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A local-field method is described for determining the microscopic potential, the electrical resis-
tivity, and the electromigration driving force on an impurity in a metallic microstructure. The
method is an extension of Landauer’s picture of residual-resistivity dipoles to microstructures, with
greater emphasis placed upon the details of the quantum-mechanical scattering process. Using a
microscopic, surface-impurity model for surface roughness, we apply the method to a metallic thin
film. When the film thickness is smaller than the mean free path, the surface resistivity is found to
have oscillatory behavior as a function of film thickness. The form of the oscillations depends upon
multiple scattering between the surface impurity and the film surfaces. In thicker films, the Fuchs-
Sondheimer result is recovered. The local potential set up by impurity scattering is dipolar in the
near- and far-field regions. However, unlike the case of residual-resistivity dipoles in bulk, the
effective dipole strength is generally different in the two regions. It is found that the residual-
resistivity dipole field decays less rapidly with distance in a thin film than in bulk, thus resulting in a
larger voltage drop across an impurity in a thin film. This field enhancement is expected in low-
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dimensional systems.

I. INTRODUCTION

Electron transport in metallic microstructures has re-
ceived increasing theoretical and experimental attention
in the past decade.! These microstructures typically have
at least one of their characteristic dimensions smaller
than the electron mean free path, and as a result electrons
can undergo coherent multiple scattering between inter-
faces as well as between interfaces and defects. In this
quantum interference regime, the dc transport
coefficients are expect to be very sensitive to the
configuration of defects and to the structure of the inter-
faces. A particular configuration of defects will give rise
to a characteristic local electric field and current distribu-
tion on a microscopic level.2~’

The resitivity of a metallic microstructure can be for-
mally expressed in terms of the transmission coefficient
according to the Landauer formula.® This formula has
been the basis of extensive model calculations for the resi-
tivity due to a random distribution of impurities in one-
dimensional systems.” Recently we described a general
local-field method for calculating the impurity resitivity
of an arbitrary metallic microstructure,® and we applied
the method to a two-dimensional system,® a semi-infinite
system® and a thin film in which electrons occupy only
the lowest subband.” This local-field method does not in-
volve the Landauer formula per se, nor its multi-channel
generalization.!® However, in common with the Lan-
dauer formula approach, the local-field method is based
on ideas contained in Landauer’s seminal 1957 paper on
the spatial variation of currents and fields due to local-
ized scatterers. Essentially, the local-field method which
we employ is an extension of Landauer’s picture to mi-
crostructures, with greater emphasis placed upon the de-
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tails of the quantum mechanical scattering process. Such
details can be of crucial importance for microstructures,
especially when impurities are situated near interfaces.

The local-field method provides a tractable scheme for
determining the microscopic potential, the electrical resi-
tivity, and the electromigration driving force on an im-
purity in the microstructure. Electromigration is the
phenomenon of impurity migration in the presence of an
electric field and the accompanying electron current.!'~17
Effectively, the impurities are driven by the local micro-
scopic electric field.**

According to Landauer,?? the increase in resitivity due
to an impurity is associated with a microscopic dipolar
source of electric field and current. This dipolar source is
called the residual resitivity dipole (RRD). The RRD is
not only a useful concept for the formulation of electron
transport in microstructures, but is also important for
understanding the detailed nature of the local field. An
effective RRD can also be defined when the scatterer or a
group of scatterers is in the neighborhood of interfaces of
a microstructure, provided that the size of the scatterer
group is not larger than the background mean free path /.
To understand how the RRD field is set up due to the
scatterers, we consider a scatterer group in the vicinity of
interfaces of a microstructure. The center of this scatter-
er group is at location R. When electrons are scattered
by the scatterer group and arrive at another position, say
1, there is a local pile-up of charges and the local poten-
tial is adjusted so as to neutralize the excess space
charges. The local potential shift is the RRD field. It is
then clear that for |r—R | </, the local potential de-
pends on the quantum mechanical scattering by the
group and interfaces. When | r—R | >/, the local poten-
tial depends also on the background scattering, which we
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assume is incoherent in nature. The calculation of the lo-
cal electrostatic potential is then divided into two re-
gimes, namely, the near-field regime (region close to the
scatterer group) and the far-field regime (region far from
the scatterer group). This idea of considering the local
potential in two regimes is also contained in Landauer’s
paper.2

The definition of the resitivity or resistance of a mi-
crostructure requires some care. The resistance as in-
ferred from a measurement of voltage depends upon the
position of the voltage probes. When the distance be-
tween probes is smaller than /, the measured voltage and
the inferred resitivity are governed by quantum mechani-
cal interference phenomena involving defects, interfaces
and, in general, the probes themselves. This is the situa-
tion in recent experiments'®!® which have probed the
voltage drop across defects in a microstructure. On the
other hand, if the distance between probes is larger than
I, we are outside the quantum interference regime. The
measured voltage is no longer sensitive to the precise po-
sition of the probes, although particular scatterer groups
between the probes may still undergo strong multiple
scattering and exhibit quantum interference effects. In
any case, knowledge of the local potential and the probe
configuration would allow the appropriate resitivity to be
calculated.

In addition to the local field and resitivity, we also con-
sider the electromigration force. The driving force for
electromigration in a highly conducting metal arises
largely due to the “electron wind force,” that is, the
momentum transfer by the electrons to the impurity
atom.'! It turns out that the wind force, resitivity and
RRD are closely related to one another. In this paper,
we describe a local field method for calculating the wind
force, the local potential and the resitivity of an arbitrary
metallic microstructure. We then apply the method to
the thin film case.

The resitivity of a thin metal film exhibits a ‘size
effect”,20—28 or depends on film thickness d, when d is
smaller than or comparable to /. For even thinner metal
films, i.e., when Ap R d, where Ay is the de Broglie wave-
length of electrons at the Fermi level of the correspond-
ing bulk material, the ‘“quantum size effect” becomes im-
portant. (Actually, when d is several times Ay, quantum
interference is already important, as we shall see.) In the
quantum size effect regime, the electron momentum is
quantized and the quantum interference phenomena are
expected to be more pronounced.

The earliest theoretical attempts to describe the size
effect in metal films were by Fuchs?® and Sondheimer.?*
They defined a specularity parameter p in order to set up
a simple boundary condition on the distribution function
f> which they then obtained by solving the Boltzmann
equation subject to their boundary condition. The value
of p ranged from p=1 (totally specular reflection) to
p =0 (totally diffuse surface scattering). Soffer®> extended
the theory to obtain p from a statistical model for surface
roughness. His theory, however, is basically a semiclassi-
cal one which is adequate only for thicker films.2=28 For
thin films (d <), the variation of f along the thickness of
the film is somewhat ill defined, and there is doubt about

the validity of solving the Boltzmann equation with z-
dependence in f to match the boundary condition, where
z is the coordinate perpendicular to the film.

