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We report measurements of the resistiyifyT) 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 microscd®d M). From the roughness measured with the STM we
determine the parametes(rms amplitude and ¢ (lateral correlation lengjhcorresponding to a Gaussian
representation of the average height-height autocorrelation fun@iof). We use the parametessand ¢ to
calculate the quantum reflectivizand the increase in resistivity induced by electron-surface scattering on this
film, according to a modified version of the theory of Sheng, Xing, and War8XW) [Munozet al, J. Phys.:
Condens. Mattefl1, L299 (1999]. The mSXW theory is able to select the appropriate scale of distance over
which corrugations take place, leadingRe=1 for corrugations taking place over scales of distances that are
long when compared to a few Fermi wavelength, andR<1 for corrugations taking place over scales of
distances that are comparable X@ (to within an order of magnitude The reflectivity R determined by
corrugations ocurring over a scale of distances comparablg- tapproaches zero for a certain angle. The
resistivity p(T) of the film increases by roughly a factor of 4 between 4 and 300 K, and so does the bulk
resistivity po(T) predicted by mSXW theory. With the parametéand ¢ measured on our 70-nm film, we
reproduced approximately the thickness and temperature dependence of the regigiwigen 4 and 300 K
of several gold films on mica reported by Sambles, Elsom, and J&hitos. Trans. R. Soc. London, Ser. A
304, 365(1982], without using any adjustable parameteiie results of this paper suggest that the relevant
guantities controlling electron-surface scattering in continuous gold films of arbitrary thickness, are the param-
etersé and¢ 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.

I. INTRODUCTION of the carrier, the Fermi wavelenghty: ,* which for several
metals is in the range of nanometers. The invention of the
One of the fundamental problems in solid-state physicscanning tunneling microscog8TM) has opened the possi-
that has attracted the attention of researchers for over sixtjility of directly measuring surface roughness within the
years, relates to the effect of electron-surface scattering oscale set by\r.
the transport properties of thin metallic and semiconducting There is experimental evidence supporting the argument
films. One of the central issues is how the surface of theutlined above. Schumacher performed a series of carefully
structure affects its electrical transport properties, when oneontrolled experiments, evaporating silver onto glass slides
or more of the dimensions characterizing the structure arfeld at 225 K under UHV; the films were annealed at 350 K
comparable to or smaller than the mean-free-path of thafter evaporation to achieve minimum resistance. A varying
charge carriers; what is known as “size effects.” amount of silver atoms was further evaporated at low tem-
One of the complexities associated with size effects iperatures T<100K) onto the annealed films and the resis-
related to the scale of distances involved. Arguments stentivity of the films was observed to increase by a few percent
ming from the wavelike nature of the electron and fromwith the addition of less than a monolayerowever, direct
wave optics have been applied to describe the collision besvidence reporting the resistivity and the surface roughness
tween the electrons and the surface. These arguments poimieasured on the scale set by on the same filnappears to
to the fact that, for the surface roughness to have an influendge missing.
on the charge transport properties of the film, the scale of The theoretical work concerning size effects focused for
distances over which the surface roughness takes place antany decades on the Fuchs-Sondhei(®&) theory. FS de-
the typical amplitude of the surface roughness, should bscribe the motion of electrons in the metal film by a Boltz-
comparable to or smaller than the characteristic wavelengttnann transport equatiofBTE), where the effect of the
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rough surface is incorporated into the boundary conditions The experimental work related to size effects in thin metal
that must be satisfied by the electron distribution function vidilms, during several decades, relied on the method(iof:
a specularity parametd®, which represents the fraction of preparing families of samples of the same material but of
electrons G=R<1 that are specularly reflected upon collid- different thickness under similar conditions of evaporation;
ing with the rough surfac&® (ii) measuring one or more of the transport properties of the
It is well known that this approach is inadequate for verydifferent members of the family, most commonly the resis-
thin, high-purity samples where the film thicknass much  tivity; (iii) fitting the theoretical models to the thickness
smaller than the bulk mean-free-pdttOn the one hand, for and/or the temperature dependence of the data and adjusting
ultrathin high-purity films, the conductivity of the film is the parameters provided by thedspecularity parameteR,
known to exhibit a stepwise increase with increasing filmbulk conductivityo,, and in some cases the rms roughness
thickness, as a consequence of the quantization of the eleamplitudes).
tronic energy levels induced by confinement of the electron The data analysis often proceeds from the assumption that
gas between two parallel potential barriers; what is known ashe specularity parameteR characterizing a family of
quantum size effectdQSE. The modeling of electron mo- samples of the same material prepared under similar condi-
tion via a BTE with FS boundary conditions, does not ac-tions of evaporation is the same, independent of the film
count for QSE. On the other hand, in the lihit-o0, the FS  thickness, and is a constant independent of the momentum of
conductivity diverges as Itif), implying that when the con- the electron. The lack of direct measurementsSaind £ in
ductivity of the film is limited only by electron-surface scat- an independent experiment so far has preventeéréica-
tering, there is no dissipation, an unphysical result that ariseon of whether or not the parameters characterizing the sur-
from the omission of quantum effects in the classical theoryface roughness inferred from fitting the resistivity data on
To overcome these shortcomings, a number of quanturfamilies of thin metal films prepared under similar condi-
transport theories applicable to several special cases haviens of evaporation, actually do correspond to the surface
been published-8 The quantum transport theories succeededoughness measured on these filiihie availability of a
in describing the experimental data in ultrathin films of theory that permits the calculation of size effects from first
CoSi.° principles, from the parameterd and ¢ that describe the
The goal of theoretical research on size effects has been wurface profile, together with the invention of the STM that
build a formalism that would permit the prediction of both makes possible the direct measurement @ind ¢ on a na-
the reflectivity R characterizing electron-surface scatteringnometric scale, permits a reversal of the trend based on pa-
and the increase in resistivity due to size effects from firsrameter fitting of resistivity dataithout independent verifi-
principles, from the information contained in the surfacecation that has dominated experimental research on size
roughness profile. A significant step towards this goal is theeffects for decades.
theory of Sheng, Xing, and Wan@XW), that unifies the This paper reports on the application of the mSXW
available quantum transport theories applicable to the differtheory, and illustrates how measurements of the roughness of
ent special cases with the classical FS formafisthhSXW  the surface of the sample can be used to calculate the resis-
abandoned the model in which the motion of electrons in theivity of the film induced by electron-surface scattering. We
metal film is described via BTE. They calculated instead theeport measurements of the temperature dependent resistivity
Green’s function describing electrons confined within twop(T) of a gold film 70 nm thick deposited on mica preheated
potential barriers, one of which is flat, the other is a ran-to 300°C in UHV, performed between 4 and 300 K, and
domly rough surface. SXW computed the dissipative part oineasurements of the surface topography of shmefilm
the electron self-energy due to electron-surface scattering iperformed with a STM. From the roughness measured with
the presence of the rough surface using Dyson’s equationhe STM we determine the parametérand £ corresponding
and proceeded to calculate the conductivity of the film usingo a Gaussian representation of the average ACF. We use the
the Kubo transport formalism. However, in their treatment,parameter$ and¢ to calculate the reflectivitiR and the bulk
SXW modeled the surface roughness by a white-noise suresistivity po(T) according to mSXW theory. We chose to
face profile, assuming that the Fourier transform of theanalyze the surface roughness data using a Gaussian rather
height-height autocorrelation functigACF) which on aver-  than an exponential representation of the ACF, because
age characterizes the surface, is a constant independent of tthdifications have been proposed to the FS theory where a
in-plane momentunt? This white-noise approximation se- Gaussian representation of the surface roughness has been
verely limits the predictive power of the SXW formalism. employed. In this paper we compare the predictions of dif-
We have recently proposed a modified version of SXWferent versions of the classical theories with the predictions
theory (MSXW) that permits the calculation of both the re- of mSXW theory using a Gaussian representation of the
flectivity R and the increase in resistivity attributable to ACF, with the parameters§ and £ measured in an indepen-
electron-surface scattering, in films in which the averagedent experimentSuch comparisons will reveal interesting
ACF is described either by a Gaussian or by andifferences between mSXW theory and other theories.
exponential! The mSXW theory permits the calculation of  This paper is organized as follows: In Sec. Il we present a
the reflectivityR and of the ratio of film conductivityr to  brief outline of mSXW theory. In Sec. Il we present experi-
bulk conductivityo attributable to electron-surface scatter- mental details concerning the sample preparation and the
ing, in terms of the paramete&s(the rms amplitude of the measurements. In Sec. IV we present the results of this pa-
ACF) and ¢ (the lateral correlation length of the ACBn a  per: the structure of the films, the average ACF’s that char-
nanoscopic scale for either of the two models, Gaussian aacterize the surface of the film in different scales of length,
exponential, in a continuous film of thicknes' and the reflectivityR predicted by mSXW theory for each of
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the different scales of length for a Gaussian representation afhereS denotes the surface of the samplgs (x,y) stands
the ACF. We present as well the film resistiviggT) mea-  for the in-plane coordinates, ahda,) represents the random
sured between 4 and 300 K on this film, and the correspondaeight characterizing the surface roughness with respect to
ing bulk resistivity po(T) predicted by mSXW theory. In the average surface att. The quantity measured with the
Sec. V we discuss these results and in Sec. VI we present&TM is the functionh(a,).
summary of this paper. Notice that in the mSXW theonR ando are no longer
adjustable parametersThe availability of a theory that per-
Il. THEORY mits the calculation obr/o, from the knowledge of the pa-
rameterd s, £) that can be independently measured with the
The mSXW theory provides a way of calculating both the STM, suggests the traditional method of fitting parameters to
specularity functiorR and the increase in resistivity attribut- the conductivity data of a family of samples of different
able to electron-surface scattering from first principles, usinghickness—prepared  under  similar  conditions  of
information contained in the roughness profile, if the ACFeyaporation—should be abandonédnew method to com-
characterizing the surface of the sample is described eithgfare theory and experiment is requiteinowing (8, & we
by a Gaussian or by an exponential. SUmmariZing reSUltﬁnay use Eq_(Z) to compute the film Conductivitw_ How-
already published, the SXW theory leads to a quantum reforever, a difficulty arises because to perform this calculation,
mulation of the FS model, that includes the effects ofywe need to know ther, and | that characterize the bulk,
electron-surface scattering via a reflectivity param&énat  \hich, therefore, are not known apriofNevertheless, using

