7 In our approach the semi-infinite
solid is described by Al-like jellium. Such a model accoun
for the substrate of the adsorption system in a simpler w
and consequently is amenable to calculating the adatom
duced resistivities, at any atom position normal to the s
face, say,za . This allows one to understand in detail how th
impurity-induced resistivity changes from its asympto
bulk value to that characteristic of an adsorbate. From
LSDA calculations, we establish a new dependence of
adatom resistivity both onza and on the atomic numberZ,
and we shall analyze features absent in our previous L
calculation in detail.

In the following section, we present and discuss all t
results, while the last one is devoted to the conclusions.

II. RESULTS

Since all details of the embedding approach8,9 and of the
resistivity calculation6,7 have already been discussed, in th
paper we only report the equation of the adatom-indu
residual resistivity for a spin-polarized system
©2002 The American Physical Society13-1
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Vpne
2e2 (

s
E dr dr 8 Im Gs~r ,r 8,EF!

3
]Veff

s

]x8
Im Gs~r 8,r ,EF!

]Veff
s

]x
. ~1!

In Eq. ~1! Gs(r ,r 8) is the spin (s)-dependent Green’s func
tion solution of the Kohn-Sham equation andVeff

s (r ) its ef-
fective potential in the LSDA;V, ne , andEF being the vol-
ume per adatom, the conduction electron density in
substrate, and the Fermi energy, respectively. Because o
cylindrical symmetry of the system about az axis pointing
towards the vacuum from the jellium edge and pass
though the adatom, derivatives can be taken in any direc
normal toẑ.

In Fig. 1, we report the surface resistivity induced by 3d
atoms on Al as function of the atomic numberZ, at two
atomic positions from the jellium edge, namely,za51 a.u.
@Fig. 1~a!# andza51.5 a.u.@Fig. 1~b!#, where the dashed an
solid lines refer to values obtained with the LDA and t
LSDA, respectively. The magnetic moments of these ad
bates calculated within the LSDA framework are listed
Table I ~a detailed discussion about this magnetic behavio

FIG. 1. Resistivity induced by 3d adatoms on Al at atom-
surface positionza51 a.u. ~a!, za51.5 a.u.~b!, and as interstitial
impurity ~c!, by the LSDA~solid line! and the LDA~dashed line!.

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

za ~a.u.! Sc Ti V Cr Mn Fe Co Ni Cu

1.0 0.0 0.0 3.2 3.9 3.4 2.2 0.3 0.0 0.0
1.5 0.0 1.9 3.5 4.4 3.9 2.7 1.2 0.0 0.0
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reported elsewhere11!. We note that when the adatoms have
finite magnetic moment, the calculated induced resistivit
by the LSDA become very different from the correspondi
LDA ones, which display a bell-shaped curve ofrs , as func-
tion of Z. In particular, it is observed that the minimum in th
LSDA resistivity curve corresponds instead to a maximum
the LDA results. For comparison, in Fig. 1~c! we also show
the resistivities induced by theinterstitial bulk impurities,
which have been computed by placing the 3d atoms atza
52` inside jellium. In this configuration the magnetic mo
ment of all these impurities disappears because of the h
density of the substrate and the LSDA results coincide w
the LDA ones. To describe bulk impurities, it may be mo
realistic to considersubstitutionalones. Within the jellium
model this can be done by taking away a sphere of posit
charge background containing exactly the valence electr
of the substituted atom of the host. However, in this paper
also deal with 3d atoms inside jellium but very close to it
edge. In such a case the impurity nucleus may be surroun
by only a portion of the above-mentioned sphere-of-cha
background. So we prefer describing such a system foza
,0 by an interstitial impurity. Regarding thesubstitutional
impurities, previous theoretical works12–14 report that Cr,
Mn, and Fe may possess a magnetic moment in bulk
depending on the detailed features of each calculation.
perimental data suggest that 3d impurities are nonmagnetic
in Al with the possible exception of Cr and Mn, for whic
spin fluctuations manifest themselves in dependence of
residual resistivity on the temperature.15

On the contrary, when some of 3d bulk impurities are
magnetic, like in metals with lower electronic densities su
as Cu and Ag, the 3d impurity resistivity,16 as function ofZ,
deviates largely from the bell-shaped behavior and resem
rs ~solid line! in Fig. 1~a! and 1~b!: The resistivity curve
exhibits a minimum at Cr and a maximum at Fe. This su
gests that the behavior ofrs , as function ofZ, is mainly
related to the magnitude of the local charge density at
impurity site vis àvis the existence of a magnetic momen
In fact we have verified that at distances from the surfa
such as those in Figs. 1~a! and 1~b!, the Al-jellium-tail charge
densities are close to the average electronic charge den
in the vacancy region of asubstitutionalimpurity in bulk
noble metals. Also note that the magnetic moments in Ta
I resemble those in Cu~first row! and Ag ~second row!
bulks.16

Figure 2 shows the adatom-induced resistivity, calcula
in the LSDA, as function of bothZ and za , varying from
za523 to za53 a.u., or in other words, from the
asymptotic value of the bulk impurity to that of an atom f
from the surface. As previously discussed, our results me
to the bulk interstitial impurity values shown in Fig. 1~c!.
Furthermore, from a comparison with a recently perform
total-energy calculation of 3d adatoms on a periodic Al~100!
surface by using the slab model,11 we infer that the adatom
equilibrium position on the real substrate corresponds to
one on jellium, which lies betweenza51 a.u. and za
51.5 a.u. from its edge for all 3d atoms.

