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Relationship between adatom-induced surface resistivity and the wind force for adatom
electromigration: A layer Korringa-Kohn-Rostoker study
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An isolated adatom adsorbed onto the surface of a current-carrying metal feels an electromigration wind
force and also changes in the resistivity of the surface. Using the jellium model, it is possible to derive a simple
relationship between the wind forde, and change of the surface resistivitypg, induced by the adatom.

This relationship arises because both of these quantities have a common physical origin: the exchange of
momentum between the adatom and the carriers impinging upon the surface from the interior of the metal. A
layer Korringa-Kohn-Rostoker calculation is used to study the relationship between the electromigration wind
force and the surface resistivity induced by an isolated Ag adatom §hlAg In contrast to all prior studies

of adatom electromigration at surfaces, our approach permits the computation of the wind forces felt by both
the adatom and by atoms within the substrate. We show that the presence of the adatom significantly alters the
magnitude of the wind force exerted on substrate atoms that are close to the adatom adsorption site. We use
this information to study how the momentum transfer occurring at the surface is partitioned among the adatom
and the substrate atoms and show how this effect significantly alters the relationship bEtyveaad A pg

derived from jellium models of the substrate.

Atoms adsorbed onto the surface of a metal elasticallpe exchanged between the impurity and the conduction elec-
scatter carriers impinging upon the surface from the bulkirons that carry the electrical current. A careful derivation of
altering their momentum parallel to the surface. ConseEg. (1) and a detailed analysis of its validity have been per-
quently, adatom adsorption changes the surface resistiyity formed by Sorbellg%?
of the metal® a phenomenon that has been observed in A simple generalization of the ballistic approach to the
measurements of the resistivity of metallic thin filifsThe  case of adatoms on the surface of a free-electron metallic
momentum transfer between the carriers and the surface al$oin film leads to the following relationship between the
gives rise to forces that are localized at the surface of thaind force felt by the adatom and the change in the surface
metal. These forces correspond to the so-called “windresistivity it inducest
force” in surface electromigratiorf;,, .*°~°The wind force

induces a bias in the thermally activated diffusion of the a_ enlidps

adatoms which can give rise to significant mass transport Fu=— Na J, 2
along the surface and current-induced changes in surface

morphology*® wherel; is the thickness of the thin film ang, is the areal

Since both the electromigration wind force felt by an ada-number density of adatoms. Recently, Isflidarived Eq.(2)
tom, F2, and the change in the surface resistivity it inducesfrom first principles using time-dependent density functional
Aps, have a common physical origin, it seems plausible thath€ory to show that this expression holds true provided that
there should exist a simple relationship betweeh and the substrate is translatlopally mvar!ant parallel to the sur-
Aps. An analogous relationship is well known in the theory face. Consequently, the sn_nple relationship betwEgrand
of bulk electromigratiol ~*°where a ballistic theory of elec- Aps. expressed mathematically by E@), can be shown to

tron scattering from an impurity atom in a free-electron gag’@ valid for adatom adsorption onto a flat jellium. Physically,
allows one to derive the following relation between the re-the requirement for translational invariance of the substrate

sidual resistivity of the impurityp; and the wind force it €nsures that momentum can only be exchanged between the

feels,F,: adatom and the carriers impinging upon the surface from the
bulk. Then, in the absence of the adatom, there can be no

