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Ab initio calculation of surface-resistivity induced by 3d adatoms on simple metals
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We report on density-functional calculations of the surface resistivityrs induced by isolated 3d adatoms on
metal substrates. In the present work, we concentrate on the case of nonmagnetic adatoms on semi-infinite
Al-like jellium, and the effects of magnetism and atomic relaxations are left as a subject for future work. For
a fixed adatom-substrate distanceza , the calculatedrs follows a characteristic bell-shaped curve as a function
of the 3d valence as in the case of bulk impurities. For all the elements up to Fe,rs is found to become even
larger than the residual resistivity for the corresponding impurities in bulk jellium when the adatoms are
located by;1 bohr outside jellium. Also, for these elements, the calculatedrs as a function ofza attains a
maximum before decaying exponentially at largerza . Detailed analyses of the induced density of states~DOS!
indicate that such a maximum is explained in terms of the behavior of thep component of the adatom-induced
DOS at the Fermi level, which is found to be significantly enhanced due to charge redistributions when the
atom is very close to the surface.

DOI: 10.1103/PhysRevB.63.075408 PACS number~s!: 73.20.At, 73.20.Hb, 73.25.1i
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I. INTRODUCTION

The study of dilute alloys is one of the oldest subjects
solid state-physics. Among other topics, resistivity due
impurity atoms has been studied for a long time. By t
1930s, it was known that magnetic impurities such as Fe
Mn give rise to a minimum in the resistivity of a host met
as a function of temperature; the origin of this was not cla
fied until the pioneering work of Kondo.1 The theoretical
study of the electronic structure of impurity atoms within t
one-electron approximation was initiated by Friedel.2 For a
single-impurity atom in a uniform electron gas~jellium!, the
carrier scattering by the impurity potential is characteriz
by d l(e), the phase shift of a partial wave with angular m
mentuml at energye. The residual resistivity, i.e., the resis
tivity at zero temperature via impurity scattering, is given

rb5
4p\

Vnee
2kF

(
l>0

~ l 11!sin2@d l 11~eF!2d l~eF!#, ~1!

whereV is the volume per impurity atom,eF is Fermi level,
kF5\21A2meF, and ne denotes the electron density. A
suming thatd l 52(eF) dominates for 3d impurity atoms in an
sp host metal, and that these atoms have no magnetic
ments, and also combining~1! and the Friedel sum rule, on
obtainsrb5(4p\/Vnee

2kF)5 sin2(pZ̃/10). This implies that
rb may follow a bell-shaped curve as a function of thed
valence occupancyZ̃, with a maximum located at around C
and Mn. This behavior was experimentally confirmed
dilute Al alloys.3 On the theory side, the resistivity due
substitutional 3d atoms in jellium with an electron densit
corresponding to Al was calculated by Mrosan and Lehm4

and Niemenen and Puska.5 Following more realistic ground
state electronic calculations of impurities in transition met
with a lattice structure, performed by using a Korring
Kohn-Rostoker Green-function method,6,7 the resistivity
0163-1829/2001/63~7!/075408~7!/$15.00 63 0754
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curve for 4d impurities in Cu was computed by solving th
linearized Boltzmann equation. It exhibits a maximum at N
with a nearly half-filled 4d shell, as explained above.8

The resistivity of a thin metal film is very sensitive t
surface conditions when the temperature is as low as 109

Defects such as steps and adsorbates scatter conduction
trons impinging on the surface diffusively, leading to an i
crease in resistivity. Although the theory of the surface
sistivity dates back to the semiclassical model of Fuch10

~also see Ref. 11!, it was only recently that a microscopi
expression of the surface resistivity at the same level as
~1! was derived for the case of semi-infinite metals.12 As will
be discussed in Sec. II, the only input for this formula is t
wave function~or Green’s function! of electrons ateF appro-
priate for the semi-infinite geometry. So far only a fe
quantum-mechanical calculations of the surface resisti
were reported.13–15

