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We report measurements of the resistivityr(T) of a gold film 70 nm thick deposited on mica preheated to
300 °C in UHV, performed between 4 and 300 K, and measurements of the surface topography of the same
film performed with a scanning tunneling microscope~STM!. From the roughness measured with the STM we
determine the parametersd ~rms amplitude! and j ~lateral correlation length! corresponding to a Gaussian
representation of the average height-height autocorrelation function~ACF!. We use the parametersd andj to
calculate the quantum reflectivityR and the increase in resistivity induced by electron-surface scattering on this
film, according to a modified version of the theory of Sheng, Xing, and Wang~mSXW! @Munozet al., J. Phys.:
Condens. Matter11, L299 ~1999!#. The mSXW theory is able to select the appropriate scale of distance over
which corrugations take place, leading toR'1 for corrugations taking place over scales of distances that are
long when compared to a few Fermi wavelengthlF , andR,1 for corrugations taking place over scales of
distances that are comparable tolF ~to within an order of magnitude!. The reflectivity R determined by
corrugations ocurring over a scale of distances comparable tolF approaches zero for a certain angle. The
resistivity r(T) of the film increases by roughly a factor of 4 between 4 and 300 K, and so does the bulk
resistivity r0(T) predicted by mSXW theory. With the parametersd andj measured on our 70-nm film, we
reproduced approximately the thickness and temperature dependence of the resistivity~between 4 and 300 K!
of several gold films on mica reported by Sambles, Elsom, and Jarvis@Philos. Trans. R. Soc. London, Ser. A
304, 365 ~1982!#, without using any adjustable parameters. The results of this paper suggest that the relevant
quantities controlling electron-surface scattering in continuous gold films of arbitrary thickness, are the param-
etersd andj describing the average ACF that characterizes the surface of the sample on a nanoscopic scale, in
agreement with the accepted view regarding the conductivity of ultrathin films.
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I. INTRODUCTION

One of the fundamental problems in solid-state phys
that has attracted the attention of researchers for over s
years, relates to the effect of electron-surface scattering
the transport properties of thin metallic and semiconduct
films. One of the central issues is how the surface of
structure affects its electrical transport properties, when
or more of the dimensions characterizing the structure
comparable to or smaller than the mean-free-path of
charge carriers; what is known as ‘‘size effects.’’

One of the complexities associated with size effects
related to the scale of distances involved. Arguments st
ming from the wavelike nature of the electron and fro
wave optics have been applied to describe the collision
tween the electrons and the surface. These arguments
to the fact that, for the surface roughness to have an influe
on the charge transport properties of the film, the scale
distances over which the surface roughness takes place
the typical amplitude of the surface roughness, should
comparable to or smaller than the characteristic wavelen
PRB 620163-1829/2000/62~7!/4686~12!/$15.00
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of the carrier, the Fermi wavelengthlF ,1 which for several
metals is in the range of nanometers. The invention of
scanning tunneling microscope~STM! has opened the poss
bility of directly measuring surface roughness within t
scale set bylF .

There is experimental evidence supporting the argum
outlined above. Schumacher performed a series of caref
controlled experiments, evaporating silver onto glass sli
held at 225 K under UHV; the films were annealed at 350
after evaporation to achieve minimum resistance. A vary
amount of silver atoms was further evaporated at low te
peratures (T<100 K) onto the annealed films and the res
tivity of the films was observed to increase by a few perc
with the addition of less than a monolayer.2 However, direct
evidence reporting the resistivity and the surface roughn
measured on the scale set bylF on the same filmappears to
be missing.

The theoretical work concerning size effects focused
many decades on the Fuchs-Sondheimer~FS! theory. FS de-
scribe the motion of electrons in the metal film by a Bolt
mann transport equation~BTE!, where the effect of the
4686 ©2000 The American Physical Society
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PRB 62 4687SURFACE ROUGHNESS AND SURFACE-INDUCED . . .
rough surface is incorporated into the boundary conditi
that must be satisfied by the electron distribution function
a specularity parameterR, which represents the fraction o
electrons 0<R<1 that are specularly reflected upon colli
ing with the rough surface.1,3

It is well known that this approach is inadequate for ve
thin, high-purity samples where the film thicknesst is much
smaller than the bulk mean-free-pathl. On the one hand, fo
ultrathin high-purity films, the conductivity of the film is
known to exhibit a stepwise increase with increasing fi
thickness, as a consequence of the quantization of the e
tronic energy levels induced by confinement of the elect
gas between two parallel potential barriers; what is known
quantum size effects~QSE!. The modeling of electron mo
tion via a BTE with FS boundary conditions, does not a
count for QSE. On the other hand, in the limitl→`, the FS
conductivity diverges as ln(l/t), implying that when the con-
ductivity of the film is limited only by electron-surface sca
tering, there is no dissipation, an unphysical result that ar
from the omission of quantum effects in the classical theo
To overcome these shortcomings, a number of quan
transport theories applicable to several special cases
been published.4–8 The quantum transport theories succeed
in describing the experimental data in ultrathin films
CoSi2.

9

The goal of theoretical research on size effects has bee
build a formalism that would permit the prediction of bo
the reflectivity R characterizing electron-surface scatteri
and the increase in resistivity due to size effects from fi
principles, from the information contained in the surfa
roughness profile. A significant step towards this goal is
theory of Sheng, Xing, and Wang~SXW!, that unifies the
available quantum transport theories applicable to the dif
ent special cases with the classical FS formalism.3,10 SXW
abandoned the model in which the motion of electrons in
metal film is described via BTE. They calculated instead
Green’s function describing electrons confined within tw
potential barriers, one of which is flat, the other is a ra
domly rough surface. SXW computed the dissipative par
the electron self-energy due to electron-surface scatterin
the presence of the rough surface using Dyson’s equa
and proceeded to calculate the conductivity of the film us
the Kubo transport formalism. However, in their treatme
SXW modeled the surface roughness by a white-noise
face profile, assuming that the Fourier transform of
height-height autocorrelation function~ACF! which on aver-
age characterizes the surface, is a constant independent
in-plane momentum.10 This white-noise approximation se
verely limits the predictive power of the SXW formalism.

We have recently proposed a modified version of SX
theory ~mSXW! that permits the calculation of both the r
flectivity R and the increase in resistivity attributable
electron-surface scattering, in films in which the avera
ACF is described either by a Gaussian or by
exponential.11 The mSXW theory permits the calculation o
the reflectivityR and of the ratio of film conductivitys to
bulk conductivitys0 attributable to electron-surface scatte
ing, in terms of the parametersd ~the rms amplitude of the
ACF! andj ~the lateral correlation length of the ACF! on a
nanoscopic scale for either of the two models, Gaussian
exponential, in a continuous film of thicknesst.11
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The experimental work related to size effects in thin me
films, during several decades, relied on the method of:~i!
preparing families of samples of the same material but
different thickness under similar conditions of evaporatio
~ii ! measuring one or more of the transport properties of
different members of the family, most commonly the res
tivity; ~iii ! fitting the theoretical models to the thickne
and/or the temperature dependence of the data and adju
the parameters provided by theory~specularity parameterR,
bulk conductivitys0 , and in some cases the rms roughne
amplituded!.

