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Theoretical study of the electromigration wind force for adatom migration at metal surfaces
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We present the results of a theoretical investigation of the electromigration wind force for adatom migration
in a number of migrator-substrate systems. The theoretical background for our study follows from previous
work done on bulk electromigration using the linear-response formalism of Kubo. We treat the electronic
structure of the substrate using the layer Korringa-Kohn-Rostoker method, which allows us to examine, not
only the general diffusion bias of the migrating ion, but also the variation of the wind force between adsorption
sites. The interpretation of our findings in terms of a ballistic model of the wind force is disc(iS€8d3-
182996)00119-1

I. INTRODUCTION For bulk electromigration in a free-electron metal, the
magnitude of the wind valencg,,, can be estimated from a
When an electrical current flows through a conductingballistic model*®*’ z,,= —nyl o,, wheren, is the electron
solid, the migration of ions and point defects within the ma-concentration} is the electronic mean free path, aog is
terial can result. This motion, known as electromigration, is the transport cross section of the adatom evaluated at the
manifest as a biag in_ the (_jiﬁugion of defects anq impuritieSEermi energy. For a typical met@ho~10‘1 A=% 1~100 A
through the material in a direction parallel, or antiparallel, 0, o,~1 A2 (Ref. 18], the ballistic model predicts that

the applied electric field. Prior theoretical investigations on ~—10, a result which suggests that the wind force domi-
this phenomenon, in bulk materials, have exposed fundamerpl- '

W
tal questions regarding the nature of the forces invof7éd, ates the direct component of the driving fofg| ~1. Al
though multiple scattering of the conduction electrons be-

of particular interest being the screening of the direct inter-, ! . . .
action between the ion and the applied field. Nevertheles$/ee" the migrator and the host modify this simple picture,

experimental and theoretical studies of electromigration inthe v_vmd _force is generally the dominant force in bUIk, elec-
bulk materials have lead to a general consensus concernifgPMigration and consequently there has been considerable
the dominant contribution to the driving for&e. theoretical effort expended in the quantitative calculation of
Recent experimental studies have demonstrated that ele&w for many migrator-host systenis9-24
tromigration also occurs at the surfaces of solids and can In this work, we present a quantitative calculation of the
have a profound influence upon the development of surfac&ind force experienced by an isolated adatom at the surface
morphology in the presence of an electric fifd* The of a metal in the presence of a time independent applied
theory of the driving force in surface electromigration has,electric field. The organization of this paper is as follows: In
however, received comparatively little attention with, to ourSec. Il, we review the basic theory of the driving force in
knowledge, just four studies done to d&te!®In this paper, electromigration, which is based upon the linear-response
we present a theoretical and computational study of the windbrmalism of Kubo and was developed originally for bulk
force in electromigration at the surfaces of metals. This in-electromigration by Kumar and Sorbelld, Lodder and
vestigation utilizes a layer Korringa-Kohn-RostokeKKR)  co-workers’®?°and Gupté?! In particular, we show that the
method to compute the electron-scattering states and therelyrce can be expressed in terms of the single-particle states
the driving force, due to electronic conduction, experiencegy the substrate the representation and computation of which,
by an isolated adatom at a surface. Preliminary results of thigy 5 |ayer-KKR method, is described in Sec. Ill and IV.
work have been presented elsewhere. Section V covers some further aspects of the computation

From the earliest stages in the development of bulk eleczny sec. v details the application of this theory to several
tromigration theory, the force acting upon the migrating i0Njtterent migrator-substrate systems. The results are com-

has been separated into two components to which effectivgared to previous wof and to the ballistic model of elec-
valences can be assigné, tromigration at surfaces.

F=eE(Z4+Z,). (1)

Il. THEORETICAL BACKGROUND: LINEAR-RESPONSE

The first term on the right-hand side of this equation repre- THEORY

sents the force acting on the ion through its “direct” inter-

action, with the external applied fiel. This component of We seek an expression for the force experienced by an
the net driving force is usually referred to as thieect force  isolated adatom located on a metallic surface in the presence
The other contribution to the driving forcthe wind forceis  of a constant applied electric fiel. Following Kumar and
associated with the momentum exchange between the curreBbrbello!? the force on a single adatom is defined as the rate
carriers and the migrator. of change of the expectation value of its momentayi?
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d(P Y =Tr po. 4]+ T Ap(t).#]. 10
%=—i<[P1-7/f’]>, @ (=Tt po 2]+ T Ap(1). 7] (10)

In the spirit of the Born-Oppenheimer approximation, we
where.7Z is the Hamiltonian of the adatom-surface system inagssume that time scales of the variations in the total state
an applied electric fielé(t). We write. 7, assuming a sepa- operator, due to the perturbation of the electronic configura-
ration of the substrate charge density into localized and itintion under the applied field and due to the motion of the ion

erant parts, as are disparate. This allows us to treat the position of the ada-
tom, R, as a fixed parameter and perform the calculation in a
To=Toat Toat 7 +€| Dy 1 ZR) E(1). (3)  basis of electronic states. We note that, in this approxima-

m tion, the term(Vg7"3) in Eq. (6) contributes a constant to

dp(t)/ot for a given R. Defining .Z2=Viy7" and

The first two terms, 7' (t)=eE(t) -2 and substituting into Eq10), we ob-

Ho=T e+ 73 (4)  tain directly
and [t o
<VR7/}=Tr[p0VR7/']—If Tr{elj/o(t -t
THoa=T at+ 75, (5 -
include the interactions of the adator,$, and substrate X[€E(t')- 3wl m,pole” 7o' Dy 71
conduction electrons7;, with the static charge associated (/e
with the substrate ion cores”" is the interaction potential Xe mdt’, 11

between the adatom and the conduction electrons of the me-, .
tallic substrate. The last two terms on the right-hand side O¥vhere the traces are over many-body states of the electronic