enp; momentum transfer between the carriers and the substrate in

Fw=— Ti‘]' (1) adirection parallel to the surface. This is essentially the same

assumption made in the ballistic derivation of the analogous
Here 7 is the bulk carrier densityl\; is the number density bulk relationshig Eq. (1)].
of impurity atoms, and is the bulk current density. Implicit While this assumption may be reasonable for simple
in the derivation leading to Eq1) is the assumption that the metal surfaces whose electronic structure is well approxi-
rate of momentum transfer from the carriers is equal andnated by the jellium model, it is not clear that such a simple
opposite to the rate of momentum transfer to the impurityrelationship can describe the carrier scattering at the surfaces
atom. Clearly, this assumption is valid for an impurity em- of other real metals. Indeed, even in the absence of adsor-
bedded in a free-electron metal where momentum can onlpates, most real metal and alloy surfaces possess a finite
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surface resistivity;?>~* a fact which implies that carrier into atomic planes which are then combined to produce a
scattering at such surfaces involves some momentum transfeemi-infinite stack of atomic layers that represent the sub-
parallel to the surface. In particular, for transition and noblestrate. This semi-infinite stack of atomic planes, oriented per-
metals we anticipate significant corrections to Bj.arising  pendicular to the surface normal, is then combined with the
from the strong multiple scattering of the carriers betweersurface barrier and the adatom by self-consistently solving
the adatom and atoms within the substrate. Indeed, the incluhe multiple scattering problem for carriers impinging on the
sion of carrier multiple scattering between impurity and hostsurface.
atoms within transition and noble metals is known to be an Within the Born-Oppenheimer approximation the wind
important ingredient of the accurate description of the windforce acting upon a surface atont‘s
force in bulk electromigratioft25-28
To proceed further we must consider the component of
electropmigration wind force, parallel to the surface, I?slcting on Fu=— Ek 9(k) (¥l VaV(r = R)[ 49, )
both the adatoms and on the atoms within the substrate. Con-
sider an isolated adatom adsorbed on the surface of a metéhere i is a carrier wave function of the adatom/substrate
carrying an electrical current. By definition, the rate of mo-System labeled with wave vect&rV(r) is the effective po-
mentum transfer between the carriers and the surface is diential of the atom located &, andr is the electronic coor-
rectly proportional to the net surface resistivity. The changedinate.g(k) is the out-of-equilibrium part of the population
in the surface resistivity induced by the adatom is proporof carrier states that results from the application of the elec-
tional to the change in the rate of momentum transfer frondric field E. From Eq.(4) it is apparent that the evaluation of
the carriers that occurs when the adatom is introduced ontthe wind force experienced by an atom requires the self-
the surface: consistent calculation of the carrier states in the vicinity of
the atom. This was achieved using the layer KKR method to
dAp i self-consistently compute the scattering of carriers among
~ gt Wt > oF,. (3 the adatom and surface atoms, evaluated to all orders of mul-
! tiple scattering. A complete presentation of the theory, ap-
HereF2 is the wind force felt by the adatom as), is the  Plied to the calculation of the wind force felt by the adatom,
change in the wind force exerted upon flie substrate atom €an be found in an earlier publicatiohThe principal modi-
resulting from the presence of the adatom. From @jit is fication to that computgtlon_al framework, _needed to generate
apparent that, for a translationally invariant substr&ﬂg, the results presented |n_th|s paper, was its generalization to
—0 andsFl = 0. In this case, Eq3) leads directly to Eq(2) calculate the forces acting on both the adatom and atoms
and the chvénge in the surface resistivity induced by the ada\\/y'th'n the substrate. . .
This method was applied to the case of an isolated Ag

tom is directly proportional to the wind force acting on the . !

adatom. However, for a real metal surface, the substratf’a1dat0rn on AgL11). Following the us_ual convention, the cal-
. . culated wind forces are expressed in terms of components of

forces with and without the adatom are not the same. In ;

5 5 I I —
general,5F),#0 for substrate atoms that surround the ad_a_n.iffectlve v(\j/md valer:ce tLensquv{/t, .where FWt.zeZ’JVEi
sorption site because the additional carrier scattering intro,f—i'c;il _'Iz(k;)e/z)(,:;llgulgrs devr\?iﬁ doi//ale?ncelgsaftlannil#mgl]iazlelzzlntoc?r?(\a/ecgr-
duced by the adatom alters the amplitude of the carrier states C . .
impinging on each substrate atom in its vicinity. Therefore,”er relaxation timer. This representation of the force has the

for a real metal surface, the second term on the right—han&irme .Of being temperature independen'g. Figure 1is a ;che—
side of Eq.(3) does not v:';mish Then the accuracy of B2 matic illustration of a(111) surface showing the adsorption

is determined by the relative magnitude of the wind forcegeometry of the Ag adatom placed in the fcc, hcp, or twofold

acting on the adatom and the sum of change in the forces felﬁtrldge sites. Figure 'l'allso shows the location of each ‘?’Ub'
ate atom in the vicinity of the adatom and the labeling

by the substrate atoms that occurs as a consequence of t?l . X
y q scheme k=1,2,3,...) we use to identify each substrate atom.