Recently, Leung? and TeSanovi¢ et al.’® have calcu-
lated the resistivity of metallic thin films in the quantum
interference regime. In the paper by Leung,? the inter-
faces are characterized by a Gaussian distribution func-
tion and, keeping the effect of surface roughness to lead-
ing order, he finds that the resistivity of the thin film has
oscillatory behavior as a function of d. In the paper by
Te$anovié et al.,’ the interfaces are characterized by a
“white noise” surface profile which may describe an un-
correlated, atomically rough surface and the resitivity is
found to increase monotonically with decreasing d. Fur-
ther study is called for, both theoretical and experimen-
tal, to resolve this controversial behavior of the resitivity
in thin metal films. In this paper, we apply the local-field
method to an atomistic model of surface roughness, and
calculate the resulting resistivity of a thin metal film.

The outline of this paper is as follows. In Sec. II, we
introduce the local-field method to calculate the resistivi-
ty of arbitrary microstructures for scatterer groups near
the interfaces of these microstructures. The local poten-
tial that is set up around the localized scatterer in the
quantum mechanical asymptotic region is found. The
corresponding local potential in the far-field region, i.e.,
when the distance from the scatterer is larger than /, can
be found by solving a Boltzmann equation with a local-
ized source term. The source term, which arises from the
electrons scattered out by the impurity, can be deter-
mined from the full quantum-mechanical scattering prob-
lem. An expression for the wind force is also given. In
Sec. III, we apply the method to a continuous metal film.
The resistivity due to s-wave impurities in a film with flat
boundaries is calculated. A microscopic model for the
surface roughness is proposed by locating the impurities
near the surface of the film. The resulting surface resi-
tivity shows oscillatory behavior, similar to the result of
Leung.?® The oscillatory behavior is caused by discrete
jumps in the density of states and by multiple scattering
between an impurity and the film boundaries. As far as
we are aware, this is the first calculation of thin film resi-
tivity in which surface roughness is described by an
atomistic model which includes multiple scattering effects
between an impurity and the surfaces. Sec. IV presents a
discussion and conclusion.

II. GENERAL FRAMEWORK

We consider a metallic microstructure connected to
two highly conducting leads, one to the left-hand side and
the other to the right-hand side of the microstructure.
The microstructure can be a thin film, thin wire or even a
superlattice. The leads are connected to electron reser-
voirs which supply electrons to, and drain electrons from,
the microstructure. For simplicity we assume that the
leads are made of the same material as the microstructure
(i.e., they have the same electron density and the same
mean free path due to background scattering). The mi-
crostructure itself contains additional impurities. The
quantity of interest here is the additional resitivity, Ap,
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due to these impurities.

For the present, consider the case of a microstructure
containing only a single impurity cluster, or scatterer
group, whose size is characterized by the length L, where
L <I. The electrons incident upon the scatterer group
are described by a shifted Fermi distribution which is set
up by the background scattering that occurs in the leads
and in the region of the microstructure far from the
scatterer group. Assuming a free-electron-like bulk ma-
terial, the part of the incident distribution that is out of
static equilibrium is

ggz—Ter'Goa(sk_EF) y (1)

where 7 is the electronic relaxation time associated with
background scattering processes, & is the uniform mac-
roscopic electric field in the absence of the scatterer
group, v, =#k/m is the electron velocity, &, =#*k?/2m
is the electron energy, E is the Fermi energy, m is the
electron mass and e is the magnitude of the charge of the
electron. The net particle current arising from the distri-
bution in Eq. (1) is given by Jy= —nger&,/m, where n
is the average density of conduction electrons in the mi-
crostructure. The net current consists of an excess of
electrons moving antiparallel to &, and a deficit of elec-
trons flowing parallel to &, with each component con-
tributing an amount 1J, to the current density.

Each of the electron states k within the incident distri-
bution g represents an incident electron wave that will
be scattered by the scatterer group. We shall determine
the scattered waves by solving the appropriate quantum
mechanical scattering problem. From the scattered
waves we then obtain the charge density and the local po-
tential field.

Thus far we have considered a single localized scatterer
group within a microstructure. If there are neighboring
groups we shall assume that they are sufficiently separat-
ed so that they scatter electrons independently. Thus the
electron distribution that is incident upon any group,
after scattering by background incoherent scattering pro-
cesses and by neighboring groups, is assumed to have
recovered to the form given in Eq. (1). Effectively, the
scatterer groups are being considered in the dilute limit.

We now turn to the calculation of the local potential
and the electromigration driving force associated with a
scatterer group in the microstructure. As mentioned in
Sec. I, the calculation can be separated into two regimes:
namely, the near-field regime 7 </ and the far-field regime
r > 1, where r is the distance measured from the center of
the scatterer group. The former case requires a full
quantum-mechanical scattering treatment. The latter
case defines a Boltzmann-type transport problem. Since
the electromigration force depends only on the local
scattering environment, the electromigration driving
force can be found from consideration of the r </ regime.

A. Near-field region

In the near-field region, the general method is the fol-
lowing: First, we calculate the scattered wave function
¥t (r) for each electron incident in the plane-wave state
¥2(r) within the microstructure. Second, we compute the
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perturbed electron density, 6n,(r), due to the electron
current (or “electron wind”). It is given by®>>>13

bn, (=3 gp |9 (r) | . )
3

Third, we determine the corresponding self-consistent
electrostatic potential 8®(r) from the screening rela-
tion33

on,,(r)
e(dn/dE) "’

where dn /dE is the electronic density of states at E in
the desired region of space. We remark that the self-
consistent electron density is not 8n,, but is 8n,+6n,,
where dn; is the induced screening charge which at-
tempts to locally neutralize 6n,. Although 6® in Eq. (3)
is expressed in terms of &n,, it actually arises from &n,,
and 8n,. The microscopic electric field, 6&(r), which ac-
companies the transport process is determined from the
potential through the usual relation, §&(r)= — V&d(r).
Linear response is assumed throughout, i.e., only the
response linear in & is considered.

Besides giving the local field, this general method also
allows us to calculate the average electron wind force on
an impurity inside the scatterer group. This force equals
the momentum transfer per second from the electrons to
the scatterer group divided by the total number of
scatterers N, in the group. The average wind force F,
becomes

OP(r)=— (3)

ik oo
Fy=—y [7,0%-8,d4 @)

where d A4 is the infinitesimal element of area perpendicu-
lar to the radial direction. (The dimensionality of d 4 de-
pends on the geometry of the microstructure.) Here, J,T
is the radial scattered particle current density in the vi-
cinity of the scatterer group and emanating from the
scatterer group. It is given by

_ ofin (1 (w0 i4)
J,(r)—%gkae iwk (r)art//k (r)

1

_ 2 .10% i 0
PR (r)artpk(r) (5)

The radial scattered current dominates the current that is
scattered in other directions in the quantum-mechanical
asymptotic region where r >>1/ky and r is larger than
size of scatterer group. If the scatterer group becomes
only one scatterer, which is the dilute impurity limit,
then expression (4) gives the correct F,, on that impurity.
We note our convention is that a positive F,, indicates a
force in the direction opposite to &y, i.e., along the direc-
tion of the electron wind.

The local electrostatic potential will be perturbed, in
general, when voltage microprobes are attached along the
microstructure because of quantum interference.!” In
this case, we should include the microprobes as addition-
al scatterers and solve the problem again following the
procedures outlined in this section.