Eq. (3) represent the interaction of the migrating adatom and ystem. Asp, represents a state with no net electron flux, the

i i S . second term on the right contains all contributions to the
the conduction electrons with the electric field. The sum i . ) o
. ; . orce, due to charge motion, and therefore, can be identified
over the coordinates of the conduction electrons Rrisl the

position vector of the adatom, of valenze as the wind force experienced by the adatom. To proceed

Substituting for7 [Eq. (3] in Eq. (2), we obtain the total further we assume that the Hamlltoman of the el_ectronlc sys-
. tem may be written as a sum over a single-particle Hamilto-
force experienced by the adatom,

nians, allowing us to write the trace over single electron

d<P> states:
T:ZGE('[)—<VR7/Z>_<VR7/>- (6) t
i ’ . —irt' —t) [(t"—=t)/7]
In this expression, the first term on the right may be identi- Fu |ef_mdt L) 1. fole Vevle :
fied as the force, due to the “direct” interaction of the ada- (12

tom with the applied field, the second term describes the
force on the migrating adatom, due to interaction with thewith
substrate ion cores. The third term is the component of the
driving force generated by the interaction of the adatom with
the conduction-electron charge density. _ I is a Liouville operator with the properlQ=[h,Q] andv

To evaluate the tern{Vs 7), appeal is made to the linear- g yhe interaction energy of a single electron with the migra-

response formalism of KubfS. The equation of motion of a ¢4 Taking the time dependence of the applied electric field
state operatop(t) in the presence of a time-dependent per-;, pao E(t)=E coswt) the integral over time may then be

turbation.7'(t) is performed to give limitw—0,
ap(1) _ilp()—pol

i 72[7/04'7/,('[),[)('[)] f’ (7) FW=ie tr

fo=[efM B +1]7 2, (13

ir++1 ' (14

[E-r,fo]VRgy

where we have introduced a time constantthat sets the _ _ _ _
time scale of relaxation of the electronic charge density. The By expanding thd, operator and employing the identity
perturbed state operator is written as

B
p(t)=po+Ap(t), ® [ﬂ,e‘ﬁh]=e‘ﬁhj0 eMh,Qle™Mdx, (15

where lim_ _..p(t) =p, is the state operator in the absence
of the perturbation7Z’(t). Solving this equation and retain-
ing only terms linear in the perturbation gives

Eq. (14) may be written as

B .
- — (1—f)f dN(—DE-r(=iMfgVgo |,
ot T+, 1 o, oVR
o (16)

<[.97' (t' —i 7ot ~0gl(t" =0/ 7] V\{herei is the eIe_ctron velocity operaFor. Taking t_he trace in
[.7Z'(t"),pole € dt’. (9 eigenstates ofi yields the usual working expression for the
Thus, the expectation value of an observables wind force?®

Fy=ie tr

t

Ap(t):—if
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where we have assumed that the electronic relaxation time is
FW(R)I—EK: gkl Vro(IR=TDl¥), (A7) purely energy dependent and have neglected higher-order
distortions of the Fermi surface through terms in powers of

with (=i7I') in the trace. In the low temperature limit,
of Ifo&—— & — %) and we may rewrite Eq(17) in the
g(k)=er(Z(K)i (k) E —, (19  form
A&y
|
eQ) d’k 3 ok
R o | | err w0 €] [ | dreveolr=rpm. 19
4 Fs |V &

where the electron states are normalizeftahe volume of -

a substrate unit cell. ()= —= > I'Am(K)[j (1) +hV (k)
For the surface electromigration of an adatom, the wind Vo im

force will, in general, be anisotropic and dependent upon the i R

location of the adatom within the surface unit cell. Therefore, Xie'singr 1Y m(F), (24)

we represent the wind force, given by Ed9), by an effec-

\ . wherex=2%,, j, is a spherical Bessel functioh?) is a
tive valence tensot,,, defined such that * i b

spherical Hankel function of the first kind, and,, is a
F,(R)=eZ,(R)E. (20) spherical harmonic. The coefficients of the spherical wave
- expansionA,,,, are obtained from the layer-KKR calcula-
Comparing Eqs(19) and (20), the components of the€Car-  tion described in Sec. IV.

tesian effective valence tensor are defined as Having obtained the expansion ¢f in spherical waves,
&K we substitute into Eq22) giving, with the adatom located at
Fs | Vil .
& =25 3 i AL Ay
Where T Im I'm’

dv(r)
dr

Q . 2p*
WkR= 5 | [ | srom Ve (Rt xer <] ar Rt R0

(22

X ZYE (O (D)(F-Xi).
Evaluation of the wind force experienced by an adatom J J Y iy (FE-) @9
requires the evaluation of the one-electron scattering states g4, angular integral is

the substratey, . Our approach, utilizing a LKKR calcula-
tion, is described in the following sections. R o
fYI*m(r)YI’m’(r)(r'X)dzr
Ill. REPRESENTATION OF THE