addition of the adatom fo the surface. First, we computed the wind force felt by Ag atoms
In order to investigate the validity of E(R) when applied within the two outermost atomic layers of a clean(Ag)

to a real metal surfaces we have used a layer Korringa-Kohn- . .
Rostoker (layer KKR) calculation to compute the wind surfaqe(l.e., W't.hOUt the adsorbed Ag adatpnwe EXPress
forces felt by both the adatom and substrate atoms for th & wind force in terms oithe components of the wind va-
case of an isolated Ag adatom on(A@1). This permits the ence tensor, normalized to the requanon timey symme-
direct determination of both terms appearing on the right-try’ t.he vvmd forces felt by atoms in the same at_omlc layer
hand side of Eq(3). are identical. For atoms in the_ outermost atomic Iayer of
The layer KKR method has been applied to several fun-A.g(ll.l)’ the magmtqde O.f the wind valence fo[(forces in the
damental problems in electron scattering theory at surface@'recf'??n of the applied field Weisg found to B 7=—-6.1
including the calculation of the electromigration wind <10~ &.u.andZy/r=—6.0<10""a.u. forE parallel to the
forcet®142930 and the surface resistivity of metals and inequivalen{10] and[12] directions, respectively. The cor-
alloys?>%* To calculate the driving force acting upon atoms responding forces felt by atoms in the second atomic layer
at surface of a metal through which a current flows, we emwere Z/ 7= —6.0x 10 *a.u. andz’Y/7=—6.0x10 *a.u.
ploy a generalization of the usual KKR methods that haveOf the off-diagonal elements of the wind valence tenZdt,
been applied to bulk electromigration by Gutand van Ek  vanishes identicallysince the corresponding field lies in a
and Lodder®?The layer KKR method constructs the scat- surface mirror planeand the calculated value &> was

tering properties of a surface by first assembling single atomfound to be 3 orders of magnitude smaller than either of the
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FIG. 1. A schematic illustration of the adsorption geometry of ] . . 2.\
an Ag adatom on A@.11). The Ag atoms in the first atomic layer of 6.1- 2 T "

the substrate are indicated by large gray circles: those in the second

layer are indicated as large open circles. The locations of the ada-

tom in three high-symmetry adsorption sites are shown as small (b)
circles: the threefold fcc hollow sitesmall black solid circlg the

threefold hcp hollow sitgsmall shaded circle and the twofold FIG. 2. The effective wind valenc&’’ of atoms within the
bridge site(small open circlg Also shown is the labeled scheme , tarmost two atomic layers of the fidL]) substrate when an Ag
used to identify the substrate atoms in Fig. 2: a subset of Agqatom is adsorbed at the fcc hollow sitéa) Outermost layer(b)
atoms in the top atomic layer of the substrate is numbered. Each Qfocong jayer. The wind valence of each atom is normalized to the
the substrate atoms in a layer can be identified by the(maallel  o)axation timez2Y/ 7, and is plotted as a function of thyecoordi-

to [12]) containing it(A, B, C..) and itsy coordinate, defined nate of the atom within each row, measured relative to the fcc
relative to the fcc hollow sit¢at y=0), expressed in units of one- hollow site (at y=0). Each curve corresponds to one of the the
half of the interatomic spacing within each row. atomic rows(A, B, G..) identified in Fig. 1 and the line is a guide

) ) to the eye only. For clarity, the data points corresponding to sub-
diagonal components. Therefore, the off-diagonal compostrate atoms labeled in Fig. 1 are numbered.