can be calculated from the mSXW theory, the parametets, and| can be deter-
) mined by means of an iterative process that has already been
R(k) = 1—sz(kn)) B published!? that proceeds as follows:
VT 14+ k,Q(k)) ) As a first approximation,(T) corresponding to each tem-

perature, can be calculated fron(T)=o(T)mvg/(ng?),

which is Eq.(7) in Ref. 10, whereQ(k,) represents the dis- whereo(T) is the conductivity of the film measured at tem-

sipative part of the self-energy of the electron gas due Qyq atyreT, mis the electron mass, is the Fermi velocity,
electron-surface scattering; with, =kg—kj, where ke the electron density, anglthe electron charge. This value
stands for the Fermi momentum akg= (ky,ky) represents i ysed to compute a first estimation[@f(T)/oo(T)];, us-

the in-plane momgntum. The ratio of the film conductiwity ing Eq. (2), 1=1,, and employing the parametefsand &
to bulk conductivity oy may be computed in terms of the getermined from the STM measurements. A corrected value
reflectivity R for | can then be computed frola=1,[oo(T)/o(T)];, and
N a new value off o(T)/oo(T)], can be calculated using
o 3811 EC 1- 2 =1, and Eq.(2). This process is repeated until the values of
7o 2T XoN, 24 Un(—un) [o(T) oo(T)]; and [o(T)/oo(T)];+ 1 between two succes-
sive iterationg andj+1 do not differ by more than 0.01%.
[1-R(up)][1-E4(uy)] ) We found that 5 to 15 iterations are sufficient to satisfy this
1-R(u,)Eq4(uy,) @ criterion, depending on temperature and on the purity of the

film.
wheret is the film thickness| the carrier mean-free-path in If grain boundary scattering is negligible compared to
the bulk—e and | represent the conductivity and mean- electron-surface scattering, if electron-surface scattering tak-
free-path that would be observed in a film having the sameng place at the lower surface of the filfim contact with the
concentration of impurities as the thin film, but thick enoughsypstratgis negligible compared to electron-surface scatter-
such that the effect of electron-surface scattering can beng taking place at the uppéexposed surface of the film,

neglectee— and if the resistivity arising from electron-impurity scattering
at 300 K is small compared to that arising from electron-
_0On _nm tke . phonon scattering at the same temperature, then the tempera-
n=7—=C0S0,=—, X,=—, N.=int(X,), L -
ke tke T ture dependent bulk resistivitgy(T)=1/0¢(T) computed

. ) through this iteration process should agree with that expected
where int(M) stands for the integer part &4, from electron-phonon scattering in crystalline gold. If the
5 parameters § &) chosen to describe the roughness of the
X :§[1_ E(&) (1+ i 14 1 ) surface and if the theory chosen to describe electron-surface
072 31 X N, 2N, scattering are correct, then the temperature dependence of
. po(T) determined according to this iteration process should
andEq(u,) =exd —t/(uyl)], which corresponds to EL1) of  he consistent with a Block-Gruneisen description as recom-
Ref. 10. The calculation of the electron self-ene@(k|) for  mended by Matula, using the constants A, B, C, @nalp-
the case in which the ACF is described by a Gaussiapyopriate for crystalline gold?
f(x,y)= 6% exfl — (x*+y?)/&] has been published.