ELECTRON-SCATTERING STATES :f f Y (B, (F)sir?6 cosp d6 des

To evaluate the conduction electron states in the vicinity
of the adatom, we adopt the muffin-tin approximation and :(_1)m‘/277/3(c| il 1-1—Cl el m141)
confine the atomic potentials to nonoverlapping spheres with L L

a constant interstitial potential. The scattering properties of (26)
each atom are characterized by a set of phase shifts, whigihg
we denote by for substrate atoms and b3 for the ada-
tom. This allows us to expand the electron states in a partial A PPN
wave basis, f Yim(D Yy (1)(r-y)dr
Am o A

(=5 X T AROROYD @ = [ [ 0 ¥im (Dsir?o sing do do
whereR, is the radial solution of the Schadnger equation. N
In the interstitial region surrounding the adatom, the elec- =(=D"V2al3(Cy —mir w1t Cromirmraea)s )

tronic wave functions are spherical waves, so that 28)
becomes whereC is a Clebsch-Gordan coefficient.
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The radial integral of Eq25) is a standard result from the
theory of the electron-phonon interactiti+® - '

1 tH—>|
1 )
dv(r) .oa 1 fir o D
2R* _ i(85,—682) o _aa ]
f r“Ry(r)Ry.(r) ar dr==x4e''9 72 sm(éf" o), rI :r;;<;: o

I'=]1+1. (28) \o i
1

Combining these resulf&qgs.(29) and(25)], we find our : ¢ ¢ *
final expression fot (k) in terms of the spherical wave ex- Pa Ps

pansion coefficientsd,,, of the electron scattering states:

=2 > X (~D"ARAMm _ _
M 7 =j+1 m =m+1 FIG. 1. Schematic representation of the adatom-surface system
. ) illustrating the operator notation used in the teR}, and Pg are
Xsinf(8f = 67)B;(Im,1'm"),  j=xy, (29 planes Iy?ng pargllel to the surface located at thekadaton? and one-
half layer spacing above the surface, respectively. Thadt de-
where note the reflection and transmission operators of the substrate and
surface barrier.
Bx(lmal,m,)z(cl,—m;l’,m’;l,—l_CI,—m;I’,m’;l,l)v
wherek, is the component of momentum parallel to the sur-
By(Im,I'm")=1(Cy ' mi1-1FCi —mtr im0 face,g is a reciprocal-lattice vector of the substrate, the elec-
tron wave vector is
Thus, to calculate the wind force from E@R9), the
spherical-wave expansion coefficiers,, of the conduction Kg =(k+9,=Kg), (32
electronic states must be evaluated. This part of the calcula-
tion is performed by the layer-KKR method described in thewhereKg, is the component of momentum perpendicular to
next section. the substrate,

IV. LAYER-KKR CALCULATION Kg= V2E— |k, +g|°. (32

The LKKR method constructs the scattering properties of The supstrate scattering may be evaluated efficiently by
the substrate by assembling single atoms into atomic planefyst determining the,-resolved reflection coefficients of the

which are then combined into a semi-infinite stack represents i :
. S ; X ; ubstrater ., (k,). The substrate is represented as a stack of
ing the bulk termination of the solid. The theoretical basis of F g (K1) P

: : ; atomic planes parallel to the surface. After determining the
the me_thod has be.e” descrlbt_sd in detail elsewfiete-iere, atomic Bhase s?hifts, the scattering paths within one a%omic
we review the basic computational procedures relevant to th%yer parallel to the surface are summed, using the Kambe
computation of the wind force experienced by an adatom ofl, ., 83-35 The aromic planes are then assembled into the
a current carrying ;ubstrate._. ._,semi-infinite termination of the crystal surface, using the

The procedure is to partition a model'surface potentlalia er doubling algorithif to sum the interlayer multiple-
calculate the substrate scattering propertles and the.n.embgé/attering paths. Thie-resolved reflection and transmission
the molecule into the surface barrier; each stage requiring the” ™~ i . | "+
solution of a multiple-scattering problem for which we usecﬁfff'c'entsn_oi the barlrll?r regionst g (ky), Loy (Ki),
standard computational techniques from the theory of low! gy (K1), rgy  (K;), andty, (k) are evaluated, for a given
energy electron diffractiof? For computational conve- Pposition,z,, of the adatom relative to the upper atomic plane
nience, the surface potential is separated into three regior®d the substrate, by numerical integration of the Sdimger
by two planes oriented parallel to the surface. The flrgt,  equation.
is positioned a distance of one half of the bulk interplanar Given these quantities, thie-resolved reflection coeffi-
spacing above the top layer of substrate atoms; the seconéients, of the right and left half spacegiz(k) and.7 (k)
Py, passes through the center of mass of the molecule. Réelative to the plane containing the molecul,() may be
gion 11l contains the crystalline substrate consisting of aobtained by summing the multiple-scattering series by matrix
stack of atomic planes, regiomsand |l contain the surface inversion,
barrier (see Fig. 1 At each plane, the electronic states may
be expressed as a linear combination of the substrate Bloch =1, (33
states,

.%R:rﬂ++tﬂr|”(]_—rrlr*r”l)fltﬁ. (34)
w(r):z 2 A;(k“)ei(k\\+g)'rHeiK;rZZ
ki g

The surface scattering operator, for a givgn is found
B i +Q)-re K= 2 by summing over all scattering paths originating and ending
+A, (keI igte?, (300 on the adatom:
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Tlm,l’m’(kHaE):§ > Kﬁn,g(k\\)ng’A;’,l'm’(kH)1
gl
(35)
’ngr(ku .E) = [(1-%R/O’L)_l(//’;”;R+/’?RﬁL)
+ 2 (1= 2 ) M1+ ZR) gy, (36)

where the operatoh projects outgoing spherical waves into

a plane-wave basis,

. 2i .
Afn ok = QnlKy] Yim(Kg), (37

and the inverse operataf projects plane waves into an an-

gular momentum basts.