The data analysis often proceeds from the assumption
the specularity parameterR characterizing a family of
samples of the same material prepared under similar co
tions of evaporation is the same, independent of the fi
thickness, and is a constant independent of the momentu
the electron. The lack of direct measurements ofd andj in
an independent experiment so far has prevented averifica-
tion of whether or not the parameters characterizing the s
face roughness inferred from fitting the resistivity data
families of thin metal films prepared under similar cond
tions of evaporation, actually do correspond to the surfa
roughness measured on these films. The availability of a
theory that permits the calculation of size effects from fi
principles, from the parametersd and j that describe the
surface profile, together with the invention of the STM th
makes possible the direct measurement ofd and j on a na-
nometric scale, permits a reversal of the trend based on
rameter fitting of resistivity datawithout independent verifi-
cation that has dominated experimental research on s
effects for decades.

This paper reports on the application of the mSX
theory, and illustrates how measurements of the roughnes
the surface of the sample can be used to calculate the r
tivity of the film induced by electron-surface scattering. W
report measurements of the temperature dependent resis
r(T) of a gold film 70 nm thick deposited on mica preheat
to 300 °C in UHV, performed between 4 and 300 K, a
measurements of the surface topography of thesamefilm
performed with a STM. From the roughness measured w
the STM we determine the parametersd andj corresponding
to a Gaussian representation of the average ACF. We use
parametersd andj to calculate the reflectivityR and the bulk
resistivity r0(T) according to mSXW theory. We chose t
analyze the surface roughness data using a Gaussian r
than an exponential representation of the ACF, beca
modifications have been proposed to the FS theory whe
Gaussian representation of the surface roughness has
employed. In this paper we compare the predictions of d
ferent versions of the classical theories with the predictio
of mSXW theory using a Gaussian representation of
ACF, with the parametersd andj measured in an indepen
dent experiment. Such comparisons will reveal interestin
differences between mSXW theory and other theories.

This paper is organized as follows: In Sec. II we presen
brief outline of mSXW theory. In Sec. III we present expe
mental details concerning the sample preparation and
measurements. In Sec. IV we present the results of this
per: the structure of the films, the average ACF’s that ch
acterize the surface of the film in different scales of leng
and the reflectivityR predicted by mSXW theory for each o



n

n

n

he
t-
in
F

ith
ul
fo
o

-
t

e

n
n-
m
gh
b

ia

t-

t to
e

-
-
he
to

nt
of
-

on,
,

een

-

-

e

lue

of
-
.
his
the

to
tak-

er-

g
n-

pera-

cted
e

he
face
e of
uld
m-
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the different scales of length for a Gaussian representatio
the ACF. We present as well the film resistivityr(T) mea-
sured between 4 and 300 K on this film, and the correspo
ing bulk resistivity r0(T) predicted by mSXW theory. In
Sec. V we discuss these results and in Sec. VI we prese
summary of this paper.

II. THEORY

The mSXW theory provides a way of calculating both t
specularity functionR and the increase in resistivity attribu
able to electron-surface scattering from first principles, us
information contained in the roughness profile, if the AC
characterizing the surface of the sample is described e
by a Gaussian or by an exponential. Summarizing res
already published, the SXW theory leads to a quantum re
mulation of the FS model, that includes the effects
electron-surface scattering via a reflectivity parameterR that
can be calculated from

R~ki!5S 12kzQ~ki!

11kzQ~ki!
D 2

, ~1!

which is Eq.~7! in Ref. 10, whereQ(ki) represents the dis
sipative part of the self-energy of the electron gas due
electron-surface scattering; withkz

25kF
22ki

2, where kF

stands for the Fermi momentum andki5(kx ,ky) represents
the in-plane momentum. The ratio of the film conductivitys
to bulk conductivitys0 may be computed in terms of th
reflectivity R

12
s

s0
5

3

2

l

t

1

X0Nc
(
n51

Nc

un~12un
2!

3
@12R~un!#@12Ed~un!#

12R~un!Ed~un!
, ~2!

wheret is the film thickness,l the carrier mean-free-path i
the bulk—s0 and l represent the conductivity and mea
free-path that would be observed in a film having the sa
concentration of impurities as the thin film, but thick enou
such that the effect of electron-surface scattering can
neglected—

un5
qn

kF
5cosun5

np

tkF
, Xc5

tkF

p
, Nc5 int~Xc!,

where int (M ) stands for the integer part ofM,

X05
3

2 F12
1

3 S Nc

Xc
D 2S 11

1

Nc
D S 11

1

2Nc
D G

andEd(un)5exp@2t/(unl)#, which corresponds to Eq.~11! of
Ref. 10. The calculation of the electron self-energyQ(ki) for
the case in which the ACF is described by a Gauss
f (x,y)5d2 exp@2(x21y2)/j2# has been published.11

The parametersd and j are determined from the heigh
height surface ACFf (r i) defined by

f ~r i!5S21E
S
h~ai!h~ai1r i!d2ai , ~3!
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whereS denotes the surface of the sample,r i5(x,y) stands
for the in-plane coordinates, andh(ai) represents the random
height characterizing the surface roughness with respec
the average surface atz5t. The quantity measured with th
STM is the functionh(ai).

Notice that in the mSXW theory,R ands0 are no longer
adjustable parameters. The availability of a theory that per
mits the calculation ofs/s0 from the knowledge of the pa
rameters~d, j! that can be independently measured with t
STM, suggests the traditional method of fitting parameters
the conductivity data of a family of samples of differe
thickness—prepared under similar conditions
evaporation—should be abandoned.A new method to com
pare theory and experiment is required. Knowing ~d, j! we
may use Eq.~2! to compute the film conductivitys. How-
ever, a difficulty arises because to perform this calculati
we need to know thes0 and l that characterize the bulk
which, therefore, are not known apriori. Nevertheless, using
the mSXW theory, the parameterss0 and l can be deter-
mined by means of an iterative process that has already b
published,12 that proceeds as follows:

As a first approximation,l (T) corresponding to each tem
perature, can be calculated froml 1(T)5s(T)mvF /(nq2),
wheres(T) is the conductivity of the film measured at tem
peratureT, m is the electron mass,vF is the Fermi velocity,
n the electron density, andq the electron charge. This valu
is used to compute a first estimation of@s(T)/s0(T)#1 , us-
ing Eq. ~2!, l 5 l 1 , and employing the parametersd and j
determined from the STM measurements. A corrected va
for l can then be computed froml 25 l 1@s0(T)/s(T)#1 , and
a new value of@s(T)/s0(T)#2 can be calculated usingl
5 l 2 and Eq.~2!. This process is repeated until the values
@s(T)/s0(T)# j and @s(T)/s0(T)# j 11 between two succes
sive iterationsj and j 11 do not differ by more than 0.01%
We found that 5 to 15 iterations are sufficient to satisfy t
criterion, depending on temperature and on the purity of
film.