The parameterg and ¢ are determined from the height- 3 BT 0—CT _
height surface ACF (r,) defined by po(T)=pr+Al 1+ —CT é = with
f(ry) S‘lf h(a,)h(a,+r,)d%a (3) b(x)=4 _5fx z°exp(2) @
= , ) — dx _zex
I s l I II I . [exqz)— 1]2



PRB 62 SURFACE ROUGHNESS AND SURFACE-INDUCED. .. 4689

wherepg stands for the temperature-independent residual re-
sistivity (attributed to impurity scatteringletermined by the < =
thin film resistivity p(4.2) measured at 4.2 K and by the ratio 3 g  Mica
po(4.2)Ip(4.2) predicted by theory. _
8| g
lll. EXPERIMENT 8ls= g8 8¢ 8
I 8}85"2':’ S 3g
We performed some preparatory experiments to select the | T2l ] ee e S
conditions of evaporation. The temperature of the substrate 30 60 90 120
300 °C, the speed of evaporation, 6 nm/min, and the thick- 2 __
ness of the film, 70 nm, were chosen such as to produce i E
continuous film where the influence of grain-boundary scat- l L T
tering would be minimized, for grain boundary scattering _ J N ) U
could influence the resistivity of the film but fot included
in the SXW theoryA necessary condition that might help 3'0 : 4'0 : 5'0 : 6'0 : 7'0 : elo : 9'0

minimizing grain-boundary scattering, is that the lateral di-

mension D characterizing the grains that make up the 20
samples should be at least one order of magnitude larger than
the thickness of the films for then the electrons are expected uscovite ruby mica, under UHV. The substrate was preheated to

to undergo an average of several quIIS|ons with the upperz]oo °C prior to deposition, evaporation rate was 6 nm/min. The Au
lower surface of the film before colliding with the boundary fyn \as characterized using crystallographic data card JCPDS-

of a grain. If th_e t_hickness of the films whose resistivity is 10 |cpp No. 4-784. The inset shows th26 spectra of the mica
be analyzed, is in the range of 100 nm, then the sampleg,pstrate before evaporation of the gold film.
should be made up of grains haviBgof the order of several
hundred nm. We paid particular attention to searching with the STM
The gold films were prepared by thermal evaporation offor direct experimental evidence of barriers existing between
2-mm diameter, 99.99% pure gold wilIATKEMI ) from a  adjacent grains. For this purpose we imaged with the STM
W basket onto 20 mix 10 mmx 0.15 mm Muscovite Ruby the valleys that are left after the grains coalesced to form the
mica slides (GOODFELLOW). The mica was freshly film. The bottom of these valleys look fairly smooth within
cleaved before evaporation. The stainless-steel evaporatan atomic scale. We did not find any sharp changes in the
was baked for many hours after loading the mica and th&TM signal recorded on these valleys on an atomic scale,
gold wire until reaching a pressure in the range ofthat mightindicate the presence of a barrier between adjacent
10 mbar. The thickness of the gold films was monitoredgrains.
during evaporation with a quartz-crystal oscillator that was Conductivity measurements were performed using the
calibrated with a profilometgiTENCOR). To avoid scratch-  four-probe method, running a current of 19@ pp at 160
ing the surface, the thickness was measured with the profild-lz, using SRS 830 lock-in amplifiers from Stanford Re-
meter after the surface roughness and the resistivity of thesearch. Data acquisition was computed controlled; the volt-
samples had been measured. During evaporation the pressage drop across the sample was averaged over 100 data
was in the range of I0 mbar. points, the relative error in the voltage readings is estimated
During the preparatory experiments designed to select that 2 parts in 10 000. The sample was mounted on a Cu block
conditions of evaporation, the morphology of the sampledocated in the variable temperature insert of the dewar of a 9
was examined using x-ray diffraction; the crystalographicT (JANIS) superconducting magnet. The temperature of the
structure of the films and of the mica was determined using £u block was maintained withirt0.1 K between 4 and 300
Siemens D-5000 x-ray difractometer. The samples were alsi.
examined using a scanning electron microsc(EM). The The crystalographic structure of the films and the mica
samples were kept under moderate vacuum in a dessicateras determined using a Siemens D-5000 x-ray difractome-
between the different experimental stepseasurements of ter.
the roughness with the STM, x-ray measurements, SEM
measurements, resistivity measurements, determination of IV. RESULTS
the thickness with the profilometer
The surface topography was measured with the STM run-
ning in air in the constant-current mode usigtips. STM The 6-260 spectrum is shown in Fig. 1 for a gold film 65
measurements were performed with a commercial OMI1m thick deposited on a mica substrate preheated to 300 °C.
CRON instrument, using tungsten tips 0.25 mm in diameteiThe rocking curve spectrum corresponding to ¢(h#&1) re-
and freshly etched in a 0.8 M NaOH solution. All images hadflection peak of Au is shown in Fig. 2. In this case both
256X 256 pixels. We verified that the images did not dependdetector and source moved together during the scan and
on the gap voltage nor on the tunneling current. Before im{ocked in a position initially fixed at an angle#2 38.314°
aging the gold samples, we verified that the freshly preparedorresponding to th€l11) peak of gold. The radiation used
W tips produced neat images of C atoms running on highlyvas theK« line of Cu, with a wavelength ,=0.154 nm.
oriented pyrolytic graphitdHOPQ. Tips that did not pro- The full width at half maximum(FWHM) of the gold(111)
duce neat images of C atoms on HOPG were discarded. peak is about 0.9°.

FIG. 1. 6-26 spectra of a gold film 65 nm thick deposited on

A. Structure of the films
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the roughness at the gold-mica interface, consists essentially
of cleavage steps. As already published, these cleavage steps
occur rather infrequently over the scale of distance of the
order of a few tens to a few hundred nm probed by the
electrons. Consequently, electron-surface scattering at the
gold-mica interface can be safely ignoréd.

B. STM images and autocorrelation functions

In order to explore different scales of length, we recorded
images with the STM under different experimental condi-
tions. Since the instrument exhibits a range of in-pleqe)
motion that spans over three orders of magnit(idem a
few tenths of nm to Jum), it is evident that images recorded
at a particular scale are likely to miss some of the details of

L . L . L . L . L the roughness that might occur over a scale of distances that

176 184 192 200 208 is either one order of magnitude larger or one order of mag-

e’ nitude smaller than the scale chosen for scanning, unless a
very large number of pixels per line is recorded. However,
FIG. 2. Rocking-curve spectrum corresponding to the peakecording a large number of pixels of a surface that is not
Au(11D. atomically flat, running in the constant current mode, re-
quires a scanning time of many minutes due to limitations on