38 LOCAL-FIELD METHOD FOR RESISTIVITY AND . ..

B. Far-field region

The electrons incident upon the microstructure, or
upon a scatterer group in the microstructure, undergo
quantum mechanical multiple scattering and then leave
the scatterer group before they encounter appreciable in-
coherent scattering or inelastic scattering. What happens
thereafter is well described by a Boltzmann-type trans-
port equation. Therefore the general method to calculate
local electric fields and the resulting resitivity in this re-
gion is to write down the correct form of the Boltzmann
equation, in accordance with the geometry of the micros-
tructure, and to include a particle source term. The
physical reason for including a source term is that parti-
cles scattered away from the scatterer group cannot be
neglected for a correct description of the far-field effects
of these scatterers.

The dynamic electron distribution g, satisfies the
transport equation. For purposes of illustration, we con-
sider the transport equation for the bulk case. Extension
of the method to various microstructures of different
geometry is straightforward and is presented for the case
of a thin film in Sec. III. In the latter case the dynamic
electron distribution is g,, rather than g,, where n is the
subband index and k becomes a wave vector parallel to
the film. The transport equation for the bulk case is

(gx—8

)
ViV gy +Vie6dle—Ep)=— f“ +5,(r), (6

where g, =(1/4m) | dQ:g, is the local average to which
k 8k

the electrons relax.’! The source term S,(r) in Eq. (6)
can be written in the form

S (r)=8(r)8(e, —Ep)S(k) , ¥

where the center of the scatterer group is chosen to be
the origin of our coordinate system. The spatial delta
function 8(r) in Eq. (7) implies that the particle source is
a point source, since the typical length scale, I, in Eq. (6)
is considerably larger than the dimension of the scatterer
group. We note that, in contrast to the conventional
transport equation, the source term has retained the in-
formation about the location of the scatterer group
whereas conventional transport equation uses only the
ensemble averaged transition probability in the collision
term.*> We emphasize that the local potential §®(r) does
not appear as a driving field in the transport Eq. (6).
Rather the effects of §®(r) are properly accounted for via
Eq. (3). This point was made by Landauer.?

To obtain the explicit expression for the source term in
Eq. (6), we note that the rate of particles being emitted by
the source within solid angle AQ; is given by

2
(27)3

But the rate can also be expressed in terms of J, as
J(0)r* AQ, | ;_;. Therefore, S(k) in Eq. (7) becomes

4%
mkpg

[ak k? [drs, (nAQ; .

Sk)= 0., (8)

and the transport equation in Eq. (6) can be solved, using
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the substitution
gk=gﬁ+g(ﬁ,r)8(ek—EF) . 9)

The long-range (r>1I) perturbed electron density
on,,(r) follows from

sy (D=— (g, —g2) , (10)
Q k

and the long-range electrostatic potential 8®(r) is given
by the neutralization condition in Eq. (3). The resulting
8®(r) is dipolar in the region r >> 1. For the case of a sin-
gle impurity, §®(r) is calculated in Appendix A. The re-
sult is the usual Landauer RRD field.

The resistance of the microstructure is equal to the
average potential drop across the sample divided by the
transmitted current. In general, one must carefully speci-
fy the geometry and location of the probes in order to
determine the appropriate potential drop. This will be-
come clear in the remainder of the paper where we apply
the general method to thin metal films. We notice that
the electric field &, and 7 do not enter the final result for
the impurity resistivity because both the average poten-
tial drop and the transmitted current are linear in &, and
7. Therefore, the choice of relaxation time 7 in Eq. (1) for
g3 is irrelevant as far as the resistivity due to impurities is
concerned.

III. TRANSPORT IN A THIN METAL FILM

The general method outlined in Sec. II is applied to the
case of a thin metal film. The film thickness d we consid-
er is for the regime d <</, in which the size effect and
quantum size effect are expected to be important (/ is the
bulk mean free path for the electron). For the thin film,
we choose a coordinate system in which the origin is at
the center of the film. The electrons can move along the
xy plane and are confined along the z direction within
|z | <d /2. The position vector is denoted by r=p+22
where p is the radial distance from origin on the xy-plane
and ¢ is the azimuthal angle. An infinite wall is assumed
for the confining potential, and an impurity is taken to lie
at a distance b inside the upper surface, i.e., at
z=d/2—b. The impurity potential is assumed to be
spherically symmetric and confined within a small
muffin-tin radius (smaller than b). The electrons incident
upon the impurity are described by the wave functions
¥2,, which have the form
d

z+—2—

0(r)= V2/Qsin | 2T e'kr (11)

where n, a positive integer, signifies a subband solution.
Here k=(k,,k,) and 1= Ad is the film volume.

The scattering solution ¢';{’ which evolves from 2, is
readily determined in our model by noting that the in-

cident wave function in Eq. (11) can be written as

—i K rtinm2 KT r—inm/2
—(e —e

V2Q

where K{*'=k+(nm/d)Z. The wave function in Eq. (12)

is a superposition of two plane waves. The solution for

O(r)= ), (12)
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the incident wave function scattered by the impurity in
the confined film is effectively the same as the solution for
the two superposed propagating waves incident upon an
image-potential array in otherwise empty space. Of
course, we use the image problem solutions only within
the physical region |z | <d /2. The locations of the im-
age potentials are given by R; =[(2j+1)d +vb]z,
where j is an integer and v==+1. The image-potential ar-
ray can be grouped into unit cells, labeled by j, with two
image potentials per unit cell, denoted by v. The lattice
spacing of the array is 2d (see Fig. 1).

The energy of an incident electron in state ¢, is given
by
2

22 2
#K® _ # k2

nw

d

) (13a)
2m 2m

where K= |K!*)|. At the Fermi energy Ep, Eq. (13a)
becomes

KE 7

F= =5

2

nim +k}n

d

, (13b)

2m  2m

for all occupied subbands n, i.e., for all n values such that
Ep>(#/2m)(nm/d ). Here, kg, is the effective Fermi
wave vector on the k,,k, plane. Upon counting the oc-
cupied states of all subbands, one can readily obtain the
relation

M
2 k}%n =27Tnod ,

n=1

(13c¢)

where M is the number of occupied subbands and n, is
the density of conduction in the film. The electron densi-
ty of states (per unit volume) is easily found to be

dn Mm

dE ~ n#d '

(13d)

| o d
) t2
-+ O
t
_d
2
_____ O
O
(@)

FIG. 1. Schematic diagram of a thin film of thickness d, an
impurity inside the thin film and an array of image potentials.
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In this section, we first derive an expression for the
scattering state ¥\’ in the confined thin film and then,
following the method in Sec. II, we calculate the local po-
tential arising from impurities in the film, the wind force
on impurities, and the additional resistivity due to these
impurities. Numerical examples are given also, in this
section, for the d dependence of the surface resistivity of
the thin film. A random distribution of impurities locat-
ed near the surface of the film is used as a microscopic
model for the surface roughness that leads to surface
resistivity.