If grain boundary scattering is negligible compared
electron-surface scattering, if electron-surface scattering
ing place at the lower surface of the film~in contact with the
substrate! is negligible compared to electron-surface scatt
ing taking place at the upper~exposed! surface of the film,
and if the resistivity arising from electron-impurity scatterin
at 300 K is small compared to that arising from electro
phonon scattering at the same temperature, then the tem
ture dependent bulk resistivityr0(T)51/s0(T) computed
through this iteration process should agree with that expe
from electron-phonon scattering in crystalline gold. If th
parameters (d,j) chosen to describe the roughness of t
surface and if the theory chosen to describe electron-sur
scattering are correct, then the temperature dependenc
r0(T) determined according to this iteration process sho
be consistent with a Block-Gruneisen description as reco
mended by Matula, using the constants A, B, C, andu ap-
propriate for crystalline gold:13

r0~T!5rR1AS 11
BT

u2CTDfS u2CT

T D , with

f~x!54x25E
0

x z5 exp~z!

@exp~z!21#2 dz, ~4!
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whererR stands for the temperature-independent residua
sistivity ~attributed to impurity scattering! determined by the
thin film resistivityr~4.2! measured at 4.2 K and by the rat
r0(4.2)/r(4.2) predicted by theory.

III. EXPERIMENT

We performed some preparatory experiments to selec
conditions of evaporation. The temperature of the substr
300 °C, the speed of evaporation, 6 nm/min, and the th
ness of the film, 70 nm, were chosen such as to produ
continuous film where the influence of grain-boundary sc
tering would be minimized, for grain boundary scatteri
could influence the resistivity of the film but isnot included
in the SXW theory. A necessary condition that might he
minimizing grain-boundary scattering, is that the lateral
mension D characterizing the grains that make up t
samples should be at least one order of magnitude larger
the thicknesst of the films for then the electrons are expect
to undergo an average of several collisions with the upp
lower surface of the film before colliding with the bounda
of a grain. If the thickness of the films whose resistivity is
be analyzed, is in the range of 100 nm, then the sam
should be made up of grains havingD of the order of severa
hundred nm.

The gold films were prepared by thermal evaporation
2-mm diameter, 99.99% pure gold wire~MATKEMI ! from a
W basket onto 20 mm310 mm30.15 mm Muscovite Ruby
mica slides ~GOODFELLOW!. The mica was freshly
cleaved before evaporation. The stainless-steel evapo
was baked for many hours after loading the mica and
gold wire until reaching a pressure in the range
10210mbar. The thickness of the gold films was monitor
during evaporation with a quartz-crystal oscillator that w
calibrated with a profilometer~TENCOR!. To avoid scratch-
ing the surface, the thickness was measured with the pro
meterafter the surface roughness and the resistivity of
samples had been measured. During evaporation the pre
was in the range of 1029 mbar.

During the preparatory experiments designed to select
conditions of evaporation, the morphology of the samp
was examined using x-ray diffraction; the crystalograp
structure of the films and of the mica was determined usin
Siemens D-5000 x-ray difractometer. The samples were
examined using a scanning electron microscope~SEM!. The
samples were kept under moderate vacuum in a dessic
between the different experimental steps~measurements o
the roughness with the STM, x-ray measurements, S
measurements, resistivity measurements, determinatio
the thickness with the profilometer!.

The surface topography was measured with the STM r
ning in air in the constant-current mode usingW tips. STM
measurements were performed with a commercial O
CRON instrument, using tungsten tips 0.25 mm in diame
and freshly etched in a 0.8 M NaOH solution. All images h
2563256 pixels. We verified that the images did not depe
on the gap voltage nor on the tunneling current. Before
aging the gold samples, we verified that the freshly prepa
W tips produced neat images of C atoms running on hig
oriented pyrolytic graphite~HOPG!. Tips that did not pro-
duce neat images of C atoms on HOPG were discarded
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We paid particular attention to searching with the ST
for direct experimental evidence of barriers existing betwe
adjacent grains. For this purpose we imaged with the S
the valleys that are left after the grains coalesced to form
film. The bottom of these valleys look fairly smooth withi
an atomic scale. We did not find any sharp changes in
STM signal recorded on these valleys on an atomic sc
that might indicate the presence of a barrier between adja
grains.

Conductivity measurements were performed using
four-probe method, running a current of 100mA pp at 160
Hz, using SRS 830 lock-in amplifiers from Stanford R
search. Data acquisition was computed controlled; the v
age drop across the sample was averaged over 100
points, the relative error in the voltage readings is estima
at 2 parts in 10 000. The sample was mounted on a Cu b
located in the variable temperature insert of the dewar of
T ~JANIS! superconducting magnet. The temperature of
Cu block was maintained within60.1 K between 4 and 300
K.

The crystalographic structure of the films and the m
was determined using a Siemens D-5000 x-ray difractom
ter.

IV. RESULTS

A. Structure of the films

The u-2u spectrum is shown in Fig. 1 for a gold film 6
nm thick deposited on a mica substrate preheated to 300
The rocking curve spectrum corresponding to the~111! re-
flection peak of Au is shown in Fig. 2. In this case bo
detector and source moved together during the scan
locked in a position initially fixed at an angle 2u538.314°
corresponding to the~111! peak of gold. The radiation use
was theKa line of Cu, with a wavelengthla50.154 nm.
The full width at half maximum~FWHM! of the gold~111!
peak is about 0.9°.

FIG. 1. u-2u spectra of a gold film 65 nm thick deposited o
muscovite ruby mica, under UHV. The substrate was preheate
300 °C prior to deposition, evaporation rate was 6 nm/min. The
film was characterized using crystallographic data card JCP
ICDD No. 4-784. The inset shows theu-2u spectra of the mica
substrate before evaporation of the gold film.
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The results shown in Figs. 1 and 2 contain some inter
ing information:~i! The mica substrate is crystaline, and
excellent quality, since we can detect reflection peaks u
the 12th order~0012!; ~ii ! The gold film grew along direction
~111! with its surface oriented perpendicular to directi
~001! of the mica;~iii ! The crystalites that make up the go
film may exhibit orientational azimuthal disorder along t
normal to the surface. However, any disorder other than
muthal disorder would destroy the local translational symm
try within each grain, and therefore would introduce disord
in the reciprocal lattice associated to each grain. The ef
of disorder in the reciprocal lattice is to broaden and flat
the ~111! peak, such that the rocking-curve peak would e
hibit a FWHM considerably larger than 0.9°;~iv! The nar-
rowness of the rocking-curve peak~Fig. 2! indicates a very
small angular misalignmentDu of the ~111! direction of
these crystalites with respect to the~001! direction normal to
the mica substrate, leading toDu560.45°; ~v! The position
of the Au ~111! peak is 2u538.314°, which corresponds t
a lattice constantd50.235 nm; ~vi! The width Du of the
rocking-curve peak, and the position 2u538.314° can be
used to obtain a rough lower-limit estimation of the late
dimensionD that characterizes the crystalites that coales
to form the film, using the Scherrer equation,D
50.89l/(Du cosu) @Eq. ~4.3! in Ref. 14#. The resultD
'18 nm is about one order of magnitude smaller than
typical lateral dimensionD of several hundred nm dete
mined on these films from SEM images during the prepa
tory experiments„the SEM images we obtained were qu
similar to images already published@Fig. 1~c! from Ref. 15#….
This suggests that the narrowness of the rocking curve p
Du560.45° is limited by instrumental resolution of th
x-ray detector rather than by the lateral dimensionD charac-
terizing the grains. A dimensionD of several hundred nm is
about one order of magnitude larger than the film thickn
t570 nm. Therefore, the condition necessary to minim
grain-boundary scattering~Sec. III! is satisfied.