The results shown in Figs. 1 and 2 contain some interestspeed imposed by the natural resonant frequencies of the
ing information: (i) The mica substrate is crystaline, and of piezoelectric scanner. A scanning time of many minutes
excellent quality, since we can detect reflection peaks up tmakes the images recorded sensitive to low-frequency noise
the 12th ordef0012); (ii) The gold film grew along direction and to thermal drift in the scanner, systematic errors which
(111) with its surface oriented perpendicular to directionare rather difficult to assess, thereby rendering questionable
(001) of the mica;(iii) The crystalites that make up the gold the large-distance information captured within the image. In
film may exhibit orientational azimuthal disorder along the order to avoid this difficulty, rather than recording an image
normal to the surface. However, any disorder other than azieomposed of many pixels, we chose to record images made
muthal disorder would destroy the local translational symmeeof 256x 256 pixels, and to change the scale of distance to
try within each grain, and therefore would introduce disordemeasure the surface roughness on different scales of length
in the reciprocal lattice associated to each grain. The effeabn different sectors of the sample chosen at random.
of disorder in the reciprocal lattice is to broaden and flatten To discard possible artifacts, we verified that the features
the (111 peak, such that the rocking-curve peak would ex-captured in these images were reproducible over several runs
hibit a FWHM considerably larger than 0.94Gy) The nar-  performed with the tip positioned on the same place at the
rowness of the rocking-curve pedkig. 2) indicates a very beginning of each scan and using the same scanning param-
small angular misalignmena# of the (111) direction of eters. We also verified that the image recorded while scan-
these crystalites with respect to tt@1) direction normal to  ning forwards was consistent with the image recorded while
the mica substrate, leading &09= +0.45°; (v) The position  scanning backwards; images that did not satisfy this consis-
of the Au(111) peak is = 38.314°, which corresponds to tency criteria were discarded. The details captured on the
a lattice constand=0.235nm; (vi) The width Af of the 20 nmx20 nm scale might include the effect of the radius of
rocking-curve peak, and the positiord238.314° can be curvature of the tip, for the image obtained is expected to be
used to obtain a rough lower-limit estimation of the lateralthe convolution of the surface profile of the film with the
dimensionD that characterizes the crystalites that coalescefinite radius of curvature of the tip. No attempt was made to
to form the film, using the Scherrer equatior) deconvolute the radius of the tip from the images.
=0.8n/(AfAcosh) [Eq. (4.3 in Ref. 14. The resultD The average ACF that characterizes the surface of a gold
~18nm is about one order of magnitude smaller than thdilm 70 nm thick on a scale of 10 ngil0O nm, is shown in
typical lateral dimensiorD of several hundred nm deter- Fig. 3@). It was computed as the average of 20 ACF's cal-
mined on these films from SEM images during the preparaculated according to E@3), from the surface roughness pro-
tory experimentgthe SEM images we obtained were quite files recorded at random locations of the sample on a scale of
similar to images already publishgfig. 1(c) from Ref. 19). 20 nmx 20 nm using periodic boundary conditiotffrom 20
This suggests that the narrowness of the rocking curve peaknages recorded with the STM containing 26856 pixels
A#=+0.45° islimited by instrumental resolution of the each. The peak at the origin is 0.353 Ative observed width
x-ray detector rather than by the lateral dimendiboharac- of the peak at FWHM is about 2 pixels.
terizing the grains. A dimensioD of several hundred nm is We verified that the autocorrelations calculated using pe-
about one order of magnitude larger than the film thicknessiodic boundary conditions are consistent with the autocorre-
t=70nm. Therefore, the condition necessary to minimizeations calculated using a window of 12828 pixels and
grain-boundary scatterin@ec. ll)) is satisfied. displacing this window over the entire frame of 25856

A direct consequence of the crystaline, excellent qualitypixels when calculating the surface integrgl. (3)].
of the mica substrate and the fact that the gold grew oriented The data representing the peak at the origin of the average
along (111 perpendicular to the surface of the mica, is thatACF displayed in the inset of Fig.(8 was fitted using the
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the surface roughness profiles recorded at random locations
of the sample on a scale of 200 800 nm using periodic
boundary conditions, from 24 images recorded with the STM
containing 25€& 256 pixels each. The peak at the origin is
11.5 nn? corresponding to a rms amplitude= 3.40 nm; the
observed width of the peak at FWHM is much less than 1
pixel.

The average ACF that characterizes the surface of the
gold film on a scale of 300 nm300nm, is shown in Fig.
3(d). It was computed as the average of 29 ACF’s calculated
from the surface roughness profiles recorded at random lo-
cations of the sample on a scale of 6000600 nm using
periodic boundary conditions, from 29 images recorded with
the STM containing 258 256 pixels each. The peak at the
0 o0 200 origin is 137 nmM corresponding to a rms amplitudé
Ko™ 00 10\2«% =11.7nm; the observed width of the peak at FWHM is

much less than 1 pixel.

FIG. 3. (a) Average of 20 ACF’s calculated from the surface  The interesting result displayed in FiggaB-3(d) is that,
roughness profiles recorded at random locations of the sample onalthough the individual ACF's computed from each of the
scale of 20 nnx20 nm using periodic boundary conditions, from 20 images recorded with the STM at random locations of the
images recorded with the STM containing 25856 pixels each(x, sample, at each scale of length, may differ by as much as one
y) represent the fast and slow scan directions, respectively. Therder of magnitude or more, and may exhibit quite different
inset shows the details of the X0 pixels that constitute the cen- structures such as bumps and undulations away from the
tral peak of the average ACKb) Average of 25 ACF's calculated origin alongx (fast scan directionor alongy (slow scan
from the surface roughness profiles recorded at random locations efirectior), the features away from the origin add out to
the sample on a scale of 60 mB0nm using periodic boundary nearly zero upon averaging the ACF’s corresponding to each
256x 256 pixels each(c) Average of 24 ACF’s calculated from the plus some noise. The width of the central peak that repre-

surface roughness profiles recorded at random locations of th§ents the average ACF could only be resolved when measur-
sample on a scale of 200 n200 nm using periodic boundary con- ing the roughness of the surface on the scale of
ditions, from 24 images recorded with the STM containing 25620 nmX 20 nm