The aim of the present paper is to investigate the resid
resistivity induced by 3d atoms adsorbed on simple met
surfaces. In particular we will focus on elucidating featur
that are absent in the case of bulk impurities. From a th
retical viewpoint, the impurity atom on the surface has
additional degree of freedom: The induced resistivityrs can
be plotted on a two-dimensional plane as a function of
atomic numberZ, andza , the adatom position relative to th
substrate surface. We explore the dependence ofrs on both
quantities by performing an extensive density-functional c
culation. We adopt semi-infinite jellium16 to simulate an Al-
like substrate, and the semi-infinite problem is handled w
the use of the embedding method of Inglesfield.17 Although
some of the 3d adatoms may have magnetic moments on
we will concentrate on the case of nonmagnetic impur
atoms in the present paper, and the effects of the magn
moment on the residual resistivity will be left as a subject
future developments. Also, it should be noted that the s
strate relaxations, observed and calculated in the ultra
film growth of transition-metal atoms18,19 cannot be taken
©2001 The American Physical Society08-1
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into account by the jellium substrate. For example, in t
area, it was recently suggested that relaxation may mo
electronic properties such as magnetic moments of 3d atom
overlayers.20 Instead, in the present work, we will shed lig
on general features of the induced resistivity that are ins
sitive to the detailed substrate atomic and local electro
structures, aiming at studying the effects of a single ada
on a semi-infinite solid. This may be justified, since, to o
knowledge, there has been no theoretical work on the re
tivity induced by transition-metal adatoms. We also obse
that a more realistic calculation taking into account the s
strate lattice structure remains very difficult.

At first glance, it may appear thatrs preserves its bell-
shaped dependence along theZ axis, and decreases mon
tonically with increasingza , as does the overlap between t
metal and 3d wave functions. However, asza increases, the
3d resonance becomes sharper and its center shifts grad
toward the Fermi energy. Consequently the adatom lo
density of states~DOS! at eF is enhanced. Furthermore, b
cause of chemical interactions with substrate states, ch
redistributions take place among the delocalizeds and p
states and the 3d shell. From our calculations it has turne
out that these competing effects give rise to a nontriv
variation ofrs as a function ofza .

The plan of the present paper is as follows. In Sec. II,
describe the method for computing the ground-state e
tronic structure and the induced resistivity of a single adat
on a semi-infinite jellium surface using the embeddi
Green-function approach for the isolated adsorbate.21,22 Sec-
tion III constitutes the main part of the present paper, a
contains results and discussion of the numerical calculati
Section IV is devoted to conclusions. Unless otherw
stated, we use Hartree atomic units throughout this pape

II. THEORY

We calculate the electronic structure of a single isola
adatom on a semi-infinite jellium surface23 within the local-
density approximation in density-functional theo
~LDA-DFT!.24 We choose thez axis as the surface norma
pointing toward the vacuum. The position of the adatom
(0,0,za) and the positive background charge of jellium occ
pies the half-spacez<0. As the potential perturbation due t
the adatom is spatially localized, we treat only a spher
region with radiusRs surrounding the adatom and containin
a portion of jellium explicitly in the self-consistent proce
dure, whereas the effects of the rest of the jellium surface
taken into consideration via a complex embedding poten
acting on the sphere surface. The Green function in the
bedding sphere can be expanded as

G~r ,r 8,e!5 (
L,L8

G~L,r ;L8,r 8;e!YL~V!YL8
* ~V8!, ~2!

G~L,r ,L8,r 8,e!5 (
n,n8

G~L,n;L8,n8;e!f ln~r !f l 8n8~r 8!,

~3!
07540
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where L5( l ,m). Inside the muffin-tin sphere with radiu
RMT , the radial basis functionf ln(r ) is a linearized muffin-
tin orbital, while f ln(r )5 j l(knr ) for RMT<r<Rs , where
kn5pn/ã (n>1 andã>Rs).