Agim(k)=4mi' Y (K3). (39

13913

tential model of Jennings, Jones, and Jepgéavith param-
eters fitted to the binding energy of image stafes,

ef)\(zfzo)_ 1
Vb(Z) = Z(Z——ZO)’ 2>, (43)
-U,
APy ‘5% (44)

The presence of the adatom locally distorts the surface bar-
rier and such a distortion could be modeled by performing a
Fourier expansion of the barrier potential and then separately
numerically integrating each Fourier component of the elec-
tron wavefield through the barrier. However, in the case of
an isolated adatom, such a procedure requires a large number
of Fourier components to obtain a convergent description of
scattering by thédistorted surface barrier, in addition to the

The full scattering matrix of the surface is then obtained byintroduction a large number of free parameters into the de-
integration of 7 over the two-dimensional Brillouin zone Scription of the surface barrier. To limit the number of such

(area(2) containingk;

1
S m (B) =g J f(ZTIm,I’m’(k\I BE)d%k. (39

parameters introduced into the calculation, the surface barrier
was assumed to be uncorrugated and fixed, such that the
origin (z=0) of the barrier potential was located one half of
a bulk interlayer substrate spacing beyond the adatom.

In the treatment of atomic scatterifigee, for example,

Multiple scattering between the plane containing the adaEd. (29)], we employed partial wave contributions up to
tom and the substrate is described in an angular momentuhmax=3. In order to evaluate the surface scattering matrix, it
basis, where the substrate scattering is defined by the surfatienecessary to add a small imaginary pégt to the inter-
scattering operatory”, describing the reflection of an outgo- stitial potential. This imaginary part of the potential serves to
ing spherical wave by the surface into a set of incomingdamp the electron wavefield in the surface and ensures con-
waves outside of the muffin-tin sphere centered on the adasergence of the layer doubling algorithm. In the calculations

tom,

h (k)Y m(F) = (1) Y im(F)

+ 2 L amin (KDY e (F).

I'm’

(40)

reported in this paper, 0.82V,==<0.04Ha. The integral

over the surface Brillouin zongEq. (39)] was performed
using the method of special pointswe include 134 quadra-
ture nodes within the irreducible wedge of the zone.

VI. RESULTS

Introduction

If the conduction electronic states in the absence of the ada- ytilizing the LKKR method described above, we have

tom are expanded about the origin as

4 .
Y2(r)= J—% > A0 Yin(P), (4D

calculated the wind force acting upon isolated adatoms along
typical migration pathways that link high-symmetry surface
binding sites. We have determined the averaged effective
valence for migration between these sites and computed the
variation of the wind force, as a function of the adatom

the introduction of the adatom modifies the Spherical WaVQ‘leight and lateral position_ Using these resu'tS, we have ex-

coefficients as follows:

Am(K)=(1—t,7) 1A% (k), (42)

amined the validity of a ballistic interpretation of the wind
force for the surface electromigration of adatoms.
In Sec. VI A1, we present the results of a LKKR calcu-

wheret, is the operator describing scattering by the adatomlation for adatom self-electromigration on (&0. Our
The principal modification of the standard LKKR calculation findings are compared with those of a prior theoretical inves-

is the evaluation the surface scattering matti% using

tigation by Duryea and Huntington, who employed the jel-

multiple-scattering theory. The computation of the conduclium model to determine the wind force for surface elec-
tion electron states of the substrate, and more specificalljfomigration on N&00.™ In Sec. VIA 2, we consider the
their expansion coefficienta ), are achieved by a straight- self-electromigration of isolated adatoms on the low Miller
forward modification of the standard LKKR method and, index faces of copper; Qu10, Cu100, and C¢311). The

consequently, will not be discussed in detail here.

V. COMPUTATIONAL DETAILS

self-electromigration of adatoms on @d1) was the subject
of a prior publicationt® Finally, in Sec. VI A 3, we present
the results of a study of impurity electromigration on a cop-
per substrate.

For the substrates considered in this paper, the surface- For each system investigated, it was assumed that the sub-
barrier potential was obtained from the saturated image postrate consisted of an unreconstructed cleavage of the bulk
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FIG. 2. Calculated effective wind valence for adatom self-electromigration ¢h0@a shown as a function of the distance along the
migration pathway(see schematjc parallel to the[010] direction and linking two hollow site¢A and C) via a bridge site B). Z,, is
normalized to the bulk relaxation time The component o, /7 coupling the appliedt to the wind force in the same direction is givéa).