X 256 pixels each(d) Average of 29 ACF's calculated from the
surface roughness profiles recorded at random locations of the

fx,y) [nm’]

sample on a scale of 600 GO0 nm using periodic boundary con- C. Surface reflectivity
ditions, from 29 images recorded with the STM containing 256 o o )
X 256 pixels each. The reflectivityR arising from the roughness measured in

the scale of 20 nte20 nm predicted by the mSXW formal-
Gaussianf(x,y) = 6% exd — (*+y?)/&], employing a least- ism is shown in Fig. @), calculated using §=0.455nm,
square fit procedure. When the Gaussian was fitted to the §=0.480 nm), the average of the values fmnd ¢ obtained
X8, 10x 10, and 1X 12 pixels near the origin, the values by least-square fitting the peak at the origin of Figa)3The
obtained werd 6=0.494 nm,£=0.401 nm],[ §=0.448 nm, interesting result displayed in Fig(&, is that the reflectivity
£=0.489nm], [6=0.422nm, £=0.549nm]. The corre- predicted by the quantum theory approaches zero for a cer-
sponding values of? are 2.21, 3.78, and 7.81, respectively, tain angle.
indicating that the Gaussian describes well the experimental To calculate the reflectivitR arising from the roughness
average ACF. The values obtained foand & are consistent Mmeasured in the other scales, we used a Gaussian represen-
with the atomic resolution exhibited by the tip of the STM tation of the ACF, with§=0.480nnm for all scales, bub
when running on HOPG prior to measuring the gold sample=2.00 nm for the scale of 30 n#B0 nm, 5= 3.40 nm for the
consequently the rounding-off that could be expected on thecale of 100 nmx100 nm ands=11.7 nm for the scale of
images recorded with the STM due to the finite radius 0f300 nmx300 nm. The results are shown in Figgb)$-4(d),
curvature of the tip, does not seem to play a significant roletespectively. The interesting and new result displayed in
The average ACF that characterizes the surface of ththese figures, is that the angular dependence of the reflectiv-
sample on a scale of 30 80 nm is shown in Fig. @®). It ity changes drastically as the scale of distafmesr which
was computed as the average of 24 ACF'’s calculated fronthe surface roughness is measuriedreases, in a way such
the surface roughness profiles recorded at random locatioribat the larger the scale of distance, the more the reflectivity
of the sample on a scale of 6060 nm using periodic R approaches unity.
boundary conditions, from 25 images recorded with the STM
containing 25& 256 pixels each. The peak at the origin is
4.00 nnt corresponding to a rms amplitud= 2.00 nm; the
observed width of the peak at FWHM is less than 1 pixel. The resistivity of the 70 nm thick gold film measured as a
The average ACF that characterizes the surface of th&nction of temperature corrected for thermal contraction, is
sample on a scale of 100 100 nm, is shown in Fig.(8). displayed in Fig. 5. The resistivity increases roughly by a
It was computed as the average of 24 ACF’s calculated fronfiactor of 4 when the sample is heated from 4 to 300 K.

D. Resistivity
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FIG. 4. (a) Reflectivity R characterizing electron-surface scattering predicted by the mSXW theory, for a film where the average ACF is
described byf (x,y) = 6% exd — (% +y?)/£], with 6=0.455 nm,£=0.480 nm, plotted as a function of c#%(whered represents the angle
of incidence between the momentum of the incoming electron and the normal to the surface. The dotted line represents the white-noise
reflectivity R[ f,,cos@)]={[1—f,cos@))[1+f,cos@)]}* for fo=7.16. The horizontal dotted line represents the average reflectiRity
=0.479 predicted by the mSXW model. The triangles-dotted line represents Soffer’s refldRgjyiBg. (5)]. (b) Reflectivity R character-
izing electron-surface scattering predicted by mSXW theory, for a film where the average ACF is describedyby: 6% exd — (X
+y2)/£2], with §=2.00 nm, £=0.480 nm, plotted as a function of cé%( The horizontal-dotted line represents the average reflectivity
(R)=0.903.(c) Reflectivity R characterizing electron-surface scattering predicted by mSXW theory, for a film where the average ACF is
described byf(x,y)= 6% exd — (< +y?)/&], with 5§=3.40 nm, £=0.480 nm, plotted as a function of c@k( The horizontal-dotted line
represents the average reflectivifg) =0.957.(d) Reflectivity R characterizing electron-surface scattering predicted by the mSXW theory,
for a film where the average ACF is described fify,y) = 6% exd — (x* +y?)/£?], with §=11.7 nm, £=0.480 nm, plotted as a function of
cos(@). The horizontal-dotted line represents the average reflectiRjy=0.995.

V. DISCUSSION place, and their relative contributions to size effects. As il-
lustrated in Figs. @) —3(d) and Figs. 4a)—4(d), the corruga-
tions that determine a specularify, significantly smaller
Although the electrons are scattered by the individual corthan unity, are those taking place over a scale of distances
rugations they find when approaching the rough surface, ithat is large compared with atomic diameter, but small com-
the theoretical treatment of electron-surface scattering, usyared with a mesoscopic scale; a scale of distances compa-
ally an average is performed over all corrugations found irrable toAg (in gold, A\r=0.52nm) to within one order of
the rough surface, such that the final answer depends amagnitude. Electrons colliding with corrugations that take
some average property of the surface, rather than on the iplace over mesoscopic scales of distantess of nm or
dividual corrugations. Thewerage corrugation®f a ran-  larger have only a minor influence on size effects in gold
domly rough surface are often assumed to exhibit certaifiims. Electrons colliding with such corrugations undergo
symmetry that the individual corrugations do not necessarilynearly specular scattering.
possess. In quantum theories of electron-surface scattering, The results presented indicate that the mSXW theory is
the averageACF is often assumed to be isotroid:1%1"18  aple to select the scale of distance over which corrugations
This means that, if(x,y) denotes the ACF defined by Eq. take place, leading t&R~1 for corrugations taking place
(3), it is expected that after averaging over the surface proever scales of distances that are long when compared to a
file, f(x,y)=f(\x?>+y?). Nevertheless, as pointed out in few A, andR<1 for corrugations taking place over scales
Sec. IV B, the autocorrelations computed from individual im- of distances that are comparablexg (to within an order of
ages recorded on this film certaintlp not satisfy this prop-  magnitudg. The ability of the theory to select the corruga-
erty. It takes a number of the order of 20 imagdes large)  tions that take place over a scale of distances that is compa-
recorded atrandom locations of the sample, to obtain an raple tox -, as the corrugations that actually do contribute to

A. Average autocorrelation function

average ACF that is very nearly isotropic size effects(in the sense that they lead R<1), is deter-
_ . mined by the height-height ACF. As illustrated by Figs.
B. Amplitude of the roughness and scale of distances 3(a)—3(d)yand Figsg @)_4(%), when the amplitude gr)(l)wsg

An interesting prediction of the mSXW formalism con- larger than the wavelength of the carrigr, the reflectivity
cerns the scale of distances over which corrugations takR increases with increasingand it rapidly approaches unity.
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801 of £(L) over the twenty 10 nta10 nm images is 0.45 nm,

indicating that the film has a smooth texture over distances
of the order of 10 nm. Within the 20 images we found 2 for
which (L)>1 nm; these correspond to steep valleys that
are remnants of grain boundaries. These valleys are sepa-
rated by large distancé3 of the order of several hundred nm
[Fig. 1(c) from Ref. 15, the typical lateral dimensions of the
crystalites that coalesced to form the film. If the 2 images for
which (L)>1 nm are deleted, the averagelg¢t.) over the
remaining 18 images is 0.35 nm.
o These figures illustrate that in spite of the fact that the 70
leeo@ nm thick gold film is rough over distances that are long when
10 compared toL=10nm, the film exhibits a surface that is
1 smooth (to within one electron wavelengttover distances
" — 1 T T T 1 L=10nm, except perhaps near valleys that are the remnants
0 50 100 150 200 250 300 . . .
TK] of grain boundaries. Consequently, the perturbative approach
of mSXW theory retains its validity*