A. Quantum-mechanical scattering problem

The scattering of a plane wave by the image-potential
array is readily determined by standard techniques in
low-energy electron diffraction (LEED) theory.** Steps
to obtain ¥}’ are outlined in this section. We first con-
sider the incident wave

iK(E)r

Pinc=¢ (14)

Since the image-potential is spherically symmetric, it is
convenient to expand the wave in spherical harmonics.
The expansion of the incident wave ¢; . with respect to
R;, is given by

e = lza,(,’,,(j,v)jl(K |t—R;, [ )Y}, (Q(r—R,), (15

where
ad, (jyv)=4m(£i)in Hyx (K H)etinmvb/d | (16)

and the (%) sign corresponds to K\*’ of the incident
wave. Since ap, (j,v) is independent of j, then from sym-
metry arguments, we deduce that after multiple scatter-
ing between the potentials, the renormalized incident am-
plitude a,,,(j,v) is also independent of j. To simplify no-
tation, we define a,,(j,v)=a,,(v). The following self-
consistency condition is readily derived:**

a;, (v)=a2(v)
+iy'S a,,m'(v')eia" sind;,
Jv lm’
XGppm pm (b(v—v")Z2—2j'dZ) , (17)
where the term which corresponds to j'=0 and v=v' is

not included in the summation. §, is the impurity
scattering phase shift, and G, 1, (x) is defined by

Gl'm',lm(X)z E 4ﬂ,(i)(l'—1~1")(_l)m+M”
I"m"
XhP K | x )Y _ el QUx))
X [ Yl @)Y )Y, _,()dQ,

where h{! is the spherical Hankel function of the first
kind.’® The second term on the right-hand side of Eq.
(17) is the wave incident on one image potential due to
the scattered wave from all other image potentials.

To obtain an analytic expression, we further simplify
the model by restricting the scatterer to be a purely s-
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wave scatterer. The matrix equation (17) then becomes a
scalar equation for ay(v). We rename ayy(v) as a(v). It
can be shown that Gy oo(x) equals "' (Kx). The a(v)
can be easily determined from the simplified Eq. (17).
The total scattered wave is given by

s1n80e 8 1K|r R ol

b= e SI K R W

where

a(l) 1 =X, D Xx(1,—-1) || a%D)
a(—1) {7 A | X(1,—1) 1-X(1,1) | |a%—1)

(19a)

and

A=[1-X(1,DP-[X(1,—D]*. (19b)
In Eq (19, X(1,1)=sindge ®4, and X(1,—1)
= sindye By, where

—id
e 0

SinSO

T

¢sca(r)=(ii)n —A0+B0

X

F2sin(nmb/d) S, sin(n'mbd)sin[(n'm/d)(z —d /2)1H" (p[KE —

n'=1

where H{! is the Hankel function of the first kind.>°

7265
Ag=(am)~' 5 Sp2miaj) (20a)
j=1 J
and
Bo=(2ma)~! 3 Sp2miali=b/d]) g,

|j—brsd |

j=—oo

with Kgp=am/d. Since only electrons around the Fermi
surface are involved in the scattering, we take K to be
KF:

It is more convenient to convert the sum over unit cells
in Eq. (18) into sum over the subband index. The conver-
sion is done by applying the Poisson sum formula,’’

which is stated as follows: An infinite sum,
Sm=—wf(2mm), equals another  infinite sum,
(1/2m 37 Fin), where Fn)=[" f(re=dr.

The total scatt?gd wave which corresp—o?ids to the in-

n T

cident wave e’ is found to be

i cos(nmb /d)H{ (Kpp)+2icosinmb/d) 3, cos(n'mb /d)cos[(n'm/d)(z —d /2)]

n'=1

XH})”(P[K%—(H’ﬂ/d)Z]]/z)

(n'm/d)*)'?) |, 21)

The scattered state ¢' ' is equal t0 @;,. + B, For an incident wave of the form in Eq. (12), which is the linear super-

position of two plane waves, the scattered state ¥\ is obtained from Egs. (1

2), (14), and (21) to give

—i8, -1
(+)( ) — v770 e _ :
Y () =90 (r)+ 2/0 Kpd sind, Ay+B, sin(nwb /d)
X 3 (=D)"*"sin(n'mb /d)sin[(n'm/d)z +d /2)]H (p[KE—(n'7/d)*]'/?) . (22)

n'=1

The second term of Eq. (22) is the scattered wave and, be-
cause of the rotational symmetry of the image potential
array about the z axis, is independent of the azimuthal
angle ¢, for the case of an s-wave scatterer. The infinite
sum in Eq. (22) can be interpreted as the amplitude
of the incoming state y0, being scattered into states
of subband index n’. If the electrons occupy M sub-
bands, then for n’> M, we have K} <(n'm/d)? and the
Hankel function H{"(p[KZ—(n'm/d)*]'/?) becomes
(2/mi)Ko(pl(n'm/d)* —~KE]'/?), which is an exponential-
ly decaying function for large argument. In general, the
Fermi surface is not extremely close to a subband bottom,
where the subband energy is (#2/2m)(n'm/d)?. Hence
the contribution from all n’ > M terms in the infinite sum
of Eq. (22) is small when p>d in the quantum-

[
mechanical asymptotic region. The closer the observa-
tion region is to the scatterer, the more of these evanes-
cent waves are needed in the infinite sum for the scattered
state. These evanescent waves can be interpreted as vir-
tual transition processes that do not conserve energy.
The quantum-mechanical asymptotic form of the scat-
tered state ¢,;’ obtained from Eq. (22) is given by

V() =V2/Qsin[(nr/d)(z +d /2)]e’*P

— M ik,
+V2/Qp S fowe PP sin[n'm/d(z +d/2)],

n'=1

(23)
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where
—id -1 1/2
2 0 2mi
= Kpd | sind, Ao+Bo Ky
X sin(nwb /d) sin(n'wb /d)(—1)" " . (24)

We remark that the denominator of Eq. (24) involves 4,
and B, which are sums over the positions of all image
potentials [see Eq. (20)]. Thus this denominator has in-
cluded the effects of all possible multiple scattering be-
tween these image potentials. Using the expression for
Y1), we apply the general method outlined in Sec. II to
calculate the resistivity of thin metal films in the follow-
ing subsections.

B. Near-field potential and wind force

As discussed in Sec. I, the local potential setup near a
scatterer in the region p </ is determined predominately
by quantum-mechanical scattering occurring in the same
region. In this subsection, we consider a current passing
through a thin metal film and find the local potential in
the vicinity of a scatterer as well as the electron wind
force on the scatterer. The incident electron distribution
is taken to be a shifted Fermi circle, for each occupied
subband n, given by

gl?k=_Tevk.608(enk—EF) ’ (25)

where €,,=(#*/2m)[k*+(n7/d)?] and the electric field
6, lies in the (x,y) plane. This distribution has the
correct bulk limit in which case the quantized nw/d be-
comes a quasicontinuous wave vector k,.

The electron density due to the electron current (or
“electron wind”) is given by the appropriate extension of
Eq. (2), namely, 8n,(r)=3 , g% |t (r)|% The
quantum-mechanical asymptotic form of ¢}’ in Eq. (23)
and the expression for g{, in Eq. (25) are used to calculate
on,(r). After averaging over the film thickness, the elec-
tron density &n,(r) becomes 6n,(p). Introducing the
self-consistent Thomas-Fermi screening condition of Eq.
(3) with Eq. (13d), we find that the resulting local electro-
static potential near a scatterer has the form

COS

where cos¢ =ﬁ'/6\’0. Here, 8®(p) is in the form of a two-

dimensional dipole field, with the effective 2D dipole mo-
ment given by

M
S sin¥(nwb /d)

4T60ﬁ n=1
PamM=" M
e—ibo -1
Im |K;! — A,+B . 26b
XIm | Kp sind, o+Bg (26b)

The subscript QM is a reminder that we are in the

quantum-mechanical, or near-field, regime, where p < 1.
We next find the electron wind force on the scatterer.