The applied field is in th€010] direction.(b) The applied field is in th€001] direction. The calculated effective valence is shown for three
sets of adatom phase shifts employed by Duryea and Huntirgeh 13: set 1(solid curve, set 2(dashed curve and set 3dot-dashed
curve (see text

lattice. The Cartesian components of the wind force weraghrough the jellium edge, into the vacuum region, the mag-
calculated as the isolated adatom was stepped along praitude of the wind force increased beyond its bulk value and
defined migration paths. The migration paths were chosen texhibited a maximum, wher&,, increased by a factor of
lie between continuation sites of the crystal surface and repapproximately three over its bulk value. As would be ex-
resent plausible diffusion routes. As an adatom moves alongected for a jellium calculation, the wind force was strictly
a migration path, the height of the adatom above the subantiparallel to the direction of electron flow.

strate changes. In order to approximately model this varia- | Fig. 2, we display the effective valence, determined by
tion, at each discrete point on a migration pathway for whichy | kKR calculation, of the wind force for adatom self-
the driving force was computed, the adatom height was ads|ectromigration on NA00O). The migration pathway consid-
justed so that the nearest-neighbor distance was the mean gf. j jies parallel to thg10] direction and links two fourfold

the metallic radii of the adatom and substrate atom. Fo : . . : :
Cu(111), this simple procedure yielded adsorption heightSFlollow sitesvia the twofold bridge sitg(see schematic ac

that were not significantly different+0.1 A) from those fr?omsgacr)? 't?]ge Flr?c;r)z'elllri]ucr;:drigéaCtohrgp\f\l/gr? doflj)rrcrsswugz ;’:‘gtr:
obtained from an embedded-atom method calculation of lo- uted for the gamé three sets Of’ Na adatom scattering phase
cal geometry of the adatoMi. P gp

In order to generate the Cartesian components of the Winahlfts employed by Duryea and Huntingt8hFor each ad-

valence tensorZ,,, calculations were performed for an ex- atom position along the migration pathway, the components

ternal electric field applied in two orthogonal directions in a]?f the driving force parallel and perpendicular to the applied

plane parallel to the substrate. The calculated wind force waéeld were computed. These tvyo pomponents of the force,
expressed as an effective valenzg,, normalized to the re- computed separately for electric fields parallel to [B&0]

laxation timer. As temperature dependence enters the prob%mi[eo?elglg(')'}eCtlons’ yield the elements of the Cartesian va-

'e”." primarily thr.ough the ;ubstrate resistivifcy, this represen- Figure 2 displays the variation of the diagonal elements of
tation has the virtue of being temperature independent. Th?ne effective valence tensor coupling applied fields and wind

guoted absolute values @, employed publishedulk val- . . . o
ues ofr. Clearly, if the relaxation time at the surface differs Igﬁgsl:]n et:g?igl [tilgéeZ(g)r]e a{ﬂg [Sgrlr}p[olzr:g.ntzs(bc))]f ?Ar:(:driving

significantly from the bulk value then this procedure PTO"torce parallel to the electric field when the field is applied

vides only an estimate of the absolute valence Zgfr of- arallel to either thg010] or [001] directions. The off-

;g:iea more appropriate, quantitative, measure of the drivin iagonal elements of the effective valence tensor, which de-

scribe the components of the driving force perpendicular to
the applied field, were found to be approximately two orders
of magnitude smaller than the diagonal elemé&hfBhis re-
Using the ballistic, momentum-transfer, theory of Hun-sult indicates that, to a very good approximation, the wind
tington and Gron¥ and Fiks!® Duryea and Huntingtoi  force for self-electromigration on N&00) is antiparallel to
computed the wind force for a sodium atom interacting withthe applied field, for any adatom location on the migration
a jellium model of a sodium substrate. These prior resultpathway considered. Further, since the magnitudes of the
predict that the effective valence of a Na migrator in bulkdiagonal elements &, shown in Fig. 2 are almost identical,
jellium is —8.6=27,=—13.8 at 85 °C. As the adatom passedthe calculated wind force is found to be highly isotropic.

1. Self-electromigration on Na(100)
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These features would be expected from a simple ballistic 25 ‘ . K
model of the driving force where the direction of the wind
force would be strictly antiparallel to the field and the mag-
nitude of the wind force would be independent of the direc- ~2.0r
tion of the E. This result suggests that the wind force for i
self-electromigration on N&0O) is highly ballistic in nature, % 1.5F
as would be anticipated for a simple metal such as sodium. -
Although the magnitude of the wind force is dependent e 1ol 1
upon the location of the adatom on the migration pathway, SNy
its variation is qualitatively similar for each of the three sets N
of adatom phase shifts. In agreement with Duryea and 0.5} .
Huntington®® we find that the choice of adatom phase shifts
significantly affects the calculated magnitude of the force. 0.0 ‘ ‘ ‘ ‘
Using published values for the bulk resistivity of sodififn, 1.0 1.5 2.0 2.5 3.0
we estimated the electronic relaxation time to 1e1495 Adsorption Height (A)

a.u. and computed the average wind valence between the
fourfold symmetric hollow sitesia the proposed migration FIG. 3. Effective valence versus height above first substrate
path. We note that since the electromigration the wind forceatomic plane for a hollow adsorption sitéashed lingand bridge
serves to bias a thermally activated diffusion process, thedsorption sitgsolid line); sodium on sodiun{100. This calcula-
relevant valence is that averaged along the segment of tHign utilized the third of the given sets of scattering phase shifts.
path between the initial binding sitghollow site and the
saddle point(bridge site. Using this procedure, averaged wind force is found to be ballistic in origin and multlple
effective valence of the adatom was found to bescattering of conduction electrons between the adatom and
—8.4>(Z,)=—13.6 at 295 K, independent of the direction host (substratg is of little importance in determining the
of the applied field. The range of values arises, because thrékiving force.
different sets of phase shifts were employed in the calcula- o o
tion. The calculated value of effective valence for surface 2 Self-electromigration on low-Miller index Cu surfaces
self-electromigration in NA0O obtained by the LKKR In this section, we present the results of the application of
method agrees well with théulk valence determined by the LKKR method to the case of adatom self-
from the jellium calculation performed by Duryea and Hun- electromigration on G100, Cu110), and Cy311). Figure
tington[-8.6=2,>—13.8 at 85 *C(Ref. 13]. 4 displays the calculated effective valence, normalized to the