FIG. 5. Resistivity plotted as a function of temperature. Dots:
resistivity measured on a 70 nm thick gold film, corrected for ther-
mal contraction. White dots: bulk resistivity corresponding to the
70-nm gold film, calculated using mSXW theory and an ACF de- One of the new results reported in Sec. IV C that requires
scribed by f(x,y)= 8% exd —(®+y?)/&], with §=0.455nm, ¢  an explanation, is a surface reflectivity that approaches zero
=0.480 nm. Dotted line: Bulk resistivitpy(T) described on the for a certain angle. This may be understood in terms of the
basis of a Bloch-Gruneisen model, using Ed4), pr  white-noise model used by SXW. @, is the momentum-
=15.072dk m, the constantsA=29.427 K} m, B=-9.8996 independent self-energy of the electron gas in the lowest or-
x10™% C=3.3994x10 %, and#=172.1K. Solid line: film resis-  der within the white-noise approximation, then the reflectiv-
Fivity p(T) described on the basis of a BIoch-Gruneisen_modeI USity is given by R[f,cos@)]={[1—f cos@)][1+f cos(ﬁ)]}z.lo
ing the parameterpg, A, B, G and ¢ quoted, and the ratio/oo |t the surface profile is such thdt>1, then the reflectivity
=po/p predicted by mSXW theory. will approach zero for an angle given approximately by
cos(fp)=1/f. The dimensionless parameter keQ, is pro-
ortional to the “strength” of the delta function describing
e ACF in (x, y) space—the constant that multiplies the
elta function. In practicdf, is determined by how deep are
e valleys and how tall are the hills found in the surface
electrons being confined between two parallel potential ba'raproflle. For the film reported here, characterized by the av-

riers. It is assumed that the presence of the rough surfag%éage ACF displayed in Fig.(8 described by a Gaussian

70

t=70[nm]
p=15.1 [nQ m]

C. Angular dependence of the reflectivity

The issue regarding the size of the corrugations and th
scale of distance over which they take place can be viewe
from a somewhat different perspective. The SXW theory is &
perturbation theory, that uses wave functions labeled by

does not alter this description; in this sense the presence ith 6=0.455nm and¢=0.480nm, the reflectivity ap-

the rough surface is consideréd a perturbation. However th%oaches zero for cog))=0.13969. The corresponding di-
AP N ensionless parameter ig=1/cos@y,)=7.16. The white-

upper and lower surfaces of the metallic film are certaunlynoise reflectivityR[,,cos@)] is plotted in Fig. 4a)

not parallel to each other; this is well illustrated by the am- YL To, P 9. 4.

X = . Increasing the scale of distance over which the surface
plitude 5=11.7nm of the ACF measured in the scale Ofroughne:ss is measured, makes the hills taller and the valleys

600nm<600nm. The question naturally arises: How roquhdeeper. This translates into an increasing “strength” of the

can the surface be before the effect of the roughness can , o : .
longer be considered a perturbation and the mSXW formalrgl%lta function describing the experimental average ACF with

) ; : -increasing scale of distances, as shown in Figa)-3(d).

l) .
|srrk1)bbre§1ks _(:kc])wn '” 'sz.d'sgliszed T R?I‘ 1_ﬁ,bthe Snswer Ii’:onsequently the parametéiincreases, and the angle for
Sll;I an IS W Wt?] -ae 'ni _ahtedﬁﬂ _tmrt' r\il_w € oldser\;- which the reflectivity approaches zero decreases, until it be-
avle as fong as the rms height fluctua o) would sat- comes smaller than the smallest angle allowed by the model
isfy (Lg)<M\g, Where

of a particle in a box, cog,=/(tk-)=0.0037.
{(Lo)=([h(x,y) = (h(Lo))T?,

h(x,y) represents the height measured at posifiqny), the
Symb0| () denotes an average over an afegxLg,Lg The measured film resistivity(T), as well as the corre-
=2(td)*?, whered is the lattice constant, the film thick- ~ sponding bulk resistivitypo(T) calculated by means of the
ness, and\g denotes the relevant scale of distance in theterative process outlined in Sec. II, are plotted in Fig. 5. The

problem, the Fermi wavelength. The lattice constant meatesistivity p of this 70-nm gold film increases by roughly a
sured via X-ray diffraction, idd=0.235 nm; thereford_o factor of 4 betwer 4 K and 300 K, and so does the corre-

=8.1nm. sponding bulk resistivityp,. However, the resistivity mea-
We evaluated /(L) for the 20 images used to compute the sured on our 70-nm film at 300 K is about 3 timeg300)

ACF shown in Fig. 8) selecting for each image a submatrix =22.49 {2 m, the intrinsic resistivity of goldp, (arising

of 128x 128 pixels corresponding to=10 nm. The average solely from electron-phonon scatteringt 300 K** This in-

D. Electron-surface scattering and bulk resistivity
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dicates that the resistivity of our film is probably limited by
impurities, in spite of using gold wire 99.99% pure as the
starting material. This is also reflected in the fact that if Eq.
(4) is used to describe the temperature dependenpg(d),

then a constanA=29.427 ) m and a residual resistivity
pr=15.07 ) m are required. This constaAtis more than
twice the constanA=12.359 ) m recommended by Matula &
for crystaline gold® and the residual resistivitypg g
=15.07 M) m is almost as large gs(300). Therefore, the ‘=
temperature dependence @f(T) predicted by mSXW

“| msxw Gaussian
§=0.455 [nm]
£=0.480 [nm]

- L T . . tInm]  peeg [NQ-m]
theory in our 70-nm film is inconsistent with the Bloch- 35 6.25
Gruneisen description of electron-phonon scattering in crys 1 53 3.66
taline gold, and this is probably a consequence of the er 80 1.91
hanced resistivity arising from impurities in our film. ) 126 111
Sambles, Elsom, and JarviSEJ) published measure- T 0 " 100 '

ments of the resistivity of films deposited by thermal evapo- TIK]

rat?on of gold on mica, prepared under conditions of evapo- FIG. 6. Dotted line: resistivity of the 35, 53, 80, and 126 nm
ration (temperature of the substrate, 280°C, speed Ofhick gold films on mica reported in Fig(& of Ref. 15. Solid line:

evaporation, 5 nm/mDnWhiC[‘ are similar to ourgtempera-  fym resistivity p(T) described on the basis of a Bloch-Gruneisen
ture of the substrate, 300 °C, speed of evaporation, 6 NMfodel, using Eq.(4), pg as listed, and the constantd