nents ofZ!) are negligible and are ignored in the subsequent
discussion of our results. The magnitude of the wind force

fel i i i . ; . .
elt by atoms in the second atomic layer of (4g1) is found a§datom placed in the three high-symmetry adsorption sites

to be approximately an order of magnitude smaller than th P : )
exerted on atoms in the outermost atomic plane. This com§hown in Fig. 1. The magnitude of the calculated wind force,

parison reflects the fact that, compared to an atom in thgarallelxxto the app|IeEi2 field along Ef;{:lO] direction,
outermost substrate layer, a substrate atom in the secoPﬁﬁ""s_zZW/T:_1'02>< 1079, —1.02x10 K a”‘_j —1.24
layer sits in a scattering environment that more closely reX 10" &.u. for the fcc, hep, or twofold bridge sites, respec-
sembles an atom deep inside the bulk cry&ial which the tively. These valences are almost |dent|cal_to those obtained
wind force vanishes The rapid decay of the wind force into when the field is applied parallel to thel2] direction:
the bulk suggests that the substrate forces arising from ca#)’/7=—1.00<10"2, = —1.00<10°2, and —1.23
rier scattering at the AG@11) surface are localized within the X 10 2a.u., respectively. We note that the wind forces ex-
first one or two atomic planes of the substrate. perienced by the adatom are a factor of 1.7-2.0 larger than
Assuming thatr is equal to the bulk relaxation timi@260 the forces exerted on an atom in the top layer of the clean
a.u. at 77 K, 1652 a.u. at 273 (Ref. 31] these calculated Ag(111) surface. Again, this is a reflection of the fact that the
wind forces correspond to effective valences, in the outersubstrate atom sits in a scattering environment that more
most layer of Ag111), of (ZX*,Z¥Y)=(—50.4-49.6) at 77 closely resembles an atom deep inside the bulk crystal. As-

Kand @, 20 =(— 10_1,—\%_9)Wat 273 K. We note that, in Suming, again, that is equal to the relaxation time in bulk
general, the relaxation time at the surface may be different t&\d, the effective valences of the Ag adatom at 273 K are
that of the bulk. Therefore, in the absence of accurate calcuZy .Zy’)=(—16.8,—16.5) for the fcc site(—16.8,—16.5
lations of  for carrier scattering of the surfaces of metals, wefor the hcp site, and—20.5, —20.3 for the bridge site.

must regard these values as only estimates of the true wind In Fig. 2 we plot the magnitude of the calculated wind

valence of the adatom. valencesZ}), of the substrate atoms in the vicinity of an Ag

,7 I
-15 -10 -5 0 5 10 15
Distance along row, y (A)

Next we computed the wind force exerted upon an Ag
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TABLE I. The calculated wind valences for adsorption of an Ag adatom at the three high-symmetry
adsorption sites of Ag111). The wind valenc&,,/  is normalized to the relaxation timeand is expressed
in atomic units(\where 1 a.u=0.024 18 fs. The table contains the diagonal components of the calculated wind
valence tensor of the adatom. These quantities describe the component of the wind force parallel to the
electric field when it is applied along th&0](Z}) and[12](Z¥Y) directions(see Fig. 1L AZ,, is the sum of
the change in the effective wind valences of Ag atoms, within each of the substrate layers, that is induced by
the presence of the adatom. Also given is the percentage of the momentum transferred from the carriers that
goes to the adatom and to the substrate atoms.

Wind valence & 10°2) a.u. fcc site hcp site Bridge site No adatom
AdatomZ})/ 7 —-1.02 —1.02 -1.24
Substrate layer AZ)/ T —-1.80 —1.80 —1.63 —-0.61
Substrate layer 82/ -0.39 -0.39 —0.26 —0.06
Total AZX/ 7 —2.19 —2.19 -1.89 —-0.67
Adatom:substrat€%o) 32:67 32:67 40:60 0:100
Adatom,ZY)/ = —1.00 —1.00 -1.23
Substrate layer AZYY/ 1 —-1.98 -1.97 —1.87 —-0.60
Substrate layer 2%/ 7 —-0.43 -0.43 —-0.30 —0.06
Total AZX/ 7 —2.41 —2.40 —2.17 —0.66
Adatom:substrat€%o) 29:71 29:71 36:64 0:100

adatom adsorbed onto the threefold fcc hollow site. The eledelt by the adatom. The remaining68% of net momentum