In Fig. 2, we observe that the induced resistivities disp
a behavior as function ofza strongly dependent onZ. In
3-2
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particular, we note that the impurity-induced resistivities
Sc, Ti, Mn, Fe, and Co vary from the asymptoticinterstitial
impurity value, sayrb , and show a maximum, which i
larger or comparable torb and whose position varies de
pending onZ. We have verified that the enhancement of t
adatom-induced resistivity at the maximum with respect
the calculated bulksubstitutional impurity-value13 occurs
only for Sc, Ti, and Fe, and solely for the last atom suc
maximum lies at about the equilibrium adsorption positio
Note that the largest value ofrs in Fig. 2 is attained by Sc
when located at the jellium edge. Butrs of Sc diminishes
rapidly both by decreasing and increasingza . Since up to
our knowledge there are no previous results for the impu
induced resistivity of Sc in the proximity of the surface, su
anomalous behavior cannot be compared with others.

We study now the existence of maxima ofrs as function
of za for all 3d adatoms other than Sc, and recall first th
maxima ofrs as function ofza were also obtained with a
LDA calculation for 3d adatoms up to Fe. However, w
point out that the LSDA approach modifies the intensity, p
sition, and dependence onZ of the LDA maxima in a signifi-
cant way. In fact around the equilibrium position, the larg
rs is attained by Cr in the LDA~see paper I! while by Fe in
the LSDA. So we discuss the dependence ofrs on the posi-
tion from the surface for these two adatoms, namely Fe
Cr, for which the difference between the LDA and LSD
results is most striking. These functions are shown in F
3~a! and 3~b! for Cr and Fe, respectively, fromza523 to
za53 a.u. In the LSDA calculations, whilers of Cr shows a
slow monotonic decrease fromrb by varyingza , that of Fe
displays a more complex behavior with a fairly shallo
maximum aroundza51 a.u. Therefore, very accurate me
surements of the induced resistivity should be rather ins
sitive to the position of a Cr adatom in the proximity of th
surface. Instead they could help understanding whether
atom is adsorbed just underneath the surface, tucked in i
adsorbed on kinks, terraces or steps.

In paper I, we have demonstrated that the magnitude ors
mainly depends on that of the induced density of sta
~IDOS! at the Fermi energyEF . This result is confirmed by
the LSDA analysis. In Fig. 4, we plot the spin depende
IDOS’s, ns(e), for Cr and Fe atza51 a.u. defined by

FIG. 2. Resistivity induced by 3d adatoms as function of the
distanceza from the Al surface.
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pE dr Im@Gs~r ,r ,e1 id!2G0
s~r ,r ,e1 id!#,

~2!

whereG0 denotes the Green’s function of the clean substra
As expected, in the LSDA approach the majority- a
minority-spin populations split up and two maxima appear
the IDOS with a minimum in between them. Depending
the relative position of the Fermi level with respect to su
extrema, the values ofrs , roughly proportional to the IDOS
at EF , may be very different. For Cr, the magnitude of th
IDOS at EF is about its minimum, hencers is indeed very
small. For Fe, on the contrary, the minority-spin populati
displays a maximum exactly atEF , which clearly accounts
for the largestrs . On examining Fig. 3 we see that th
increase inrs for Cr at za>3 a.u. in the LDA calculation is

FIG. 3. Resistivity induced by Cr~a! and Fe~b! as function of
the distanceza from the Al surface, by the LSDA~solid line! and
the LDA ~dashed line!. The arrows on the left refer to the resistivit
for the same~interstitial! atom in Al bulk.

FIG. 4. Induced density of states~states/eV! of Cr ~a! and Fe~b!
at za51 a.u. on Al, by the LSDA~solid line! and the LDA~dashed
line!. ↑, majority-spin population,↓, minority-spin population
~dash-dotted line!.
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not confirmed by the LSDA calculation. For this latter a
proach such a nonphysical behavior starts atza.4 a.u. This
is expected, since the LSDA, though not accounting for c
relation of two separate subsystems correctly, is a much
ter approximation for such a magnetic atom than the LDA
this case, since for atoms farther away from the surface
open-shell systems, it pins only electrons of one spin po
lation, the divergent behavior already discussed7 starts at
larger atom-surface distances.

III. CONCLUSIONS

In this paper, we have presented a full calculation ofd
atom-induced resistivities in the proximity of a metal~Al-
like jellium! by the LSDA. Our results demonstrate that t
LSDA approach is a necessary tool to describers , since the
induced resistivities are significantly different from tho
calculated in the LDA in paper I. We observe that for som
3d atomsrs displays a nonmonotonic behavior by varyin
the atom position normally to the surface. This prope
which is sensitive to the local charge density sampled by
adatom, could help in determining the impurity local chem
sorption environment. Only for Fe the maximum ofrs oc-
on
8
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s.
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curs when this adatom is about its equilibrium position on
clean, flat Al surface. We have investigated the relations
betweenrs and the magnetic moment of 3d adatoms on Al,
and found similarities between our surface results and th
of the same impurities in metal bulk of lower electronic de
sity than Al.

The surface-induced resistivity can also be related to
electron-hole pair nanofriction mechanism, though in t
case we expect lateral barriers to hamper effective diffus
of 3d adatoms. Finally, note that there is no simple way
relate the adatom magnetic moment to the surface-indu
resistivity, since the former mainly depends on the differen
of spin populations in the ground state, which encompas
the full density of states, while the latter on the density
states at the Fermi level. This dependence could make
adatom-induced surface resistivity a very sensitive tool
the density of states of the adsorbate system at the F
level.
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