A direct consequence of the crystaline, excellent qua
of the mica substrate and the fact that the gold grew orien
along ~111! perpendicular to the surface of the mica, is th

FIG. 2. Rocking-curve spectrum corresponding to the p
Au~111!.
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the roughness at the gold-mica interface, consists essen
of cleavage steps. As already published, these cleavage
occur rather infrequently over the scale of distance of
order of a few tens to a few hundred nm probed by
electrons. Consequently, electron-surface scattering at
gold-mica interface can be safely ignored.11

B. STM images and autocorrelation functions

In order to explore different scales of length, we record
images with the STM under different experimental con
tions. Since the instrument exhibits a range of in-plane~x, y!
motion that spans over three orders of magnitude~from a
few tenths of nm to 1mm!, it is evident that images recorde
at a particular scale are likely to miss some of the details
the roughness that might occur over a scale of distances
is either one order of magnitude larger or one order of m
nitude smaller than the scale chosen for scanning, unle
very large number of pixels per line is recorded. Howev
recording a large number of pixels of a surface that is
atomically flat, running in the constant current mode,
quires a scanning time of many minutes due to limitations
speed imposed by the natural resonant frequencies of
piezoelectric scanner. A scanning time of many minu
makes the images recorded sensitive to low-frequency n
and to thermal drift in the scanner, systematic errors wh
are rather difficult to assess, thereby rendering question
the large-distance information captured within the image.
order to avoid this difficulty, rather than recording an ima
composed of many pixels, we chose to record images m
of 2563256 pixels, and to change the scale of distance
measure the surface roughness on different scales of le
on different sectors of the sample chosen at random.

To discard possible artifacts, we verified that the featu
captured in these images were reproducible over several
performed with the tip positioned on the same place at
beginning of each scan and using the same scanning pa
eters. We also verified that the image recorded while sc
ning forwards was consistent with the image recorded wh
scanning backwards; images that did not satisfy this con
tency criteria were discarded. The details captured on
20 nm320 nm scale might include the effect of the radius
curvature of the tip, for the image obtained is expected to
the convolution of the surface profile of the film with th
finite radius of curvature of the tip. No attempt was made
deconvolute the radius of the tip from the images.

The average ACF that characterizes the surface of a g
film 70 nm thick on a scale of 10 nm310 nm, is shown in
Fig. 3~a!. It was computed as the average of 20 ACF’s c
culated according to Eq.~3!, from the surface roughness pro
files recorded at random locations of the sample on a sca
20 nm320 nm using periodic boundary conditions,16 from 20
images recorded with the STM containing 2563256 pixels
each. The peak at the origin is 0.353 nm;2 the observed width
of the peak at FWHM is about 2 pixels.

We verified that the autocorrelations calculated using
riodic boundary conditions are consistent with the autoco
lations calculated using a window of 1283128 pixels and
displacing this window over the entire frame of 2563256
pixels when calculating the surface integral@Eq. ~3!#.

The data representing the peak at the origin of the aver
ACF displayed in the inset of Fig. 3~a! was fitted using the
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Gaussianf (x,y)5d2 exp@2(x21y2)/j2#, employing a least-
square fit procedure. When the Gaussian was fitted to th
38, 10310, and 12312 pixels near the origin, the value
obtained were@d50.494 nm,j50.401 nm],@d50.448 nm,
j50.489 nm], @d50.422 nm, j50.549 nm]. The corre-
sponding values ofx2 are 2.21, 3.78, and 7.81, respective
indicating that the Gaussian describes well the experime
average ACF. The values obtained forj andd are consistent
with the atomic resolution exhibited by the tip of the ST
when running on HOPG prior to measuring the gold samp
consequently the rounding-off that could be expected on
images recorded with the STM due to the finite radius
curvature of the tip, does not seem to play a significant r

The average ACF that characterizes the surface of
sample on a scale of 30 nm330 nm is shown in Fig. 3~b!. It
was computed as the average of 24 ACF’s calculated f
the surface roughness profiles recorded at random loca
of the sample on a scale of 60 nm360 nm using periodic
boundary conditions, from 25 images recorded with the S
containing 2563256 pixels each. The peak at the origin
4.00 nm2 corresponding to a rms amplituded52.00 nm; the
observed width of the peak at FWHM is less than 1 pixe

The average ACF that characterizes the surface of
sample on a scale of 100 nm3100 nm, is shown in Fig. 3~c!.
It was computed as the average of 24 ACF’s calculated fr

FIG. 3. ~a! Average of 20 ACF’s calculated from the surfac
roughness profiles recorded at random locations of the sample
scale of 20 nm320 nm using periodic boundary conditions, from 2
images recorded with the STM containing 2563256 pixels each.~x,
y! represent the fast and slow scan directions, respectively.
inset shows the details of the 10310 pixels that constitute the cen
tral peak of the average ACF.~b! Average of 25 ACF’s calculated
from the surface roughness profiles recorded at random location
the sample on a scale of 60 nm360 nm using periodic boundar
conditions, from 25 images recorded with the STM contain
2563256 pixels each.~c! Average of 24 ACF’s calculated from th
surface roughness profiles recorded at random locations of
sample on a scale of 200 nm3200 nm using periodic boundary con
ditions, from 24 images recorded with the STM containing 2
3256 pixels each.~d! Average of 29 ACF’s calculated from th
surface roughness profiles recorded at random locations of
sample on a scale of 600 nm3600 nm using periodic boundary con
ditions, from 29 images recorded with the STM containing 2
3256 pixels each.
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the surface roughness profiles recorded at random locat
of the sample on a scale of 200 nm3200 nm using periodic
boundary conditions, from 24 images recorded with the ST
containing 2563256 pixels each. The peak at the origin
11.5 nm2 corresponding to a rms amplituded53.40 nm; the
observed width of the peak at FWHM is much less than
pixel.

The average ACF that characterizes the surface of
gold film on a scale of 300 nm3300 nm, is shown in Fig.
3~d!. It was computed as the average of 29 ACF’s calcula
from the surface roughness profiles recorded at random
cations of the sample on a scale of 600 nm3600 nm using
periodic boundary conditions, from 29 images recorded w
the STM containing 2563256 pixels each. The peak at th
origin is 137 nm2 corresponding to a rms amplituded
511.7 nm; the observed width of the peak at FWHM
much less than 1 pixel.

The interesting result displayed in Figs. 3~a!–3~d! is that,
although the individual ACF’s computed from each of t
images recorded with the STM at random locations of
sample, at each scale of length, may differ by as much as
order of magnitude or more, and may exhibit quite differe
structures such as bumps and undulations away from
origin along x ~fast scan direction! or along y ~slow scan
direction!, the features away from the origin add out
nearly zero upon averaging the ACF’s corresponding to e
of the images, leaving essentially a sharp peak at the or
plus some noise. The width of the central peak that rep
sents the average ACF could only be resolved when mea
ing the roughness of the surface on the scale
20 nm320 nm.