min), except for the fact that SEJ used gold 99.9999%-12359) m, B=-9.8996x10 % C=3.3994x10"% @
pure’® SEJ prepared films in which the lateral dimensn  =172.1K from Ref. 13, and using the ratio/c, predicted by
characterizing the crystalites that make up the samples arg@SXw theory for an ACF described b¥(x,y)= 8 exd—(
also in the range of several hundred fiRig. 1(c) of Ref.  +y?)/&%], with 6=0.455 nm,&=0.480 nm.
15]. Some of the SEJ samples also satisfy the condition that
D should be about an order of magnitude larger than  for two reasons(i) the thickness of these films begins being
minimize the effect of grain boundary scatterif@ec. 3. comparable to the lateral dimensidh characterizing the
SEJ measured the resistivity of the gold films between 2 andrains, therefore one might expect enhanced grain-boundary
300 K. scattering in these thicker filmgii) the thicker films were
At this point it seems appropriate to clarify similarities shown to be polycrystaline when examined by reflection
and differences between the resistivity data of our 70-nmhigh-energy electron diffractiot?.
film and the thinner SEJ films; a comparison of the resistivity The fact thatpy(T) predicted by mSXW theory for the
of our 70-nm film and the SEJ 80-nm film has beenfour SEJ films is consistent with what is expected from
published*® At room temperature our resistivity data is electron-phonon scattering plus electron-impurity scattering
almost 3 times larger than the intrinsic resistivil(300)  in crystaline gold, means that the resistivity computed from
=22.49 ) m expected purely from electron-phonon scatter-the Bloch-Gruneisen model and from the ratt¢T)/oo(T)
ing in crystaline gold. This is in contrast to the SEJ resistiv-predicted by mSXW theory, should be comparable to the
ity data, which at 300 K is some 20% to 30% larger thanmeasured film resistivy. This is, indeed, the case: In Fig. 6
p(300). As already published, a plausible explanation forwe plot the original SEJ data as a dotted line, and the theo-
this discrepancy may be the fact that the purity of our starttetical predictions as a solid line, in the same double loga-
ing material, 99.99%is 2 orders of magnitude lower than rithmic scale used by SEJ. The predictions are based on a
the purity of 99.9999% used by SEJ Bloch-Gruneisen mod¢Eq. (4)] describing electron-phonon
Since SEJ samples exhibit a resistivity close to that exscattering in the bulk, corrected for the ratidoy=pg/p
pected from crystaline gold, and were evaporated using gredicted by mSXW theoryEq. (2)] describing electron-
speed of evaporation and a substrate temperature close $arface scattering. The interesting result is that the residual
what we used in preparing our 70-nm film, we may wonderresistivity predicted by mSXW theonyrns out to be differ-
what the predictions of mSXW theory would be if the SEJent for films of different thicknessdespite the fact that the
samples had a surface characterized also by a Gaussian A@ffns were evaporated under similar conditions of
with 6=0.455 nm and=0.480 nm. To answer this question evaporation—and decrease as the thickness of the film in-
we proceeded to analyze the data corresponding to the SkEdeases; this is at variance with the constant residual resistiv-
films and calculated by means of the iterative process outity (independent of film thicknegshat has been assumed for
lined in Sec. Il, for each of the 4 thinner SEJ films and forseveral decades in the analysis of size-effect data. This might
each temperatur€, the corresponding bulk resistivip(T) be expected if thicker films had a smaller concentration of
predicted by mSXW theory using a Gaussian ACF with theimpurities than thinner films, something consistent with the
parameterss and ¢ measured on our 70 nm film. The inter- fact that at 4 K, the bulk mean free path predicted by
esting result is that for the 4 thinner SEJ films, the temperamSXW theory grows larger as the film grows thicker.
ture dependence gfy(T) predicted by mSXW theory turns It is interesting to note that on these films, which are over
out to be consistent with E¢4), using the constant, B, C, 100 atoms thick, the increase in resistivity induced by
and # recommended by Matula for crystaline gold, but with electron-surface scattering predicted by theorylr &t10K,
slightly different residual resistivitiepg for each film. We  amounts to 17% in our 70-nm film, and roughly 42% to 53%
excluded from the analysis SEJ films thicker than 126 nmjn the SEJ films. It is also interesting to note that the resis-
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tivity ratio RR=po(300)/po(4.2K) predicted by theory, is described by a BTE, and introduces the effect of surface
4.57 in our 70-nm film, and it is 4.50, 7.52, 13.1, and 21.9 inroughness via boundary conditions similar to those used in
the SEJ-35, SEJ-53, SEJ-80, and SEJ-126-nm filmghe FS model, except that Soffer’s reflectiviy, is assumed
respectively. to depend ory:

As shown in Fig. 6, we have reproduced approximately
(to within 7% or betterthe temperature dependence and the
thickness dependence of the resistivity of these four SEJ R (0)=ex;{—(4—775
films between 4 and 300 K, using mSXW theory and a S NE
Gaussian ACF characterized by=0.455nm and &
=0.480 nm,without using any adjustable parametdrere ) ] ) )
is an interesting corollary to this unexpected result: If theWhereig is the Fermi wavelength andlis the rms amplitude
surface of the SEJ films were described by a Gaussian chap! the surface roughness. A modification of this model to
acterized by the same parametéss¢) we measured on our include _graln-boqn_dary scattering was used by S_EJ to ana-
film, then grain-boundary scattering would contribute verylyze their data. Fitting the temperature_ an_d the thickness de-
little to the resistivity of the four SEJ films we have ana- Pendence of the data measured on six films between 2 and
lyzed, since the data seems approximately represented 0 K, using a model containing five adjustable parameters,

MSXW theory describing electron-surface scattering com=EJ arrive at the conclusion that 6/A¢~0.05, and conse-
bined with a Bloch-Gruneisen model that describes electrorduéntly §~0.026 nm, about one-tenth of an atomic diameter.
phonon scattering in the bulland neither of these models The value ofé measured with the STM on our 70-nm film is

include grain-boundary scattering about 17 times larger. Faf=0.455 nm, Soffer’s reflectivity
[plotted in Fig. 4a)] leads to an average reflectivity
(Rg(6))=~0.079, and hence to predominantly diffuse scatter-
ing. If Soffer's theory is to agree with the data fat

At this point it seems appropriate to compare the predic-—=(0.455 nm, then the resistivity measured on the SEJ films
tions of the mSXW theory with those based on various otheshould have been about one order of magnitude larger than
models that have appeared in the literature. observed.