25 More details of the ground-
state calculation are described in Refs. 21 and 22.

We calculate the surface resistivity induced by a sin
atom adsorbed on semi-infinite jellium. First it should
noted that the clean jellium substrate has no resistivity, si
conduction electrons impinging onto a perfectly flat surfa
are specularly reflected. On the other hand, in the presenc
the adatom, the electrons are partly scattered in off-spec
directions. The surface resistivity associated with a curr
density in thex direction is given by12,13

rs5
2p\

Vne
2e2 (

i , j
d~e i2eF!d~e j2eF!K c iU ]Veff

]x Uc j L
3K c jU ]Veff

]x Uc i L , ~4!

where Veff denotes the one-electron effective potential
density-functional theory, andc i is an electron wave func
tion appropriate for the semi-infinite geometry. By using t
Green function, Eq.~4! can be read as

rs5
2\

Vpne
2e2E dr dr 8Im G~r ,r 8,eF!

]Veff

]x8

3Im G~r 8,r ,eF!
]Veff

]x
. ~5!

As already mentioned, we consider a model substrate re
sented by jellium, for which we can explicitly calculate th
induced resistivity using the Green function in the embe
ding region alone. In fact thex derivative of the potential,
]xVeff , is identically zero far from the adsorbate~outside the
embedding region! ~i! due to the assumption that metal ele
trons screen the impurity potential perfectly and~ii ! due to
the lack of lattice periodicity in the potential along any d
rection parallel to the surface@i.e., Veff(r )5V(z)#.

To be more concrete, we make use of the cylindrical sy
metry of the system about thez axis. The effective potentia
in the embedding sphere is expanded as21,22

Veff~r !5(
l

V~ l ,r !Yl0~V!. ~6!

Also, G(L,n;L8,n8;e) in Eq. ~3! is diagonal with respect to
indicesm andm8. Substituting Eqs.~2! and ~6! into Eq. ~5!
yields

rs5
2\

Vpne
2e2 (

m
(

l 1; l 4
(

n1;n4

3Im G~ l 1 ,m,n1 ; l 2 ,m,n2!vx~ l 2 ,m,n2 ; l 3 ,m61,n3!

3Im G~ l 3 ,m61,n3 ; l 4 ,m61,n4!

3vx~ l 4 ,m61,n4 ; l 1 ,m,n1!. ~7!
8-2
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Ab initio CALCULATION OF SURFACE- . . . PHYSICAL REVIEW B 63 075408
In the above, we omitted the energy suffix of the Gre
function, and the matrix element of]xVeff is defined by

vx~ l 1 ,m,n1 ; l 2 ,m61,n2!

56
1

2 (
l>0

A ~ l 11!~ l 12!

~2l 11!~2l 13!

3g~ l 1 ,m; l 11,71;l 2 ,m61!v l
1~ l 1n1 ,l 2n2!

7
1

2 (
l>2

A l ~ l 21!

~2l 21!~2l 11!

3g~ l 1 ,m; l 21,71;l 2 ,m61!v l
2~ l 1n1 ,l 2n2!,

~8!

where g(L1 ;L2 ;L3)5*dVYL1
* YL2

YL3
is the Gaunt coeffi-

cient, and

v l
1~ l 1n1 ,l 2n2!5E

0

Rs
r 2drf l 1n1

~r !f l 2n2
~r !

3S d

dr
2

l

r DV~ l ,r !, ~9!

v l
2~ l 1n1 ,l 2n2!5E

0

Rs
r 2drf l 1n1

~r !f l 2n2
~r !

3S d

dr
1

l 11

r DV~ l ,r !. ~10!

III. RESULTS

First we consider Al and Si adatoms on an Al-like jelliu
surface, by varying the atom-jellium edge distanceza (za
.0 is toward vacuum!. In Fig. 1 we show the induced resis
tivity rs , where the arrows on the left refer to the resistiv