C. Surface reflectivity

The reflectivityR arising from the roughness measured
the scale of 20 nm320 nm predicted by the mSXW formal
ism is shown in Fig. 4~a!, calculated using (d50.455 nm,
j50.480 nm), the average of the values ford andj obtained
by least-square fitting the peak at the origin of Fig. 3~a!. The
interesting result displayed in Fig. 4~a!, is that the reflectivity
predicted by the quantum theory approaches zero for a
tain angle.

To calculate the reflectivityR arising from the roughnes
measured in the other scales, we used a Gaussian repr
tation of the ACF, withj50.480 nm for all scales, butd
52.00 nm for the scale of 30 nm330 nm,d53.40 nm for the
scale of 100 nm3100 nm andd511.7 nm for the scale of
300 nm3300 nm. The results are shown in Figs. 4~b!–4~d!,
respectively. The interesting and new result displayed
these figures, is that the angular dependence of the refle
ity changes drastically as the scale of distance~over which
the surface roughness is measured! increases, in a way suc
that the larger the scale of distance, the more the reflecti
R approaches unity.

D. Resistivity

The resistivity of the 70 nm thick gold film measured as
function of temperature corrected for thermal contraction
displayed in Fig. 5. The resistivity increases roughly by
factor of 4 when the sample is heated from 4 to 300 K.
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FIG. 4. ~a! ReflectivityR characterizing electron-surface scattering predicted by the mSXW theory, for a film where the average
described byf (x,y)5d2 exp@2(x2 1y2)/j2#, with d50.455 nm,j50.480 nm, plotted as a function of cos(u), whereu represents the angle
of incidence between the momentum of the incoming electron and the normal to the surface. The dotted line represents the w
reflectivity R@ f 0 ,cos(u)#5$@12f0 cos(u)#/@11f0 cos(u)#%2 for f 057.16. The horizontal dotted line represents the average reflectivity^R&
50.479 predicted by the mSXW model. The triangles-dotted line represents Soffer’s reflectivityRS @Eq. ~5!#. ~b! Reflectivity R character-
izing electron-surface scattering predicted by mSXW theory, for a film where the average ACF is described byf (x,y)5d2 exp@2(x2

1y2)/j2#, with d52.00 nm, j50.480 nm, plotted as a function of cos(u). The horizontal-dotted line represents the average reflecti
^R&50.903.~c! Reflectivity R characterizing electron-surface scattering predicted by mSXW theory, for a film where the average A
described byf (x,y)5d2 exp@2(x2 1y2)/j2#, with d53.40 nm, j50.480 nm, plotted as a function of cos(u). The horizontal-dotted line
represents the average reflectivity^R&50.957.~d! Reflectivity R characterizing electron-surface scattering predicted by the mSXW the
for a film where the average ACF is described byf (x,y)5d2 exp@2(x2 1y2)/j2#, with d511.7 nm,j50.480 nm, plotted as a function o
cos(u). The horizontal-dotted line represents the average reflectivity^R&50.995.
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V. DISCUSSION

A. Average autocorrelation function

Although the electrons are scattered by the individual c
rugations they find when approaching the rough surface
the theoretical treatment of electron-surface scattering, u
ally an average is performed over all corrugations found
the rough surface, such that the final answer depends
some average property of the surface, rather than on the
dividual corrugations. Theaverage corrugationsof a ran-
domly rough surface are often assumed to exhibit cer
symmetry that the individual corrugations do not necessa
possess. In quantum theories of electron-surface scatte
theaverageACF is often assumed to be isotropic.4–6,8,10,17,18

This means that, iff (x,y) denotes the ACF defined by Eq
~3!, it is expected that after averaging over the surface p
file, f (x,y)5 f (Ax21y2). Nevertheless, as pointed out
Sec. IV B, the autocorrelations computed from individual i
ages recorded on this film certainlydo not satisfy this prop-
erty. It takes a number of the order of 20 images~or larger!
recorded atrandom locations of the sample, to obtain a
average ACF that is very nearly isotropic.

B. Amplitude of the roughness and scale of distances

An interesting prediction of the mSXW formalism con
cerns the scale of distances over which corrugations
or-
, in
su-
in
on
in-

ain
rily
ring,

.
ro-
n

-

n

-
ake

place, and their relative contributions to size effects. As
lustrated in Figs. 3~a!–3~d! and Figs. 4~a!–4~d!, the corruga-
tions that determine a specularityR, significantly smaller
than unity, are those taking place over a scale of distan
that is large compared with atomic diameter, but small co
pared with a mesoscopic scale; a scale of distances com
rable tolF ~in gold, lF50.52 nm) to within one order of
magnitude. Electrons colliding with corrugations that ta
place over mesoscopic scales of distances~tens of nm! or
larger have only a minor influence on size effects in go
films. Electrons colliding with such corrugations under
nearly specular scattering.

The results presented indicate that the mSXW theory
able to select the scale of distance over which corrugati
take place, leading toR'1 for corrugations taking place
over scales of distances that are long when compared
few lF , andR,1 for corrugations taking place over scal
of distances that are comparable tolF ~to within an order of
magnitude!. The ability of the theory to select the corrug
tions that take place over a scale of distances that is com
rable tolF , as the corrugations that actually do contribute
size effects~in the sense that they lead toR,1), is deter-
mined by the height-height ACF. As illustrated by Fig
3~a!–3~d! and Figs. 4~a!–4~d!, when the amplituded grows
larger than the wavelength of the carrierlF , the reflectivity
R increases with increasingd and it rapidly approaches unity
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The issue regarding the size of the corrugations and
scale of distance over which they take place can be vie
from a somewhat different perspective. The SXW theory i
perturbation theory, that uses wave functions labeled b
wave vectorkz that is quantized as a consequence of
electrons being confined between two parallel potential b
riers. It is assumed that the presence of the rough sur
does not alter this description; in this sense the presenc
the rough surface is considered a perturbation. However,
upper and lower surfaces of the metallic film are certai
not parallel to each other; this is well illustrated by the a
plitude d511.7 nm of the ACF measured in the scale
600 nm3600 nm. The question naturally arises: How rou
can the surface be before the effect of the roughness ca
longer be considered a perturbation and the mSXW form
ism breaks down? As discussed in Ref. 11, the answe
subbands with well-defined labelsqn5np/t will be observ-
able as long as the rms height fluctuationz(L0) would sat-
isfy z(L0)<lF , where

z~L0!5A^@h~x,y!2^h~L0!&#2,

h(x,y) represents the height measured at position~x, y!, the
symbol ^ & denotes an average over an areaL03L0 ,L0
52(td)1/2, whered is the lattice constant,t the film thick-
ness, andlF denotes the relevant scale of distance in
problem, the Fermi wavelength. The lattice constant m
sured via x-ray diffraction, isd50.235 nm; thereforeL0
58.1 nm.