In order to show how the wind force depends upon therelaxation time(Z,,/7), for the migration of a Cu adatom a
adatom height, in Fig. 3, we display the calculated variationCy(100) substrate. The corresponding pathway for adatom
of the Z,/7 as a function of the height of the adatom abovemigration on this substrate is illustrated in the accompanying
the first atomic plane of the substrate. The applied field isschematic. Calculations were performed for an electric field
parallel to the[010] direction andZ,,/T calculated when the applied in the orthogon4D10] and the[001] directions and,
adatom was located above the hollow and the bridge sites gf each case, the components of the wind force were com-
Na(100) are shown. From Fig. 3, we observe that the magputed parallel and perpendicular to the field. As was the case
nitude of the wind force passes through a maxim(for  for sodium self-electromigration, discussed in the previous
an adatom-surface separation-el.5 A), before decreasing section, the calculated off-diagonal elements of the valence
rapidly as the adatom is moved away from the substrate. It is2=nsor were approximately two orders of magnitude smaller
also interesting to note that the magnitude of driving forcethan the diagonal elements. Consequently, Fig. 4 displays
becomes independent of the adsorption site as the adatomasly the diagonal elements &, /7, plotted as a function of
moved further than=2.5 A from the substrate. For adsorp- the lateral position of the adatom along a migration path that
tion heights lower than 2.5 A, the force at the bridge site wadinks a pair of fourfold hollow sitesia the bridge sitgsee
found to be slightly larger than at the hollow site. schematig

These observations are consistent with a simple ballistic Comparing Figs. 3 and 4, we see that the qualitative be-
description of the wind force, wheig,, is directly propor-  havior of the wind force self-electromigration on @Q0) is
tional to the local density of conduction electrons at the adasimilar to that observed for Na migration on (480). In both
tom, n(r), a quantity that rapidly decreases outside the subsystems, the valence tensor is almost diagonal and the diag-
strate. The observed convergence of the wind forces foonal elements are almost identical. This implies that the wind
distinct adsorption sites, as the adatom moves away from thi@rce is parallel to the electronic current and has a magnitude
surface, is then a manifestation of the “smoothing out” of that is almost independent of the directionBf Using the
the lateral corrugation im(r) far from the surface. Careful room-temperature bulk electronic relaxation tiree=1030
comparison of Figs. 2 and 3 then leads us to the conclusioa.u), we estimate the effective valence for self-
that the lateral variation of the wind force seen in Fig. 2 is aelectromigration on G00), averaged between the hollow
consequence of the variation of the adsorption height of thend bridge sites, to bgZ,,) =—28.1. This value is somewhat
adatom(2.1 A at the hollow site and 3.0 A at the bridge §ite larger than the value o{ZW%:—ZlA computed for self-
and, therefore, the local density of conduction-electrorelectromigration on Qd11)." Given the apparent ballistic
states, as the Na atom is moved along the migration pathature of the wind force for Cu migration on @®0 and
Thus, for the case of self-electromigration on(N20), the  Cu(111), this difference then reflects the difference in the
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400 O
3.5 11O O O
—~ A B C
5 3.0 [011]| FIG. 4. Component of the effective valence
© 25 ] versus distance moved along given migration
o path on coppe(100). Z;q and Z;qq7; are the
Z 20 1 Q O O valence tensor elements corresponding to wind
r 15t ' ] [017] forces in the[011] and [011] directions for ap-
N; : p— plied electric fields in the sam§011] and[011],
C1ob 0 e o ] . Hollow site respectively directions. The schematic shows the
investigated migration pathway.
0.5F : O Upper atomic plane
0.0

0.0 05 1.0 1.5 2.0 2.5 | @) Bridgesite
Distance along path (A)

local density of conduction-electron states in the vicinity of a  Figure 7 displays the calculated effective valence for self-
Cu adatom on C00 and Cyl11l]). Since an adatom on electromigration on C@811). We considered a migration
Cu(100 is more highly coordinated than an adatom onpathway that links together two continuation hollow sites,
Cu(111), one anticipates that(r) and, consequently,, will labeledA and C, via another, inequivalent, hollow sit€

be greater for C00 than for C{111). (see schematjc The Cy311) substrate is a slightly stepped

When the adatom is located above the hollow site ofsurface on which the steps are parallel to[ib#&l] direction.
Cu(100), the fourfold symmetry of the substrate implies that The migration pathway crosses a step edge on the segment
the wind force is identical when the field is applied in linking pointsB andC shown in Fig. 7. Therefore, this sys-
(equivalent [010] and the[001] directions. For other posi- tem allowed the investigation of the influence of simple step
tions along the migration pathway, the forces for these twastructures upon the electromigration wind force.
field directions are expected to be inequivalent. Conse- Effective valences were computed for electric fields ap-
quently, we observe a sligkt=3%) difference in the magni- plied parallel and perpendicular to the step edge that lies
tude of the two diagonal elements &f/7, which is maximal parallel [011] direction. For all position on the migration
at the bridge site. The variation represents the influence gbathway, the valence tensor was diagonal dominant; the off-
the local scattering geometry of the adatom, which changediagonal elements were approximately two orders of magni-
as the adatom is moved along the migration path. tude smaller than the diagonal elements. The averaged diag-