FIG. 1. Resistivity induced by a Si or Al adatom on Al-lik
jellium as a function of the adatom-surface distanceza ~solid lines!.
The results from Ref. 13 are also shown as diamonds and cir
The arrows on the left refer to the resistivity for an interstit
atomic impurity in Al-bulk jellium.
07540
n

for an ‘‘interstitial’’ atomic impurity in bulk jellium.26 That
is, the impurity nucleus is simply put into the bulk withou
removing the positive background charge of jellium su
rounding it. Because the jellium substrate is unrelaxed, s
a bulk result has just to be read as the asymptotic value
our resistivity calculation inside the metal. For compariso
we also present the calculatedrs for the same systems in
Ref. 13~circles and diamonds!, where the surface resistivity
was obtained by using the same equation@Eq. ~5!#. However,
in Ref. 13 the Green function was computed with a ve
different numerical method based on the Dyson equat
norm-conserving pseudopotentials, and a plane-wave-
basis set. In spite of this, the agreement between the two
of results is very good, which may add credibility to bo
approaches. The interested reader is referred to Ref. 13
more detailed discussion about these results. Here we
recall that the induced resistivity for such atoms is less th
1.5 mV cm/at. %, and it decreases smoothly by increas
the atom-surface distance.

Now we consider 3d adatoms on the same Al-like jellium
surface. Useful information on bonding may be obtain
from the charge contours.27 Thus in Fig. 2~a! we plot the
total charge density on a vertical cut plane containing
adatom for Cr atza51. This suggests that Cr may form
covalent metallic bond. Because the surface resistivity is
termined by the one-electron states at the Fermi level, in
2~b! we show the contour map of the induced local density
states~DOS! at eF , s(r ,eF), which is defined by

s~r ,e!5
2

p
Im@G~r ,r ,e1 id!2G0~r ,r ,e1 id!#, ~11!

whereG0 denotes the Green function of the clean substra
and id is a small imaginary energy. The appearance o
charge depletion area in the interface region in this map
dicates that the charge density deviates strongly from
spherical distribution due to the adatom-substrate interact
To demonstrate this, in Fig. 2~c! we also plot the dipole par
~the l 51 component! of s(r ,eF). The main contribution to
such a dipolar charge density can be attributed to the mix
of the p and d orbital components in the wave functions
eF . This point will be reconsidered below.

In Fig. 3 we present the induced resistivity of 3d adatoms
at za51 and 2 a.u. together with that of 3d interstitial im-

s.

FIG. 2. Charge-density maps of a single Cr atom on Al-li
jellium on a vertical cut plane containing the adatom atza

51 a.u.~a! Total charge density.~b! Local density of states at the
Fermi level,s(r ,eF). ~c! The dipolar part ofs(r ,eF). Solid and
dashed lines correspond to positive and negative values of
charge, respectively.
8-3
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M. I. TRIONI, H. ISHIDA, AND G. P. BRIVIO PHYSICAL REVIEW B63 075408
purities. As stated above, such a bulk result only serve
the asymptotic value of our calculation atza52`.28 First of
all we note that the bell shape of the induced-resistiv
curve5 is also reproduced for the adatoms. But, as compa
with the results for interstitial impurities in bulk jellium
~solid line!, the maxima of the two curves are displaced
ward the right. This can be explained using the simple eq
tion discussed in the Sec. I,r}sin2(pZ̃/10), whereZ̃ is the
calculatedd orbital occupancy. In factZ̃ is influenced by the
Pauli repulsion between thes electrons of the metal and o
the adatom, which determines a charge transfer between
atomic 4s and 3d levels. In particular, closer to the jellium
edge is the atom, larger is the Pauli repulsion because o
large overlap of thes components of the metal and adato
wave functions, which then leads to a higher occupancy
the 3d level. Of course this effect attains its maximum for
interstitial impurity. That is, the 3d occupation for Cr and
Mn increases by more than one electron asza changes from
za51` ~vacuum! to 2` ~interstitial!.