We evaluatedz(L) for the 20 images used to compute t
ACF shown in Fig. 3~a! selecting for each image a submatr
of 1283128 pixels corresponding toL510 nm. The average

FIG. 5. Resistivity plotted as a function of temperature. Do
resistivity measured on a 70 nm thick gold film, corrected for th
mal contraction. White dots: bulk resistivity corresponding to t
70-nm gold film, calculated using mSXW theory and an ACF d
scribed by f (x,y)5d2 exp@2(x21y2)/j2#, with d50.455 nm, j
50.480 nm. Dotted line: Bulk resistivityr0(T) described on the
basis of a Bloch-Gruneisen model, using Eq.~4!, rR

515.072 nV m, the constantsA529.427 nV m, B529.8996
31024; C53.399431022, andu5172.1 K. Solid line: film resis-
tivity r(T) described on the basis of a Bloch-Gruneisen model
ing the parametersrR , A, B, C, andu quoted, and the ratios/s0

5r0 /r predicted by mSXW theory.
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of z(L) over the twenty 10 nm310 nm images is 0.45 nm
indicating that the film has a smooth texture over distan
of the order of 10 nm. Within the 20 images we found 2 f
which z(L).1 nm; these correspond to steep valleys t
are remnants of grain boundaries. These valleys are s
rated by large distancesD of the order of several hundred nm
@Fig. 1~c! from Ref. 15#, the typical lateral dimensions of th
crystalites that coalesced to form the film. If the 2 images
which z(L).1 nm are deleted, the average ofz(L) over the
remaining 18 images is 0.35 nm.

These figures illustrate that in spite of the fact that the
nm thick gold film is rough over distances that are long wh
compared toL510 nm, the film exhibits a surface that
smooth~to within one electron wavelength! over distances
L<10 nm, except perhaps near valleys that are the remn
of grain boundaries. Consequently, the perturbative appro
of mSXW theory retains its validity.11

C. Angular dependence of the reflectivity

One of the new results reported in Sec. IV C that requi
an explanation, is a surface reflectivity that approaches z
for a certain angle. This may be understood in terms of
white-noise model used by SXW. IfQ0 is the momentum-
independent self-energy of the electron gas in the lowest
der within the white-noise approximation, then the reflect
ity is given by R@ f ,cos(u)#5$@12f cos(u)#/@11f cos(u)#%2.10

If the surface profile is such thatf .1, then the reflectivity
will approach zero for an angle given approximately
cos(u0)51/f . The dimensionless parameterf 5kFQ0 is pro-
portional to the ‘‘strength’’ of the delta function describin
the ACF in ~x, y! space—the constant that multiplies th
delta function. In practice,f is determined by how deep ar
the valleys and how tall are the hills found in the surfa
profile. For the film reported here, characterized by the
erage ACF displayed in Fig. 3~a! described by a Gaussia
with d50.455 nm andj50.480 nm, the reflectivity ap-
proaches zero for cos(u0)50.13969. The corresponding d
mensionless parameter isf 051/cos(u0)57.16. The white-
noise reflectivityR@ f 0 ,cos(u)# is plotted in Fig. 4~a!.

Increasing the scale of distance over which the surf
roughness is measured, makes the hills taller and the va
deeper. This translates into an increasing ‘‘strength’’ of t
delta function describing the experimental average ACF w
increasing scale of distances, as shown in Figs. 3~a!–3~d!.
Consequently the parameterf increases, and the angle fo
which the reflectivity approaches zero decreases, until it
comes smaller than the smallest angle allowed by the mo
of a particle in a box, cosu15p/(tkF)50.0037.

D. Electron-surface scattering and bulk resistivity

The measured film resistivityr(T), as well as the corre-
sponding bulk resistivityr0(T) calculated by means of th
iterative process outlined in Sec. II, are plotted in Fig. 5. T
resistivity r of this 70-nm gold film increases by roughly
factor of 4 between 4 K and 300 K, and so does the corr
sponding bulk resistivityr0 . However, the resistivity mea
sured on our 70-nm film at 300 K is about 3 timesr I(300)
522.49 nV m, the intrinsic resistivity of goldr I ~arising
solely from electron-phonon scattering! at 300 K.13 This in-
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dicates that the resistivity of our film is probably limited b
impurities, in spite of using gold wire 99.99% pure as t
starting material. This is also reflected in the fact that if E
~4! is used to describe the temperature dependence ofr0(T),
then a constantA529.427 nV m and a residual resistivity
rR515.07 nV m are required. This constantA is more than
twice the constantA512.359 nV m recommended by Matula
for crystaline gold,13 and the residual resistivityrR
515.07 nV m is almost as large asr I(300). Therefore, the
temperature dependence ofr0(T) predicted by mSXW
theory in our 70-nm film is inconsistent with the Bloch
Gruneisen description of electron-phonon scattering in c
taline gold, and this is probably a consequence of the
hanced resistivity arising from impurities in our film.

Sambles, Elsom, and Jarvis~SEJ! published measure
ments of the resistivity of films deposited by thermal evap
ration of gold on mica, prepared under conditions of eva
ration ~temperature of the substrate, 280 °C, speed
evaporation, 5 nm/min! which are similar to ours~tempera-
ture of the substrate, 300 °C, speed of evaporation, 6
min!, except for the fact that SEJ used gold 99.999
pure.15 SEJ prepared films in which the lateral dimensionD
characterizing the crystalites that make up the samples
also in the range of several hundred nm@Fig. 1~c! of Ref.
15#. Some of the SEJ samples also satisfy the condition
D should be about an order of magnitude larger thant to
minimize the effect of grain boundary scattering~Sec. 3!.
SEJ measured the resistivity of the gold films between 2
300 K.

At this point it seems appropriate to clarify similaritie
and differences between the resistivity data of our 70-
film and the thinner SEJ films; a comparison of the resistiv
of our 70-nm film and the SEJ 80-nm film has be
published.12~b! At room temperature our resistivity data
almost 3 times larger than the intrinsic resistivityr I(300)
522.49 nV m expected purely from electron-phonon scatt
ing in crystaline gold. This is in contrast to the SEJ resist
ity data, which at 300 K is some 20% to 30% larger th
r I(300). As already published, a plausible explanation
this discrepancy may be the fact that the purity of our st
ing material, 99.99%,is 2 orders of magnitude lower tha
the purity of 99.9999% used by SEJ.12

Since SEJ samples exhibit a resistivity close to that
pected from crystaline gold, and were evaporated usin
speed of evaporation and a substrate temperature clos
what we used in preparing our 70-nm film, we may wond
what the predictions of mSXW theory would be if the S
samples had a surface characterized also by a Gaussian
with d50.455 nm andj50.480 nm. To answer this questio
we proceeded to analyze the data corresponding to the
films and calculated by means of the iterative process
lined in Sec. II, for each of the 4 thinner SEJ films and
each temperatureT, the corresponding bulk resistivityr0(T)
predicted by mSXW theory using a Gaussian ACF with
parametersd andj measured on our 70 nm film. The inte
esting result is that for the 4 thinner SEJ films, the tempe
ture dependence ofr0(T) predicted by mSXW theory turn
out to be consistent with Eq.~4!, using the constantsA, B, C,
andu recommended by Matula for crystaline gold, but wi
slightly different residual resistivitiesrR for each film. We
excluded from the analysis SEJ films thicker than 126 n
.
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for two reasons:~i! the thickness of these films begins bein
comparable to the lateral dimensionD characterizing the
grains, therefore one might expect enhanced grain-bound
scattering in these thicker films;~ii ! the thicker films were
shown to be polycrystaline when examined by reflecti
high-energy electron diffraction.15