The scattered current density is obtained from the ap-
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propriately modified form of Eq. (5), namely,

A 2, o #i 1 3 (1)
Jp(z)=57-rz—§fd kg —Re 71/}‘,,t"(r)$¢(nt(r)

_l O% _Q_ 0
i’ﬂbnk(r)ap lpnk(r) .

(27)

J,(2) can be evaluated by substituting Eq. (23) into Eq.
(27), and after the result is averaged over film thickness,
the averaged scattered current density becomes

2K}, 172

3 Re(f,,e™*) .  (28)
m

—Tego ﬁ'go M

P md p

n=1

We note that the sum in Eq. (28) corresponds to
summing over the scattered radial current density in each
occupied subband. The wind force on the scatterer along
— & is related to J p through the multiply occupied sub-
band version of Eq. (4), with N =1 in the present case.
The wind force on a scatterer is found to be

F 47’e6’0f11 Ko e—i5o B -1
e A T 0o+ %o
M
X 3 kE,sin¥(nwb/d), (29)

n=1

where we have substituted Eq. (24) for f,, in Eq. (28).
We notice that poy and F, can be related to one another
by comparing Egs. (26b) and (29). The relation is particu-
larly simple for the case of one occupied subband (i.e.,
M =1 case), which yields

F,=ekf Pom (30)

This relation is consistent with our previous results for a
2D electron gas.®

C. Far-field potential and resistivity

The potential set up by a scatterer in the far-field re-
gion p >l is determined by both the quantum-mechanical
scattering and the incoherent background scattering.
Since the quantum-mechanical scattering occurs only
within a region of size much smaller than / around the
scatterer, we can separate the problem into two parts.
The first part is to define a source term that includes the
quantum-mechanical scattering effects, and the second
part is to solve the Boltzmann equation with the source
term. This approach was outlined in Sec. II.

The Boltzmann equation for electrons in a thin film is
written as

Vk'Vpg,,k(p)+860'Vk8(6nk—Ep)
= 3 Wir ni8ni(p) — 2:,‘ Wk, n8mP)+Sulp) ,
n' k' n',k’

(31)

where
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Wn’k’,nk=(277'/ﬁ)W08(6n,k,——e"k)

is the transition rate from state |n',k’) to state |n,k)
due to background scattering in the thin film, and W, de-
pends only on the energy of the electrons, which, in this
case, is the Fermi energy Er. The form of the transition
rate is chosen such that it is isotropic on the k, k, plane
and is also independent of the subband index. This as-
sumed type of background scattering will become isotro-
pic scattering in the bulk limit, for large d. In Eq. (31),
the source term S, (p) and the dynamic distribution
function g,,(p) represent quantities that have been aver-
aged over the film thickness. Since all particles involved
have energies around Ep, the source term S,,(p) for a
scatterer can be written in the following form

Spp)=S(n,K)8(p)d(€, —Ep) (32)

where the scatterer is located at p=0. It is also con-
venient to express g, in the form

&ulp)=8% +G (n,k;p)8(e, —Ep) . (33)

Using Egs. (32), (33), and the form of W, , in the
collision integral, we can simplify the Boltzmann equa-
tion (31) to

vi'V,G (n, ,p)—-:l:[ (p)—G (n,k;p)]+S(n,K)8(p) .

(34a)

Here, 7= AmMW, /#’ is the relaxation time, and

Glp)= (34b)

27TM 2 fd¢k G(n’ k"P)

is the local average to which the electrons relax.

The expression for the source term S (n,k) is obtained,
following an argument similar to that in Sec. II. The rate
of particles being emitted by the source into subband n
and solid angle A(); is given by

o )zfdkkfdps,,k(p)

However, the rate can also be expressed in terms of the
radial scattered current density in subband n from Eq.
(28). Upon equating the two rate expressions, we deduce

that
2

~ Te 8 ~ .
0 k-84(87k3,) 2Re(f,,e'™*) .

d

A

(35)

To solve the Boltzmann equation, we first Fourier
transform Eq. (34a), using the convention

f@)= [dpe=ia?f(p) . (36)

After some algebra, we arrive at the expression of G(q)
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i,

a'go 8mre 60h e
—1 :
sing,

G(q)=—i
1 ! q md?

m [K;!

"-AO +BO

M
3. sin’(nwb /d)I,(q)
n=1
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> I,(q)

n=1

where the integral I,,(q) is defined as
1 I1g*(k-g)?

L@=5 [dg— L
V= 2mm J O Tk

(38)

o
M (1+13q2)1/2 :

Here [, =ik, 7/m is the mean free path for electrons in
subband n. The limiting forms of I,,(q) are

12g*/2M for l,q <<1 ,

" 1/M for [,g>>1. (39)

It is now straightforward to find the perturbed electron
density, given by

on,(p)=

M . ~
)’ 2, [ dx [dqe'a?G (n,k;q)8(e, —Ef)
T —

W = [dae*G(q) . (40)

We apply the neutralization condition, as given in Eq. (3),
to find the local electrostatic potential 8®(p) set up by
the scatterer. The result is

s0(p)= ——L G (q) (1)
41me

where we have used Eq. (13d).

In the case when p >>1,, for all occupied subbands n,3®
the integral in Eq. (41) is determined by the region
l,q << 1. Therefore, using the small-q (/, g <<1) approxi-
mation of I,(q), given by Eq. (39), and substituting Egs.
(37) into (41), we find:

B(D(P): —PRRD C(:)S , (42)
where
478k e —i8o !
Prrp="——Im \Kp E’]S—O—Ao+30
M
sin1 k3, sinXnmb /d)
X~ . 43)

> ki
Eq. (42) shows that after averaging over the film thick-
ness, the long-range potential has the form of a 2D dipole
field, with pgrp being the 2D dipole moment.
We can also consider the small-p limit, i.e., p <</, for
all occupied subbands #n, of Eq. (41). This limit is easily
obtained by taking 7 large, so that the condition p <</, is
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satisfied for any finite p. Using Egs. (37), (41), and the
large-l,q limit of 1I,(q) in Eq. (39), we get
8®(p)= —pqm cos¢/p, which is identical to the local po-
tential we obtain in Eq. (26a) using the full quantum
mechanical approach. Hence, the local potential §®(p)
for arbitrary p, is given by

sd(p)= 20 o [k e ™ Ay+B B
P="ma ™ |F ind, 0o+
deqeiq_pzq-(;o
M 5 d 1
sin“(nwb /d) |1 — —————+
. 2 (1+13g)""

M

2

n=1

1
(1412717

(44)

The resistivity due to the scatterer can be defined by
applying two electrodes, one at the left-hand end and the
other at the right-hand end of the thin film. Assuming
that the left-to-right direction is X, we allow these elec-
trodes to extend over the entire cross section of the thin
film, with the cross-sectional area parallel to the yz plane.
The average potential difference between these two elec-
trodes is given by 2mpggpp/L,, where L, is the length
and L, is the width of the film. We have used the long-
range potential in Eq. (41) and have assumed L, <L,.
The average electric field 86 is equal to 2mprgrp /L, L.
The additional resistivity for one scatterer is 86 /J,
where Jy=nqe*r6,/m, and n, is the electron density in
the film. Assuming a dilute density of n; independent im-
purities per unit area of the film, the additional resistivity
due to these impurities is given by

—i8 -1
#i 4ni _11€ 0
=— Im |K — Ay,+B
ae e’ nld? i sind, 0o+ %o
M
Xy k2, sin’ n:irb , (45)
n=1

where we have used Eq. (13c) in Eq. (43).