In Fig. 3, a feature which is absent in the induced res
tivity for Si and Al manifests itself. For all the elements up
Fe,rs for za51 a.u. is larger than that of the correspondi
impurities in the bulk.28 This contrasts with what one ma
expect, i.e., that the perturbation induced by an atom on
surface would be smaller than that induced by a bulk im
rity. Moreover, this remarkable behavior is not found for C
Ni, and Cu. At za52 a.u., the decay of the atom-surfa
perturbation dominates the above effect, and a progres
reduction ofrs is observed. Thus these results indicate
presence of a maximum in the induced resistivity as a fu
tion of the adatom-surface distance, except for these th
elements. To confirm this behavior, in Fig. 4 we plotrs as a
function ofza for Cr and Mn, and observe a different beha
ior from that of Si and Al. In fact, the calculatedrs ~dia-
monds and triangles! starts from the asymptotic interstitia

FIG. 3. Resistivity induced by 3d atoms on Al at adatom-
surface distancesza51 a.u. ~dashed line! and za52 a.u. ~dot–
dashed line!, and by interstitial~solid line! impurities in the Al bulk.
07540
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impurity values, reaches a maximum atza;0.8 a.u., and
then it decreases up toza;2.5 a.u., and finally it starts ris
ing again, tending to a divergent behavior. In the followin
we shall discuss the origin of these unexpected features ors
in detail.

First we clarify why a maximum appears in the resistiv
curve. For this purpose, the analysis of the DOS may
useful. Figure 5 displays the total induced DOS in the e
bedding sphere at za51 a.u. defined by s(e)
5*Rs

dr s(r ,e). In Fig. 5 we observe that the 3d resonances
are more sharply peaked than those of the same impuritie
Al bulk ~see Ref. 5!. A detailed analysis of such a DO
shows that the degeneracy in them quantum number, related
to thez component of the angular momentum, is lifted. F
example eachm component~dashed lines! is plotted for the
Cu adatom. Owing to this degeneracy resolution the 3d reso-

FIG. 4. Resistivity induced by a Cr or Mn adatom on Al as
function of the adatom-surface distanceza . The arrows on the left
refer to the resistivity for an interstitial atomic impurity in the A
bulk. LDA-DFT results are shown by solid lines, and EM results
dot-dashed lines.

FIG. 5. Induced DOS of 3d atoms at an atom-surface distan
za51 a.u. on Al. The reference energy level is at the Fermi lev
The 3d resonance of Cu is decomposed into itsm components:m
50, umu51, andumu52.
8-4
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Ab initio CALCULATION OF SURFACE- . . . PHYSICAL REVIEW B 63 075408
nance is nonsymmetric around its maximum. The followi
simple expression, derived by Persson29 from a Anderson-
Grimley-Newns-type model Hamiltonian, helps one to u
derstand the relationship between induced resistivity and
local DOS:

rs5
2meF

V\ne
2e2

^sin2u&Gsa~eF!. ~12!

In Eq. ~12!, G is the width of the adsorbate resonance,sa(e)
is the DOS projected onto the adatom orbital, and the a
age^sin2u& defined in Ref. 29 is a weak function ofza . The
above equation indicates thatrs is determined by the energ
position and width of the adatom resonance. Thus when
3d resonance is strong and centered at about the Ferm
ergy, the induced resistivity may be enhanced. And this
plains why the calculatedrs at za51 a.u. for several 3d
elements exceeds the resistivity for the corresponding b
impurity. On the other hand, it has turned out that the ma
mum in the induced resistivity does not necessarily occu
that position ofza where the induced DOS ateF is largest.