In Fig. 5, we show the calculated wind force for self- onal elements of the valence tensor for distinct segments of
electromigration on @00, plotted as a function of the the migration pathway are presented in Table I.
adatom adsorption height. Results are shown for the adatom Our results demonstrate a significant asymmetry in the
located above the fourfold hollow and twofold bridge sites.wind force as the Cu adatom traverses the step edge on a
In contrast to the case of Na electromigration or{10#&), for Cu(311) substrate. First, we note that there exists a marked
a range of Cu adatom adsorption heigf@sA=h=1.2 A), asymmetry in the calculated valence tensor under the simul-
we observe a substantial difference in the magnitude of théaneous reversal of the migration path and the applied field.
wind force calculated for the distinct sites. While the force isSpecifically, consider the path that crosses the step edge to
ballistic in origin, the local density of conduction-electron
states outside of Q@O0 is not well described by the free- 4.0
electron model. Specificallyn(r) for Cu(100 is more
strongly site-dependent than for N&0).

Figure 6 shows the calculated effective valence for the
migration of a Cu adatom on CL10. In this case, we dis-
play the diagonal elements df, /7 calculated for the electric
field applied parallel th¢110] and[001] directions. As for
Cu(100), the calculated valence tensor is almost diagonal and
the diagonal elements are negative. The difference between
the diagonal elements &, /7 varies by~2% when the ada-

w
(8,
T

w

-Z /7 (10° a.u.)
w
o

tom is located at the hollow site ang10% at the long e300\ ZOZW :e
bridge site. We note that the wind force is almost parallel to

the field and has a magnitude that is almost independent of 20 ‘

the field direction, even though the (10 substrate unit 1.0 2.0 3.0
cell is rectangular, so that the directions in which the field is Adsorption Height (A)

applied are inequivalent. The calculated effective valence,

averaged between the hollow and bridge sites, is found to be FIG. 5. Effective valence versus height above the first substrate
Z,,=—29.1 for the applied field and migration path parallel atomic plane for a hollow adsorption siteolid line) and bridge

to the[110] direction. adsorption sitédashed ling copper on coppef100).
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Z 2.0F ] Q A~ ~ L1101 valenceT tensor elements corr_esp(_)nding to wind
& — N forces in the[001] and [110] directions for ap-
5 Zioo"I ] plied electric fields in the sam§001] and[110],
~ 1.0t 1 e Hollow site respectively directions. The schematic shows the
] investigated migration pathway.
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0.0 0.5 1.0 1.5 2.0 2.5

Distance along path (A)

link the sites labele® andC (see Fig. 7. If the electric field  the wind forcet®** According to this simple model, the wind
is applied parallel to the step froB— C ([233]), the calcu- force acting upon an adatom is parallel to the electronic cur-
lated wind force experienced by the adatom is antiparallel tsent and is proportional to the transport cross section of the
E and favors migration fron€—B. The valence, averaged adatomo,(Eg),* the local density of conduction electrons,
along the patlC— B is found to be(Z,,) —22.9, see Table I. n(r), and the mean free path
When the field is applied in the opposite directi@y- B,
migration occurs along3—C with a average valence of F,=EeZ,=Ee(—nglay). (45)
(Z,)—27.7. Thus, we observe a significant difference in the
magnitude of the electromigration wind force, experienced=or electromigration in bulk Cun=8.45x10"2 A318
by adatoms that cross a step edge, when the field is applidd=393 A at 293 K(Ref. 18 and the transport cross section,
in the “up-" or “down-step” directions. computed from the Cu phase shifts employed in our layer-
We also observe that the magnitude of the average win&KR calculation and found to ber,=1.29 A at the Cu
force for migration between two sites on the same terrAce, Fermi energy. It follows that the ballistic estimate for the
andB, is always greater than that experienced by an adatoraffective valence in bulk Cu ig,=—43.2. Therefore, for all
along a path that the crosses a step eBge,C. This reflects  of the Cu surfaces and migration pathways considered, we
the fact that diffusion between the sitBsand C involves  find that the calculated effective valence for the surface elec-
transfer across the low coordination step edge, where theomigration of Cu adatoms is significantly smaller than that
adatom experiences in a region of reduced conductionfor bulk self-electromigration. Given the qualitatively ballis-
electron density, compared to motion along a terrace. tic nature of the calculated forces, this difference may be
Finally, it is informative to compare the results of the attributed to the reduction of conduction-electron density,
LKKR calculation applied to copper self-electromigration re-n(r) at a Cu surface, relative to that of the bulk. Further, we
sults to the quantitative predictions of the ballistic model offind that there is a direct correlation between the coordina-

B C
4.0 A B step edge 5.0 — ——r
3.5} 1 [011] @
— B . C — 4.0+ i
5 3.0F . . Q 5
® 25t ] A ' °
No . @ ‘ NO 3.0+ b
T 20t ] ! [233]] <~
! T
{ 15t ‘ . @ \P 2.0+ 7]
o ' o3
" 1.0F g i '
@ Hollow site 10l i
0.5} (a) 9 @ Hollow (continuation) site (b)
0.0 : . : Upper atomic plane 0.0 bt
0.0 0.5 1.0 1.5 Q wp P 00 0.8 1.6 24 3.2
Distance along path (A) Distance along path (A)

FIG. 7. Components of the effective valence versus distance moved along given migration paths oit3ddppEhe schematic shows
the investigated migration pathwaig) The pathway from poin& to pointB (see schematjc(b) The pathway from poinB to pointC. In
each case, we consider the diagonal valence element coupling an applied field along the migration direction to the wind force in the same
direction.