The fact thatr0(T) predicted by mSXW theory for the
four SEJ films is consistent with what is expected fro
electron-phonon scattering plus electron-impurity scatter
in crystaline gold, means that the resistivity computed fro
the Bloch-Gruneisen model and from the ratios(T)/s0(T)
predicted by mSXW theory, should be comparable to t
measured film resistivy. This is, indeed, the case: In Fig
we plot the original SEJ data as a dotted line, and the th
retical predictions as a solid line, in the same double log
rithmic scale used by SEJ. The predictions are based o
Bloch-Gruneisen model@Eq. ~4!# describing electron-phonon
scattering in the bulk, corrected for the ratios/s05r0 /r
predicted by mSXW theory@Eq. ~2!# describing electron-
surface scattering. The interesting result is that the resid
resistivity predicted by mSXW theoryturns out to be differ-
ent for films of different thickness—despite the fact that the
films were evaporated under similar conditions
evaporation—and decrease as the thickness of the film
creases; this is at variance with the constant residual resis
ity ~independent of film thickness! that has been assumed fo
several decades in the analysis of size-effect data. This m
be expected if thicker films had a smaller concentration
impurities than thinner films, something consistent with t
fact that at 4 K, the bulk mean free pathl predicted by
mSXW theory grows larger as the film grows thicker.

It is interesting to note that on these films, which are ov
100 atoms thick, the increase in resistivity induced
electron-surface scattering predicted by theory atT<10 K,
amounts to 17% in our 70-nm film, and roughly 42% to 53
in the SEJ films. It is also interesting to note that the res

FIG. 6. Dotted line: resistivity of the 35, 53, 80, and 126 n
thick gold films on mica reported in Fig. 3~a! of Ref. 15. Solid line:
film resistivity r(T) described on the basis of a Bloch-Gruneis
model, using Eq. ~4!, rR as listed, and the constantsA
512.359 nV m, B529.899631024; C53.399431022; u
5172.1 K from Ref. 13, and using the ratios/s0 predicted by
mSXW theory for an ACF described byf (x,y)5d2 exp@2(x2

1y2)/j2#, with d50.455 nm,j50.480 nm.
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tivity ratio RR5r0(300)/r0(4.2 K) predicted by theory, is
4.57 in our 70-nm film, and it is 4.50, 7.52, 13.1, and 21.9
the SEJ-35, SEJ-53, SEJ-80, and SEJ-126-nm fil
respectively.

As shown in Fig. 6, we have reproduced approximat
~to within 7% or better! the temperature dependence and
thickness dependence of the resistivity of these four S
films between 4 and 300 K, using mSXW theory and
Gaussian ACF characterized byd50.455 nm and j
50.480 nm,without using any adjustable parameter. There
is an interesting corollary to this unexpected result: If t
surface of the SEJ films were described by a Gaussian c
acterized by the same parameters~d, j! we measured on ou
film, then grain-boundary scattering would contribute ve
little to the resistivity of the four SEJ films we have an
lyzed, since the data seems approximately represente
mSXW theory describing electron-surface scattering co
bined with a Bloch-Gruneisen model that describes electr
phonon scattering in the bulk,and neither of these mode
include grain-boundary scattering.

E. Comparison between the mSXW theory and other theories

At this point it seems appropriate to compare the pred
tions of the mSXW theory with those based on various ot
models that have appeared in the literature.

1. Fuchs-Sondheimer model

The first and by far the most popular model used for ma
decades, is the FS model. Since in the FS theory,R is an
adjustable parameter that is assumed to be independent o
momentum of the electron, and in the mSXW theoryR de-
pends on the angleu between the momentum of the incom
ing electron and the normal to the surface, the question ar
regarding which constantR should be used in the classic
theory, to compare the FS model with the mSXW mod
One natural way to perform such a comparison is to cho
the average of the quantum reflectivityR5^R(u)& predicted
by theory. For the film 70 nm thick, the mSXW theory pr
dicts ^R(u)&50.479 in the case of a Gaussian ACF. Acco
ing to a comparison between the FS theory and the mS
theory already published,11 the FS model overestimates th
effect of electron-surface scattering by an amount that
creases with increasing mean-free-path, due to the fact
the angular dependence of the reflectivityR is completely
ignored in the FS model.

At temperatures between 4 and 10 K, the bulk mean-fr
pathl predicted by mSXW in our 70-nm film is about 55 nm
and it is 134 nm in the SEJ-35, 229 nm in the SEJ-53, 4
nm in the SEJ-80, and 757 nm in the SEJ-126 film, resp
tively. At temperatures below 10 K, the predictions of the
model coincide~within 1%! with the predictions of the
mSXW model in our sample, becausel /t,1, but FS overes-
timates the effect of electron-surface scattering in the S
films by an amount around 12%, because in these filmsl /t
.1.

2. Soffer’s model

Another model that has been used to analyze size e
data is a model proposed by Soffer.19 Soffer assumes that th
motion of the electrons within the metal film is correct
s,
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described by a BTE, and introduces the effect of surfa
roughness via boundary conditions similar to those used
the FS model, except that Soffer’s reflectivityRS is assumed
to depend onu:

RS~u!5expF2S 4pd

lF
cos~u! D 2G , ~5!

wherelF is the Fermi wavelength andd is the rms amplitude
of the surface roughness. A modification of this model
include grain-boundary scattering was used by SEJ to a
lyze their data. Fitting the temperature and the thickness
pendence of the data measured on six films between 2
300 K, using a model containing five adjustable paramet
SEJ arrive at the conclusion thatr 5d/lF'0.05, and conse-
quentlyd'0.026 nm, about one-tenth of an atomic diamet
The value ofd measured with the STM on our 70-nm film
about 17 times larger. Ford50.455 nm, Soffer’s reflectivity
@plotted in Fig. 4~a!# leads to an average reflectivit
^RS(u)&'0.079, and hence to predominantly diffuse scatt
ing. If Soffer’s theory is to agree with the data ford
50.455 nm, then the resistivity measured on the SEJ fi
should have been about one order of magnitude larger
observed.

Data recorded on samples measured with the STM du
the preparatory experiments, indicate that in a continu
film prepared by thermal evaporation of gold on mica, t
roughness measured on a nanometric scale is characte
by a rms amplituded that is comparable to the Fermi wave
lengthlF . This implies that Soffer’s model leads to esse
tially diffuse scattering in these films.

3. Elsom and Sambles’s model

Elsom and Sambles~ES! published a model to account fo
the effect of the macroscopic surface roughness on the
ductivity of thin metal films.20 ES calculated numerically the
conductance of a two-dimensional rectangular grid of c
ductances whose values are derived from a thickness mo
The thickness model used to approximate the structure of
metal film, consists of a random distribution of partial
overlapping chopped cones, with the cone height and b
radii chosen to have a Gaussian spread about some m
values. Local surface roughness is accounted for by us
Soffer’s theory, to convert the grid of thicknesses into t
corresponding conductances. This demanded the intro
tion of an effective bulk mean-free-path, which was used
scale the dimensions of the model to the real film. The pr
cipal variables involved in this model, are the mean co
base radius, the cone angle and the chopping fraction of
cones.