To illustrate this point, we examine the resistivity equ
tion ~5! more carefully. First we note that the higher potent
components withl>1 in Eq. ~6! have nonvanishing value
only when the adatom is near the jellium surface. Hen
these potential components may give a maximum in the
sistivity curve. But we have found that they contribute
only 10–20 % of the total resistivity, and that theza depen-
dence ofrs in Fig. 4 can be well reproduced if just th
spherical part of the potentialV( l 50,r )Y00 is considered.
The above statement also holds even whenVeff in Eq. ~5! is
fixed at its asymptotic value atza52` for all theza values.
So the maximum in thers curve originates from the imagi
nary part of the Green function in Eq.~5!, and not from the
potential derivative, and this property can be easily recas
terms of the properties of the induced DOS,s(e). Recall
that thex derivative of the spherical potential changes an
lar momentum only by61. Our calculation shows that th
main contribution to the matrix elements in Eq.~7! arises
from the cross terms of thep andd states. In Fig. 6, we plo
the contribution of thep component of the wave functions a
Fermi level to the induced DOS,sp(eF), and that for thed
orbitals,sd(eF), as functions ofza . It is seen that the forme
displays a maximum atza;0. This, in turn, leads to an
enhancement of thep-d cross terms in the matrix elements
Eq. ~7! determining a maximum in the calculatedrs . In Fig.
6 we also show the productsp(eF)sd(eF), whose curve as a
function of za remarkably well reproduces the characteris
features of the resistivity curve in Fig. 4. As stated abo
thesep and d components are also strongly hybridized@see
Fig. 2~c!#. Because the enhancement of thep component of
the induced DOS near the surface may be a general fea
for any 3d atom bonded to a metallic surface, a maximum
rs , as a function ofza , may appear for many combination
of adatoms and real metal substrates. For example, for
present Al-like jellium substrate, the maximum appears
all 3d elements up to Fe, and we have verified that theza
coordinate corresponding to the maximum shifts toward
vacuum with increasing atomic number.
07540
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Here it may be worth commenting on the effects of ma
netism to the resistivity. As stated in Sec. I, some element
the middle of the 3d series may have a magnetic moment
Al. For a magnetic adatom,rs at zero temperature is ob
tained simply by evaluating Eq.~5! for both the majority-
and minority-spin populations, and taking their average@note
that Eq. ~5! includes a factor 2 for spin#. In this case the
induced DOS displays two peaks due to the majority- a
minority-spin populations. Consequently the total induc
DOS, summed over the spin, at the Fermi level is expecte
show a double-peaked structure as a function of the ato
numberZ, differently from the nonmagnetic case where the
is only one maximum~see Fig. 5!. This may lead to a de-
crease in surface resistivity for the atoms in the middle of
3d series, as observed in the case of bulk magn
impurities.30 If so, the maximum in the resistivity curve tha
we found for Cr and Mn may be modified in a significa
way. Because of these magnetic effects and also, since
equilibrium position of the adatom may not be in the ran
of za wherers is enhanced, at present it is not clear wheth
the maximum in the resistivity can be observed experim
tally. A realistic spin-dependent total-energy calculation th
takes account of the substrate atomic structure is necessa
this respect.

Now we discuss the apparent divergent behavior ofrs at
largerza (za.2 a.u.). This behavior is certainly unphysica
since in this range of weaker atom-metal coupling one wo
expectrs to decay exponentially as does the overlap of
adatom and substrate electron wave functions. In Fig. 7
show the induced DOS for the Cr adatom at three differ
positions:za521, 1, and 3 a.u. When the atomic nucleus
close to the surface, but still inside the positive charge ba
ground of jellium, we observe that the 3d resonance is lo-
cated at lower energies, essentially following the electrost
potential of the clean surface.23 On the other hand, the 3d
resonance becomes sharply peaked around the Fermi en
for atom-surface distancesza>3 a.u. To elaborate on thi

FIG. 6. Angular-momentum decomposition of the induced DO
of Cr at the Fermi level as a function ofza for thep ~solid line! and
d ~dashed line! components. Also plotted are their produ
usp(eF)•sd(eF)u ~circles! and the calculated resistivity of C
~squares!. The latter two curves are scaled so that they fit in t
same graph.
8-5
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M. I. TRIONI, H. ISHIDA, AND G. P. BRIVIO PHYSICAL REVIEW B63 075408
point further, we plot the width and the position of the Cr 3d
resonance by increasingza in the inset of Fig. 7. Here one
can clearly see that the LDA pins the almostd-function-like
atomic valence level ateF , and consequently the resistivit
calculated with Eq.~5! tends to diverge, as does the imag
nary part of the Green function. Such a behavior of the
duced DOS occurs in any LDA-DFT approach like ou
where jellium and an atom with a partially occupied valen
shell are described as if they kept interacting at any dista
Physically, at largeza , the adatom should instead be cons
ered as an isolated system. This failure of the LDA at la
enough atom-surface distances is much more evident
adatom-induced resistivities than for charge contours or t
energies, since it involves the DOS exactly ateF rather than
its integral up to the Fermi level.