13918 D. N. BLY AND P. J. ROUS 53

TABLE |. Effective wind valences calculated for the different

path segments shown in Fig. 7. In each case, the applied field is A B C
parallel to the path. 10.0 — : ‘
o ) (a)
Diffusion step Effective valence Y 2 - s N
A—B -335 = T
B—A -29.4 & 6ol -
B—C -22.9 = I SIS
CcC—B —27.7 ~ TN =
£ o40p o PSR
N
tion of an adatom and the magnitude of the average wind g [T P ]
valence for similar migration pathways. Specifically, the )
magnitude of the wind force increases as the substrate be-
comes more open. 0.0 == ‘ :
0.0 1.0 2.0
3. Impurity electromigration at Cu surfaces Distance along path (A)

In this section, we describe the results of the LKKR cal- 15.0 A B ‘ C
culation applied to the computation of the wind force acting SN /N
upon impurity adatoms on Cu substrates. Figures, 8(b), (b) ° /
and 8&c) display the normalized wind valence for the elec- — \ /
tromigration of Al, Na, Si, and W adatoms on @00, g 100l
Cu(110, and Cy311), respectively. The figure shows diag- ~ )
onal element of the valence tensor corresponding to the wind ©
force acting in the same direction as an field applied in the ~ o
[011] direction. For every adatom considered, the off- L -
diagonal elements of the effective valence tensor were NRR
smaller than the diagonal elements by at least two orders of '
magnitude. The qualitative behavior of the wind force, as a
function of the adatom lateral position, is similar for each of T
the adatoms and substrates, displaying a small variation be- 0.0 0‘0 10 2'0 3.0
tween distinct adsorption sites. ‘Distance along path (A)

According to the ballistic model of the electromigration,
the magnitude of the wind valence is proportional to the 16.0 A B
transport cross section of the migrator and the density of ) /'\\ ‘
conduction electron states in the vicinity of the adatom. In 140} (¢) "~._
order to explore the correlation betwegp and oy, , we dis- _ T
play in Fig. 9 the calculated average wind valence for Al, Na, 3 12.0¢ [ T

Si, W, and Cu electromigration on Cil0, Cu100, and IR S e 1
Cu(311), plotted as a function of the transport cross section o i

of each migrator. The transport cross sections, computed us- = 80

ing the phase shifts used in our LKKR calculations, were for L ool T

Na, 0,=0.014 &; for Cu, 0,,=1.30 A2 for Al, 0,=1.91 A; N

for Si, 0,=2.91 A% and for W, 5;,=5.85 A2, b0 e
From Fig. 9 we observe that, to a good approximation, the 20t ]

average wind valence is proportional to the transport cross

section of the adatom, in agreement with the predictions of 0.0 0‘0 1‘0

the simple ballistic model. The slope of the line, equal in the "Distance along ps;lth (A)

ballistic model tonl/7, is found to have its highest value for

the (311) surface and lowest value for thd00) surface.

Therefore, the results presented in Fig. 9 are suggestive of F|G. 8. Components of the effective valence versus distance
the reduction of electron density, along the surface migratiomoved along the migration pathway for inhomogeneous electromi-

paths, for closer packed surfaces. gration on coppe(100) (a), copper(110 (b), and copper311) (c).
Results are given for sodiursolid line), aluminum (dotted ling,
VII. CONCLUSIONS silicon (short dash-dotted ling and tungsten(long dash-dotted

line). For each surface orientation, we give ddégonal element
We have presented a quantitative investigation of they the valence tensor for each species in order to illustrate the dif-
electromigration wind force at metallic surfaces, using aferences in behavior between them. For (h60) surface: applied
layer-KKR method to evaluate the electron-scattering statesield and force in th¢011] direction. For thg110) surface: applied
For self-electromigration and impurity electromigration onfield and force in[110] the direction. For th&311): applied field
Cu and Na substrates, our results suggest that the wind foremd force in thg011] direction.
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14 — — : force with the decreasing electronic density of states outside
of the substrate.
121 The apparent success of the free-electron ballistic model
— in predicting the qualitative features of surface electromigra-
. ’|o - . . . . .
3 tion on Cu substrates is perhaps surprising given that the
o sl layer-KKR calculation includes a quantitative model of the
© full electronic band structure. In addition, it is well known
~ 6T 1 that the ballistic model fails to provide a quantitative descrip-
X tion of the wind force for bulk electromigration in transition
z 4T ] and noble metals, since it is applicable only within free-
N ?3
v ool ——iy] ] electron modet® Nevertheless, the agreement between the
——-(10) ballistic model and the layer KKR calculation, and, in par-
ok N ticular, the isotropy of the computed wind force, suggests
that the low coordination of an adatom relative to a substi-
-2 — ‘ tutional impurity in the bulk plays a significant role in reduc-

01 2 3 4 5 6 7
Transport cross-section (AZ)

ing the contribution to the wind force from multiple electron

scattering in the vicinity of the adatom. The generality of this

result will be explored in -calculations of self-
FIG. 9. Average wind force between adsorption sites versuglectromigration and impurity electromigration on Ag sub-

transport cross section for inhomogeneous electromigration on lowtrates, to be reported in a subsequent publication.

index copper surfaces. Lines are least-squares fits for each of the

three surface orientations; solid for copf8d.1), short dashes for

copper(110), dots for coppef100). ACKNOWLEDGMENTS
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