This model describes thethickness dependence of the r
sistivity of metal films that are grown nonepitaxially, whic
are in their initial stage of growth. At this stage the film is a
structure formed by islands that are beginning to condu
and where grain-boundary scattering plays a central r
once the islands begin to merge with increasing film thic
ness. Consequently, in the ES model the resistivity of
film is almost certainly dominated by grain-boundary scatt
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ing and perhaps by percolation through the islands. By c
trast, in the mSXW model the film is assumed to be acon-
tinuous epitaxial film, and the mSXW theory describes th
resistivity of the epitaxial film that exhibits a contributio
due to surface scattering, with the contribution dominated
electron-surface scattering at the upper and lower surface
the film. Thusthe ES model applies to a charge transpo
regime, which is the opposite of that described by the mS
model.

F. Conclusion

This paper departs from the traditional method of anal
ing size-effect data. On the one hand, we have used a q
tum formulation in which the reflectivityR of the surface is
entirely determined byQ@ t,d,j,cos(u)# via Eq. ~1!, where
the functionQ@ t,d,j,cos(u)# represents the dissipative pa
of the self-energy of the electron gas due to electron-sur
scattering. Rather than assuming a constantR ~e.g.,R inde-
pendent ofu, and the same for films of different thickness!,
we have used a reflectivity that not only depends onu, but
depends as well on the thicknesst, and on the parametersd
andj characterizing the roughness of the film. We replac
the strong assumption thatR is the same in our 70-nm film
and in the SEJ films, by the weak assumption that, beca
our film and the SEJ films were prepared—with the exc
tion of the purity of the starting material—under similar co
ditions of evaporation, then the parametersd andj should be
about the same. Impurities in the range of 1 part in 104 or 1
part in 106 should have little incidence in the surface roug
ness measured with the STM, for impurities distributed
random in such a small concentration may affect the
served resistivity of the film but are not expected to mod
its roughness profile, for the images recorded with the S
do not depend on the particular resistance of the sample
long as it is a conductor.

On the other hand, rather than assuming that the b
resistivity r0—the resistivity that would be observed in th
absence of surface scattering—is the same for films of
ferent thickness prepared on different evaporation runs un
similar conditions of evaporation, wecalculatedr0 using the
mSXW model and our surface roughness data, and fo
thatr0 predicted by theory consists of two contributions:~a!
the intrinsic temperature-dependent resistivityr I(T) arising
from electron-phonon scattering, which~if not masked by
impurities! is the same for films of different thickness an
coincides with the Bloch-Gruneisen model in crystalli
gold; and~b! a temperature-independent residual resistiv
rR that changes from film to film, even though the films we
evaporated under similar conditions. A consequence of
finding is that the resistivity ratio RR predicted by theo
changes by almost one order of magnitude from the SEJ
film to the SEJ-126 film.

The fact that the rms surface roughness measured on
70 nm film turns out to be17 times largerthan the value
inferred by SEJ from fitting the temperature and the thi
ness dependence of the resistivity measured on a famil
gold films of different thickness,using a model containing
five adjustable parameters, casts doubts on the validity o
both the theoretical model used in fitting the resistivity d
~Soffer’s reflectivity and the central role assigned to gra
n-
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boundary scattering in the SEJ films!, as well as on the un-
derlying assumptions that constitute the basis for the par
eter fitting of resistivity data that has dominated the literat
for several decades. The discrepancy of nearly a factor o
between the measured and the inferredd reported here cast
doubts on the validity of data analysis performed by fitti
parameters describing the surface roughness to a set of r
tivity data, unless the fitted parameters agree, at least
proximately, with the roughness of the filmsmeasured in an
independent experiment. This discrepancy underlines th
need of revisiting transport measurements on thin meta
films, and the need of cross-checking the parameters cha
terizing the surface roughness obtained by fitting transp
data, with direct measurements of the surface roughnes
the films performed on a nanometric scale with a scann
probe microscope capable of atomic resolution.

To our knowledge, this is the first paper in which th
temperature dependence and the thickness dependence
resistivity predicted by a theory, that uses as input the inf
mation contained in the surface roughness measured o
nanometric scale in an independent experiment, agrees
proximately with the resistivity measured on a set of th
metallic films. The theory contains no adjustable param
eters. However, sincethe roughness and the resistivity we
measured on different filmsprepared under similar condi
tions of evaporation—except for the purity of the starti
material—the analysis presented might be considered as
dence supporting the mSXW theory, but certainly may n
be considered a proof of its validity until the surface roug
ness and resistivity are measuredon the same filmon various
samples of different thickness.

The results presented cast doubts on the validity of d
analysis performed by fitting parameters describing the s
face roughness to a set of resistivity data without direc
measuring these parameters in an independent experim
This paper cast doubts on two of the central assumptions
have been used for decades to analyze size-effect dat
families of films prepared under similar conditions of evap
ration: The assumption that the reflectivityR is a constant
independent of the momentum of the electron and is co
mon to all members of the family, and the assumption t
the bulk resistivityr0 is common to all members of th
family.

VI. SUMMARY

This paper reports on the application of a modified v
sion of the theory of Xeng, Xing, and Wang~mSXW!11 and
illustrates how measurements of the roughness of the sur
of a metallic film can be used to calculate the resistivity
the film attributable to electron-surface scattering from fi
principles,without free parameters. We report measurement
of the resistivityr(T) of a gold film 70 nm thick deposited
on mica preheated to 300 °C in UHV, performed betwee
and 300 K, and measurements of the surface topograph
the same film performed with a STM. From the roughne
measured with the STM we determine the parametersd ~rms
amplitude! andj ~lateral correlation length! corresponding to
a Gaussian representation of the average ACF data. We
the parametersd andj determined via STM measurements
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calculate the quantum reflectivityR, and the increase in re
sistivity induced by electron-surface scattering on this fil
according to mSXW theory.

The results indicate that the mSXW theory is able to
lect the appropriate scale of distance over which corrugat
take place, leading toR'1 for corrugations taking place
over scale of distances that are long when compared to a
lF , and R,1 for corrugations taking place over scale
distances that are comparable tolF ~to within an order of
magnitude!. The reflectivity R determined by corrugation
occurring over a scale of distances comparable tolF is such
that it approaches zero for a certain angle.

With the parametersd andj measured on our 70 nm thic
film, we reproduced approximately~to within 7% or better!
the thickness and temperature dependence of the resis
~between 4 and 300 K! of several gold films on mica re
ported by Sambles, Elsom, and Jarvis.15

The results presented underline the need of revisi
transport measurements on thin metallic films, and the n
of cross-checking the parameters characterizing the sur
roughness—obtained by fitting transport data—with dir
measurements of the surface roughness of the film perfor
with a scanning probe microscope capable of atomic res
s
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tion. This paper casts doubts on two of the central assu
tions that have been used for decades to analyze size-e
data on families of metal films of different thickness pr
pared under similar conditions of evaporation: The assum
tion that the reflectivityR is a constant independent of th
momentum of the electron and the same for films of differ
thickness, and the assumption that the bulk resistivityr0 is
common to all members of the family. The results of th
paper suggest that the relevant quantities controll
electron-surface scattering in continuous gold films of ar
trary thickness, are the parametersd and j describing the
average ACF that characterizes the surface of the sampl
a nanoscopic scale, in agreement with the accepted view
garding the conductivity of ultrathin films.
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