In order to obtain a physical, i.e., exponentially decay
rs at largeza , we propose an extrapolation scheme based
the effective-medium~EM! approach.31 Far from the surface
we replace thez-dependent surface charge density with
simpler uniform charge densityn̄e obtained by averaging th
surface charge density in a sphere of radius 3 a.u. around
adatom. We rewrite the resistivity in Eq.~5! as

S ne

n̄e
D 2

rs5
2\

Vpn̄e
2e2E dr dr 8 Im G~r ,r 8,eF!

]Veff

]x8

3Im G~r 8,r ,eF!
]Veff

]x
. ~13!

Since the right-hand side of Eq.~13! contains only in-
formation on the local electronic structure in the vicini
of the adatom, it may be approximated asrb(n̄e)
5(4p\/Vn̄ee

2k̄F)5 sin2(pZ̃/10) in the spirit of the effective-
medium approach, withZ̃ given by the calculated filling of
thed orbital. Thus, for an adatom far enough from the me
its induced resistivity is essentially given by the followin
effective medium expressionrs

EM , namely,

FIG. 7. Induced DOS of a Cr atom on Al at distanc
za521, 1, and 3 a.u. Inset: width~shaded area! and position
~circles! of the 3d resonance of Cr as a function ofza .
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EM5rb~ n̄e!

n̄e
2

ne
2

. ~14!

At very largeza , rs
EM decays asn̄e

2/3. In Fig. 4 we show the
surface resistivity calculated with Eq.~14! by dot-dashed
lines. Its values are of little significance in cases such as
adatom close to the jellium edge, where there is a str
inhomogeneity of the Fermi gas. But far from this, where t
jellium electronic charge tail is slowly varying, they cou
provide an estimate ofrs . So the physically meaningful ada
tom induced resistivity is represented in Fig. 4 by the so
line, determined by the LDA-DFT calculation up toza
52 a.u., and then by the effective-medium result at lar
atom-metal distances.

Finally we remark that, to our knowledge, there has be
no experimental work on the resistivity of 3d impurities on
metal surfaces, although thin atomic layers of the 3d species
were extensively studied in the past both theoretically a
experimentally because of their importance for technolog
applications.18,20,32,33We observe from our results that th
resistivity induced by a single adatom in the middle of ad
series is much larger than that observed for Cu adatoms
Cu ~0.660.2 mV cm/at. %!,9 and for Au adatoms on Au~1.1
60.1 mV cm/at. %!.34 Hence we expect that the resistivit
change due to the 3d adatoms may easily be measured ev
at less than 0.1-ML coverages. By conducting an indep
dent measurement for determining the coverage, for
ample, using scanning tunneling microscopy, it may be p
sible to estimate an absolute value of the surface resisti
induced by a single 3d adatom.

IV. CONCLUSIONS

In this paper we have presented anab initio investigation
of the surface-induced resistivityrs of 3d nonmagnetic ada-
toms on a simple Al-like jellium surface. Differently from
the same impurities in bulk,rs is not only a function of the
valence charge but of the atom-surface distance too. T
property determines interesting features. In particular,
found thatrs , for an adatom very close to the jellium edg
may exceed that of the same bulk impurity. Such a res
contrasts with intuition, since we are dealing with a syst
where the effective jellium density is indeed smaller. For
and Mn we examined the dependence ofrs on za in great
detail, and located the position of the maximum ofrs , also
discussing the physics leading to this. As a subject for fut
investigations, a theoretical calculation of the 3d adatoms
within a spin-dependent LDA-DFT formalism could be im
portant, because we foresee that such adatoms should di
magnetic behavior, owing to the low density of the electro
jellium tail. We finally stress that our calculation refers to
single adatom. Though this model cannot deal with late
effects which may affect the induced resistivity of 3d atom
thin films, it can instead explore the elementary mechan
leading to resistivity, providing predictions for measur
ments performed at very low coverages. This is also the
gime where electron-hole pairs effects,31,35 closely related to
the adatom-induced resistivity, are examined for ato
surface scattering and diffusion phenomena.
8-6
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