The expression for Ap in Eq. (45) is shown to be valid
even for the thick film regime (d >/) in Appendix B.
Therefore, in this regime we have

—1 ]

) (46)

—i8,

Bp _, MLy

—Ay+B)
Pe k}. d m o+

sind

| 3j,(2kgb)
T 2kgb

where p, is the bulk resistivity and k. is the bulk Fermi
wave vector.

The Fuchs-Sondheimer®>?* theory gives the following
expression for Ap/p , of a film of finite thickness:
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(u —u3)1—p)[1— exp(—«/u)]

AE:l—ifoldu

P 2K 1—p exp(—«/u) ’
(47a)
where k=d /1. In the thick-film regime this yields
20 _3u-pt. (47b)

@

Both Egs. (46) and (47b) are in agreement as far as their
linear dependence on [ /d is concerned.

We have derived the electron wind force [Eq. (29)], the
local potential [Eq. (44)], the small-p limit of the local po-
tential [Eq. (26a)], the long-range limit of the local poten-
tial [Eq. (42)], and the resistivity due to a layer of scatter-
ers in thin metal film with flat surfaces [Eq. (45)]. We
now look at the relationship between these quantities for
the one-scatterer case. The resistivity of one scatterer,
which we denote by 8p, can be obtained from Eq. (45) by
setting n; equal to 1/L,L,. Comparison of Egs. (43) and
(45) yields the relation between pgrp and 8p, which is

27PRRD
Sp=—"7"— 48
P=TLLL, 48
We note that pggp is the effective RRD, which is a 2D
dipole in film geometry. The relation between wind force
and resistivity is obtained by comparing Egs. (29) and
(45), which yields
1 F,
p=—""-—"7"7—. 49
P = e ToL,L,d “9)
The close relationship between 8p, prrp, and F,, is clear-
ly demonstrated by Egs. (48) and (49). We remark that
the relation (49) can be cast into the form of the well-
known wind-force expression for dilute impurities in a
3D electron gas, namely,'!

A
F,=— ;;I%inoe &> (50)
where N; is the number of impurities per unit volume and
po is the background resistivity. Equation (50) follows
upon substituting Jo=6,/p, and 8p=Ap/N;L,L,d in
Eq. (49).

D. Numerical results

For numerical examples, we consider the resistivity
due to scatterers located near the film surface, and plot
the resistivity against film thickness, using Eq. (45). As
this arrangement of scatterers can be used as a micro-
scopic model for surface roughness, the numerical results
give the resistivity due to surface roughness in a thin film.
We choose b =37 /8ky so that the scatterers are on the
jellium edge in the case of thick films. For the thin-film
case, even though the jellium edge is not so sharply
defined, we still keep the same b value since it is small
enough to serve the purpose of a reasonable model for
surface roughness.

In Fig. 2, we present the plot of the normalized surface
resistivity Ap/p, versus the logarithm of the film thick-
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ness d for representative choices of parameters kp, [, 8,
and n;. The mean free path / is introduced into the
infinite sums A4, and B in Eq. (45) by giving K an imag-
inary part equal to 1/I. (This gives rise to the usual
damping factor in the electron propagator.) The electron
density n is fixed at the bulk value for the material of in-
terest, which is parametrized in terms of the bulk Fermi

s.o @

4Ap/p,

1.0
o.oLi | 2 | 314l5]6l7
1.0 1.2 1.4 1.5 1.8 2.0 2.2
Iogm(d)
5.0 ©
4.0+

,\;8 3.0}
QU
q —
2.0
1.0
oot L 2 |3 141]516]7];
: 1.0 1.2 1.4 1.6 1.8 2.0 2.2
log,,(d)
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wave vector kp where kp=(3m’ny)!/3. We choose
kp=0.415 a.u., which corresponds to the electron densi-
ty for CoSi,. (Epitaxial single-crystal films of metalliclike
CoSi, films grown on Si have recently been prepared.??)
We also performed calculations for a Sn film (k;=0.8642
a.u.), and found that the essential features of the thick-
ness dependence of Ap/p, are the same as for a CoSi,

(b)

AP/P

L 3 141516[71;

1.4 1.6 1.8 2.0 2.2

log, (@)

5.0 d)

AP/ Py

ool 12 1 31451817,
1.4 1.6 1.8 2.0 2.2

log, 4(d)

FIG. 2. Resistivity (Ap/p.,) due to impurities in a thin film is plotted as a function of log,o(d). The physical parameters are

kp=0.415 a.u., | =200 A, and (a) §=30°, n,=0.412Xx 10~2 a.u.; (b) =60, n; =0.918 X 103 a.u; (c) =90, n; =0.926 X 103 a.u.
The Born-approximation result is shown in (d). The number of occupied subbands is indicated up to M =7. The parameters are
chosen to give the asymptotic Fuchs-Sondheimer result for p =0.9. The latter is indicated by dot-dashed curves in (a), (b), and (c).
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film. The bulk mean free path / is chosen to be 200 A.
The phase shift 8, is chosen to be 30°, 60°, and 90°, re-
spectively, in (a), (b), and (c) of Fig. 2. For easier compar-
ison, all the graphs are scaled so that they approach the
Fuchs-Sondheimer theory, for p =0.9, in the thick-film
region. [This requires n; to depend on the choice of
phase shift. In Fig. 2, the n; values are 0.412X 1072,
0.918x 1073, and 0.926 X 10~%, a.u. in (a), (b), and (c), re-
spectively. Since Ap/p is proportional to n;, the values
of Ap/p, for any n; can be obtained for each §, by a sim-
ple scaling.] In Fig. 2(d) we show the result in the weak-
scattering limit, i.e., in the Born approximation. The
latter is obtained by expanding expression (45) to second
order in 8,. This results in the replacement of

o "% -1
Im |K;! —
m F SinSO A0+BO
by
2178(2) M
> S sin®(virb /d) (51)
KFd v=1
in Eq. (45).

Fhe surface resistivity graphs in Fig. 2 exhibit a series
of peaks, with larger height in the region of smaller d.
The overall trend of the graphs is that the resistivity in-
creases as the thickness decreases. The resistivity is in-
creasing faster than the asymptotic Fuchs-Sondheimer re-
sult [given by Eq. (47b)], which is shown by the dot-
dashed curve in the figures. We remark that the asymp-
totic Fuchs-Sondheimer result is greater than the exact
Fuchs-Sondheimer result [given by Eq. (47a)] in the
small-d regime.?!