tric field is parallel to thQTZ] direction, and the components transfer fro.m.the carrie_rs is exchanged with the substrate
of the wind force, parallel to the field, acting upon each ofatoms. A similar analysis of our results for the adatom ad-
the atoms within the outermost and second atomic layers a@orption into hcp and bridge sites is given in Table I. These

shown. The results obtained for the field parallel to[th@] ~ results indicate that the wind force felt by the adatom is
direction (not shown are qualitatively similar to those responsible for less than one-half of the additional momen-

shown in this figure. From Fig. 2 it is apparent that the carium transferred between the carriers and the surface. There-

rier scattering by the adatom alters the magnitude of thdore, for Ag on Ag11l), only part of the increase in the
wind force felt by substrate atoms near the adsorption siteSurface resistivity that is induced by the adatom can be as-
A|though thechangein the force exerted upon each the Sub-SOCiatEd directly with the wind force felt by the adatom.
strate atoms is relatively small compared the magnitude ofonsequently, the simple relationship between the surface
the force itself, the change in thetal force (summed over induced resistivity and the adatom wind force, expressed in
all substrate atoms around the adsorption) sétesignificant. ~ Ed. (2), is of limited validity when applied to this system.

Our results for the summed forces are summarized in TableNevertheless, Eq(2) can be used to estimate the surface
where we have defined induced resistivity if it is rewritten in terms of the total force

exerted on the surfac8 Then, for a metallic film with thick-
nessl¢, the initial rate of increase of the surface resistivity

AZUVEEI(: Sz (5 with the areal density of adatoms is
Here the sum is taken over all substrate atoms in the first and Ips R = E SEI
second layers. We find thatAgy/7,AZY)I7)=(2.19 Y om, . 0_ epd| "V 4 W
X 1072,2.41x 10 ?) a.u., when the adatom is in the fcc site, é
(2.18x1072,2.40< 10" 2) a.u. when the adatom is in the hcp m* (Z3+AZ5)

site, and (1.8% 10 2,2.16< 10 2) a.u., when the adatom is (6)

placed in the twofold bridge sites.

By comparing the wind valence of the adatafij,, to the  sypstituting into Eq.(6) the calculated wind valences for
change in total the wind valence summed over the substratggatom adsorption into the fcc hollow site and using the bulk
atoms,AZ,,, we can determine how the momentum trans-carrier density 7= 0.0585 A~3,32 we find that the initial rate
ferred from the carriers is partitioned between the adatonaf increase of th¢lps] with 7, is equal to 144QuQ cm A3
and the substrat¢see Table ) For example, for adatom for pX* and 15301 cm A for p?Y. These estimates can be
adsorption into the fcc hollow site, the calculated wind va-compared with the value derived from resistivity measure-
lences of the adatom argy/7=-1.02<10"?au. and ments for Ag adsorption on Ag thin fims: 2170
Z}Yl7=—1.00<10 ?a.u. The corresponding change in the +170.0 cm A%.28 Our underestimate of the change in the
net calculated wind valence of the substrate atoms isurface-induced resistivity originates from our use of the
(AZ7,AZYYIT)=(2.19x10 2,2.41x10 ?) a.u.  There- bulk carrier density in the evaluation of E@); the effective
fore, when the adatom is adsorbed onto the surface, onlgarrier density in the vicinity of the adatom should be
approximately 32% of the additional momentum transferrecsmaller than the bulk value, reflecting the reduction of coor-
from the carriers goes to producing the wind force actuallydination in the surface region. We note that if E§) is

ey T
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evaluated neglecting the momentum transfer to the substrafend that only approximately 30%—-40% of the momentum
atoms (A Z;,=0), then the the initial rate of increase of the transferred from the carriers impinging upon the surface goes
[1ps] with 7, is found to be much smaller: 4580cmA®  to producing the wind force on the adatom. This partitioning
for pgX. This value is more than a factor of 4 smaller than theof the momentum transfer among the adatom and the sub-
measured value, representing a significant level of quantitestrate atoms significantly alters the usual relationship be-
tive disagreement. This comparison emphasizes the impotweenF,, andA p, that was derived using jellium models of
tance of the momentum transfer to the substrate in determinhe substrate. We have also shown that reasonable quantita-
ing the actual surface resistivity induced by an Ag atom ortive agreement with the measured change in the surface re-
Ag(11D). sistivity of Ag/Ag(111) can only be obtained if the carrier