The resistivity changes most rapidly in the immediate
vicinity of the d values where the Fermi level lies at a
subband bottom. (The location of these particular d
values and the number of occupied subbands are indicat-
ed up to M =7 in Fig. 2.) As d increases, Er changes
continuously [E, is determined self-consistently from
Eqgs. 13(b) and 13(c) by requiring that the electron density
in the film is kept fixed at ny]. However, dn /dE, given
by Eq. 13(d), undergoes a discontinuous upward jump as
d increases through the critical d values, since M in-
creases by unity at these d values. The resistivity also
tends to exhibit a sudden increase at these d values be-
cause a new channel for scattering appears. This effect is
seen clearly in the Born-approximation curve, Fig. 2(d),
the precise form of which depends upon matrix element
effects which can be traced to the explicit b dependence
of the terms in Eq. (45) and expression (51).

In addition to the aforementioned density-of-states and
matrix-element effects, there is another effect due to mul-
tiple scattering between the impurity and the surfaces.
This effect is contained in the factor containing the sums
A, and B in Eq. (45), and appears when that factor is
evaluated beyond the lowest-order term (51). The extent
to which Figs. 2(a)-2(c) deviate from Fig. 2(d) is a mani-
festation of the multiple-scattering effect. As expected,
the deviation is most pronounced for the strongest
scatterer, i.e., in Fig. 2(c). As is apparent from Fig. 2(c),
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the multiple-scattering effect tends to depress the resis-
tivity in the immediate vicinity of the onset of a new sub-
band. We remark that if the mean free path were
effectively infinite, the Ap/p, curves would exhibit ex-
tremely narrow downward spikes extending all the way to
zero at the critical d values marking the onset of a new
subband. These downward spikes do not persist unless /
is very large, however, and are essentially washed away
for / =200 A. The distinct dips in Fig. 2(c) are a remnant
of this multiple-scattering transparency effect.

IV. DISCUSSION

The RRD is the source of the long-range microscopic
field associated with electron scattering by impurities and
interfaces in metallic microstructures. For a single im-
purity in bulk, the residual resistivity 8p and the elec-
tromigration wind force F,, are directly related to the
RRD strength, which thus provides a link between &p
and F,. Using the local-field method, we have general-
ized the above relationships to systems consisting of im-
purities in thin metal films. The results are given in Egs.
(48)—-(50). For the case of an impurity in a thin metal
film, the near-field potential and the far-field potential are
dipolar and are characterized by dipolar strength pgy
and pgrrp respectively, as given in Egs. (26b) and (43).
The near-field region does not include the immediate sur-
roundings of the impurities because we have used the
asymptotic scattering state expression in Eq. (23). The
exact scattering state, given by Eq. (22), has evanescent
wave components which, in general, can be neglected in
the region where p>d. However, for thicker films
(kpd >>1 and d > 1), Eq. (23) is shown in Appendix B to
become the correct asymptotic scattering state for an im-
purity near the surface of a semi-infinite medium. There-
fore, Eq. (23) is a good approximation to Eq. (22) when
p>d in thin films and when kgp > 1 in thick films. In the
immediate surroundings of the impurity, i.e., for even
smaller p, the evanescent waves cannot be neglected, and
Eq. (22) has to be used to calculate the electron density
and the electrostatic potential in this region, following
the local-field method.

The two dipolar strengths poy and prgp are equal
only in the 2D limit, in which case there is one occupied
subband. In general pgy and pggp are different from
one another. This is in contrast to the 3D case®’ and the
pure 2D case,® where the dipole for the near field is the
same as the dipole for the far field. The different values
of pom and pgrgp are due to different values for the mean
free path /, in each subband, which causes the electrons
in different subbands to scatter and pileup according to
different length scales /,. Indeed, if we let all /, be the
same in Eq. (44) for the local potential, we see that the
near-field dipole would be the same as the far-field dipole
and both would equal pgy. We also point out that the
field of the dipole in a thin film falls off more slowly with
distance than the field of a 3D dipole. Therefore, the po-
tential drop across an impurity is larger in a thin film
than in bulk metal, assuming that the voltage probes are
equivalently positioned in the two cases and that the di-
pole strengths are comparable. In Appendix B, we have
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also shown that the resistivity expression in Eq. (45) is
valid for all d.

We calculated the surface resistivity of a thin film by
assuming a microscopic model in which surface rough-
ness arises from a random distribution of impurities near
the surface. When plotted against film thickness, the sur-
face resistivity exhibits oscillatory features, which are re-
lated to discrete jumps in the density of states and to mul-
tiple scattering between an impurity and the film sur-
faces. In thicker films (d > I), the variation of the surface
resistivity with film thickness equals that of the Fuchs-
Sondheimer results for an appropriate choice of p. In the
thin film limit, the surface resistivity, as given by Eq. (45),
deviates from, and is generally greater than, the Fuchs-
Sondheimer result. For the parameters chosen here, the
deviations are not so large as those found by TeSanovic
et al.*® or, most recently, by Trivedi and Ashcroft.*

The local-field method focuses attention on microscop-
ic charge distributions arising from scattered wave func-
tions and on the resulting potential field that is self-
consistently generated. In principle, this potential field
can be measured by noninvasive probes at the surface of
the sample. Calculations performed within the frame-
work of the local-field method also give insight into the
importance of sample geometry, impurity configuration,
and electrode placement in a voltage measurement.

In applying the method it was necessary to specify the
form of the nonequilibrium distribution g9 which is in-
cident on an impurity scatterer group. For the case of a
short microstructure placed between reservoirs, g§ can be
regarded as established by the reservoirs. In that case, all
multiple scattering processes within the microstructure
are to be taken into account. This is the usual picture en-
visioned in application of the (multichannel) Landauer
formula. For the case of a very long microstructure, such
as the thin-film system considered in this work, where the
film length is assumed to be very much larger than the
background mean free path and the average distance be-
tween impurities, it is not practical to solve the complete
multiple-scattering problem. Consequently, we assumed
that well into the microstructure there exists a g that de-
scribes an incoherent beam of electrons incident on a typ-
ical scatterer group. We further assumed that g has the
form of a shifted Fermi distribution corresponding to a
current carrying state in the presence of uniform in-
coherent background scattering. These assumptions are
certainly justifiable if the background resistivity, pg, is
much larger than the impurity resistivity A,. Stated in a
perhaps less restrictive way, our calculation scheme
correctly determines the linear coefficient a in the follow-
ing expansion of the total resistivity in powers of the im-
purity density:

p=po+an;+0(nf), (52)
where p, is finite (nonzero) and we envision n; —0. Our
Ap calculation would then be valid so long as we remain
in the linear regime of Eq. (52). In the more general case,
a better approximation scheme is to choose gy as the
solution of the conventional Boltzmann equation for ran-
dom surface impurities in a medium characterized by
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uniform background scattering. In this case, surface-
impurity scattering and the background scattering would
enter the Boltzmann equation in the usual way via
ensemble-averaged translational probabilities in the col-
lision integral. The resulting g9 solution could then be
used in the calculations described in Secs. II and III for
the microscopic charge distribution and local potential
near an impurity. We have performed a resistivity calcu-
lation based upon such a model and have found that the
corrections to the Ap/p,, curves of Fig. 2 are relatively
minor.** We conclude that the approximation we have
made in choosing g is acceptable here.

Further possible improvements are difficult to obtain
within a conventional Boltzmann equation approach.
However, within Landauer’s picture a further correction,
which is formally higher order in impurity concentration,
can be considered. This is the so-called Lorentz correc-
tion,*! which is a renormalization effect arising from
current rerouting from one impurity to another. This
causes the incident current upon an impurity to be larger
than the average current in the medium, resulting in a
larger RRD strength and larger Ap. Formally such
corrections are of order n?, and do not appear to
significantly modify our numerical results, even for the
larger n;-values considered in Fig. 2.

The major limitation of the thin-film resistivity calcula-
tion is in the model itself rather than in the approxima-
tions made in obtaining Eq. (45). We have modeled the
film as a free-electron gas confined between infinite bar-
riers which define perfectly flat surfaces. The underlying
crystal structure of the material as well as large-scale sur-
face irregularities are lost in this jellium model. Only
small-scale, surface-impurity scattering effects were treat-
ed, and this was done only for the case of s like scatterers.
Despite these limitations, our results for the d depen-
dence of Ap/p,, should be qualitatively valid, giving the
same overall trend as would be obtained in a more realis-
tic model. For example, long-range departures of the film
surface from perfect flatness would, in the first approxi-
mation, be equivalent to averaging our Ap/p, curves
over a small window of d values. This would result in a
slight smoothing of the curves, but the overall trend
would remain.

Finally, we remark that we have not considered local-
field contributions arising from the polarization of elec-
trons brought in by the impurity in the presence of the
electric field &, Such effects enter the so-called ““direct
force” in electromigration theory,!'=!"%? and have been
described by Landauer in terms of carrier density modu-
lation.*” Formally, such effects are of order 1/(kl)
times the electron-wind effects considered here, and thus
can be neglected for free-electron-like metals.
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APPENDIX A: LOCAL FIELD METHOD
FOR AN IMPURITY IN BULK

The bulk impurity is described by a spherically sym-
metric muffin-tin potential. For an incident plane wave
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state ¥9, the scattering state ¢{*’ in the quantum-
mechanical asymptotic region (kr >>1) is given by
N P z(me,-k,],

(+)() —
¢k (r)= ‘/(—)

(A1)
r

where

f(6)=% S (21 +1)P,( cosB)e" sins, ,

1

P, is the Legendre polynomial, §, is the impurity scatter-
ing phase shift and Q is the volume of the bulk metal.
We apply the local-field method outlined in Sec. II to cal-
culate the far-field potential.
Using Eq. (5), we find the radial scattered particle
current density:
7.(r) 3801, T-6, .

r)= —5 T
" 41 r2 ’

where S0=fdQ | f(8)]|*(1—cosf) is the dynamic

scattering cross section, and I,=etkp&,/3m*m is the
particle current density far from the impurity. The

source term in the Boltzmann equation is obtained from
Eq. (8). The result is

sk)=sk-6,, (A3)

where &= (37°#%#*/mkg)Syl,. After substituting Eqgs. (7)
and (9) into Eq. (6), the Boltzmann equation becomes

(A2)

v V. G(k,1) ——[G(k 1)—G(n)]+8k-68(r), (A4)

where
R 1 ~
G=-[dG k.

To solve the Boltzmann equation, we first Fourier trans-
form (A4), using the convention
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fl@)= [dre=f(r). (A5)
After some algebraic manipulations, we obtain
—— T8~ 5
G(g)= ilq q-6,, (A6)

where | =fikp7/m is the mean free path.
The perturbed electron density &n,(r) due to the
current density is given by Eq. (10):

2 1 . A
on,(r)= dk dqe'd"'G(k,q)d(e,— E
u(r) 2n) f (2pi)? f ae (k. @)dle—Er)

mk p—
-—?;que‘q"G(q)

mkp T&f ,q, q-6, .
q

T srt? il (AD
Using the integral result
J e dx = —im8 (k) —1/k7 (A3)
we calculate the integral in Eq. (A7):
que"q"a'f" —i2 2?:;;0 (A9)

on,, can be obtained by substituting Egs. (A9) into (A7).
The far-field potential §®(r) is then calculated, from Eq.
(3), to give

5b(r)= — 20

) (A10)
2

where cos8=%-8, and p =3m#S,I,/4k2e is the RRD
moment. We have used the fact that the density of states
in bulk is dn /dE =mkg /(1#)%.

APPENDIX B: RESISTIVITY OF THICK FILMS

We first show that, in the thick film limit (d > /), the scattered state ¥’ in Eq. (23) becomes the scattered wave in
the region krpr >>1 for the case of an impurity near the surface of a semi-infinite medium. Since d >/, only the j =0
term in A, and B, is kept, and the scattered wave ¥’ becomes

(="

4 —i8, -1

Y (r)=v2/Q(—1)"sin e P4 Vi /Q

i

X sin(k  b) 2

n'=1

(r))17? kpd | sind,

_1
(k” )1/2

+ih§V(2kgb)

sin(kb) sin(k|z)e ™ 1° | (B1)

where k,=nw/d, ki =n'n/d, k| =(k} —k'?)'"?, Kp=kg, ry=(x*+y?)!?, kp=Mm/d, and we have now chosen the
origin to lie on the upper surface of the film, so that the location of the impurity is —bZ.
In Eq. (B1), for b <<d and z << d, the sum over n' can be replaced by an integral:

3 o (kpd)V
2 ,1 ) Sin(klb)sin(k’lz )e’k”P _F_
n'=1 (k”)
172
~id _sinf o —in/agik
B 2mr

f””de Vsing'e “FP" 9’{ cos[kp(z —b)cos@']— cos[kp(z +b) cos6’]}

Fsin(kgpzb /1) , (B2)
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+)

where r, /r = sinf. Upon substituting Egs. (B2) into (B1), the expression for ¢'{’ becomes

P =(—1)"V2/Qsin(k,2)e VI —2i( —1)"2/Q sin(k, b) sin(kpzb /r)

i,

sind,

+ih " (2kgb)

=1 kpr
eF

kpr

(B3)

Expression (B3) is the scattered state which was displayed in Ref. 6 for the case of an impurity near the metal surface of
a semi-infinite medium in the quantum-mechanical asymptotic regime, where kpr >> 1.

We show that the resistivity for thin films, given by Eq. (45), can be extended to thick film case by the same trick:
changing all the discrete sums into integrals. The sum in Eq. (45) becomes

(B4)

M kpd
sin?(mbn /d)k2, = —— [ 7 cosOsin(kpb sin@) cos?0 d O
Fn 0
n=1
kid | 3j,(2kpb)
T 3w | 2kgb

Again, only the j =0 term is kept in 4, and B,,. The resulting resistivity is given by

—i8 —1

3 n.
fi12m T [ kY (2kpb)

rp= T 12m 2
= kp d

sind,

3j,(2kgb)

- 2kpb

) (BS)

which was obtained in Ref. 6 for impurities near the surface of a semi-infinite medium.
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