In summary, we have used a layer Korringa-Kohn-scattering between the substrate atoms and adatom is consid-
Rostoker calculation to study the relationship between thered explicitly.

electromigration wind force and the surface resistivity in-

duced by an isolated Ag adatom on (A¢1). By computing

the wind forces felt by both the adatom and atoms within the ACKNOWLEDGMENTS

substrate, we have shown that the presence of the adatom

significantly alters the magnitude of the wind force exerted This work has been supported by NSF-MRSEC Grant No.
on substrate atoms that are close to the adsorption site. W8MR-96-32521 and EPSRC Grant No. GR/N23325.

ID. L. Lessie and E. R. Crosson, J. Appl. Phy8, 504 (1986. 17v. B. Fiks, Fiz. Tverd. Tela(Leningrad 1, 124 (1959 [ Sov.

2B. N. J. Persson, Phys. Rev.4l, 3277(199). Phys. Solid Statd, 124 (1959].

3A. Kaser and E. Gerlach, Z. Phys. B: Condens. Ma®&r139  *¥H. B. Huntington and A. R. Grone, J. Phys. Chem. Sofiis76
(1995. (1961).

4H. Ishida, Surf. Sci363 354(1996. 19A. H. Verbruggen, IBM J. Res. De&2, 93 (1988.

SH. Ishida, Phys. Rev. B7, 4140(1998. 20R. S. Sorbello, Phys. Rev. B9, 4984 (1989.

6B. N. J. PerssorSliding Friction (Springer, New York, 1999 21R. S. Sorbello, irSolid State Physicedited by H. Ehrenreich and
7J. W. Geus, inChemisorption and Reactions On Metallic Films F. SpaeperiNew York, 1999, Vol. 51, p. 159.

edited by J. AndersofAcademic, New York, 1971 p. 391. 22p_J. Rous, Phys. Rev. &1, 8475(2000.
8D. SchumacherSurface Scattering Experiments With Conduction 2°P. J. Rous, J. Appl. Phy87, 2780(2000.

Electrons Springer Tracts in Modern Physi¢Springer, Berlin, ~ 2*P. J. Rous, J. Appl. Phygunpublishedl

1993, p. 128. 25R. P. Gupta, Phys. Rev. B5, 5188(1982.
9R. E. Hummel and H. B. HuntingtorElectro- and Thermo- 263. van Ek and A. Lodder, J. Phys.: Condens. MaBef7307
transport in Metals and Alloy$American Institute of Mining, (1991
Metallurgical and Petroleum Engineers, Pittsburgh, 1977 273. van Ek and A. Lodder, J. Phys.: Condens. Magei7331
107 W. Duryea and H. B. Huntington, Surf. Sdi99, 261 (1988. (1991).
1R, s. Sorbello and C. S. Chu, IBM J. Res. D&2, 1 (19898. 283, P. Dekker and A. Lodder, J. Phys.10, 6687 (1998.
24 I1shida, Phys. Rev. B9, 14 610(1994. 29p_J. Rous and D. N. Bly, Phys. Rev.(B press.
13p. J. Rous, T. L. Einstein, and E. D. Williams, Surf. Sci. Lett. *°P. J. Rous, J. Appl. Phygunpublishedl
315, 995 (1994. 313. van Ek and A. Lodder, J. Phys.: Condens. MaBei8403
D, N. Bly and P. J. Rous, Phys. Rev.33, 13 909(1996. (1992).
15H. Ishida, Phys. Rev. B0, 4532(1999. 32N. W. Ashcroft and N. D. Mermin, irSolid State Physic&Holt,

16, Yasunaga and A. Natori, Surf. Sci. Rel, 205 (1992. Rinehart & Wilson, New York, 1987