Data recorded on samples measured with the STM during
the preparatory experiments, indicate that in a continuous

The first and by far the most popular model used for manyfilm prepared by thermal evaporation of gold on mica, the
decades, is the FS model. Since in the FS theBrjs an  roughness measured on a nanometric scale is characterized
adjustable parameter that is assumed to be independent of thg a rms amplitudes that is comparable to the Fermi wave-
momentum of the electron, and in the mSXW the&yle- length\¢. This implies that Soffer's model leads to essen-
pends on the anglé between the momentum of the incom- tially diffuse scattering in these films.
ing electron and the normal to the surface, the question arises
regarding which constarR should be used in the classical
theory, to compare the FS model with the mSXW model. 3. Elsom and Sambles’s model

One natural way to perform such a comparison is tp choose E|som and Samble&S) published a model to account for
the average of the quantum reflectivRy=(R(6)) predicted g effect of the macroscopic surface roughness on the con-
by theory. For the film 70 nm thick, the mSXW theory pre- y,qivity of thin metal films2° ES calculated numerically the
dicts(R(6))=0.479 in the case of a Gaussian ACF. Accord-cqnqyictance of a two-dimensional rectangular grid of con-
ing to a comparison between the FS theory and the mSXWctances whose values are derived from a thickness model.

theory already publishett,the FS model overestimates the g thickness model used to approximate the structure of the

effect of electron-surface scattering by an amount that inpeia) film, consists of a random distribution of partially

creases with increasing mean-free-path, due to the fact th%(/erlapping chopped cones, with the cone height and base
the angular dependence of the reflectivyis completely i chosen to have a Gaussian spread about some mean
ignored in the FS model. values. Local surface roughness is accounted for by using
At temperatures between 4 and 10 K, the bulk mean-freegtfar's theory, to convert the grid of thicknesses into the
pathl predicted by mSXW in our 70-nm film is about 55 M, ¢,rresponding conductances. This demanded the introduc-
and it is 134 nm in the SEJ-35, 229 nm in the SEJ-53, 43%;5 of an effective bulk mean-free-path, which was used to
nm in the SEJ-80, and 757 nm in the SEJ-126 film, respecCscyje the dimensions of the model to the real film. The prin-
tively. At temperatures below 10 K, the predictions of the FScipaI variables involved in this model, are the mean cone

model coincide (within 1%) with the predictions of the page radius, the cone angle and the chopping fraction of the
mSXW model in our sample, becaudé<1, but FS overes- . 5pes.

timates the effect of electron-surface scattering in the SEJ This model describes thickness dependence of the re-
films by an amount around 12%, because in these fillhs  gistivity of metal films that are grown nonepitaxially, which
>1. are in their initial stage of growthAt this stage the film is a
structure formed by islands that are beginning to conduct,
and where grain-boundary scattering plays a central role,
Another model that has been used to analyze size effecnce the islands begin to merge with increasing film thick-
data is a model proposed by SofféiSoffer assumes that the ness. Consequently, in the ES model the resistivity of the
motion of the electrons within the metal film is correctly film is almost certainly dominated by grain-boundary scatter-

2
cog 0)) } (5

E. Comparison between the mSXW theory and other theories

1. Fuchs-Sondheimer model

2. Soffer’'s model
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ing and perhaps by percolation through the islands. By conboundary scattering in the SEJ filings well as on the un-
trast, in the mSXW model the film is assumed to beoa-  derlying assumptions that constitute the basis for the param-
tinuous epitaxial filmand the mSXW theory describes the eter fitting of resistivity data that has dominated the literature
resistivity of the epitaxial film that exhibits a contribution for several decades. The discrepancy of nearly a factor of 20
due to surface scattering, with the contribution dominated bypetween the measured and the inferfegported here casts
electron-surface scattering at the upper and lower surfaces dbubts on the validity of data analysis performed by fitting
the film. Thusthe ES model applies to a charge transport parameters describing the surface roughness to a set of resis-
regime, which is the opposite of that described by the mSXWvity data, unless the fitted parameters agree, at least ap-
model proximately, with the roughness of the filmseasured in an
independent experimentThis discrepancy underlines the
need of revisiting transport measurements on thin metallic
F. Conclusion films, and the need of cross-checking the parameters charac-
This paper departs from the traditional method of ana|yz_terizing.the .surface roughness obtained by fitting transport
ing size-effect data. On the one hand, we have used a quafat@, with direct measurements of the surface roughness of
tum formulation in which the reflectivitR of the surface is e films performed on a nanometric scale with a scanning
entirely determined byQ[t, 8, &,cos@)] via Eq. (1), where probe microscope capable of atomic resolution.

the functionQ[t, ,&,cos@)] represents the dissipative part 10 our knowledge, this is the first paper in which the
of the self-energy of the electron gas due to electron-surfacigmperature dependence and the thickness dependence of the

scattering. Rather than assuming a consRui.g., R inde- resistivity predicted by a theory, that uses as input the infor-
pendent ofé, and the same for films of different thickngss Mation contained in the surface roughness measured on a
we have used a reflectivity that not only dependséobut nanqmetrlc sc_ale in an |_nd_e_pendent experiment, agrees ap-
depends as well on the thicknessand on the parametess proximately with the resistivity measured on a set of thin
and £ characterizing the roughness of the film. We replacednet@llic films. The theory contains no adjustable param-
the strong assumption th&is the same in our 70-nm film eters However, sincghe roughness and the resistivity were
and in the SEJ films, by the weak assumption that, becausrgeasured on dlff_erent filmgrepared unde;r similar condy
our film and the SEJ films were prepared—uwith the exceplions Of evaporation—except for the purity of the starting
tion of the purity of the starting material—under similar con- Material—the analysis presented might be considered as evi-
ditions of evaporation, then the parametéandé should be ~ dénce supporting the mSXW theory, but certainly may not
about the same. Impurities in the range of 1 part i d01 be considered a proof of its validity until the surface rough-
part in 16 should have little incidence in the surface rough-Ness and resistivity are measurgdthe same filnon various
ness measured with the STM, for impurities distributed aS@mples of different thickness. .
random in such a small concentration may affect the ob- | N€ results presented cast doubts on the validity of data
served resistivity of the film but are not expected to modify@nalysis performed by fitting parameters describing the sur-
its roughness profile, for the images recorded with the sTmMace fO‘Jgh”ess to a set of resistivity data without dwgctly
do not depend on the particular resistance of the sample, 486asuring these parameters in an independent experiment.
long as it is a conductor. This paper cast doubts on two of the central assumptions that
On the other hand, rather than assuming that the pulkave been used for decades to analyze size-effect data on
resistivity po—the resistivity that would be observed in the families of films prepared under similar conditions of evapo-

absence of surface scattering—is the same for films of diff@tion: The assumption that the reflectivig/is a constant

ferent thickness prepared on different evaporation runs unddpdependent of the momentum of the electron and is com-

similar conditions of evaporation, wealculatedp, using the mon to all m_emt_’ers O.f the family, and the assumption that

mSXW model and our surface roughness data, and foun?e bulk resistivity po is common to all members of the

that p, predicted by theory consists of two contributiole: amily.

the intrinsic temperature-dependent resistiyityT) arising

from electron-phonon scattering, whigl not masked by

|mpur|t|e5} is the same for films Qf different thlckness and VI. SUMMARY

coincides with the Bloch-Gruneisen model in crystalline

gold; and(b) a temperature-independent residual resistivity This paper reports on the application of a modified ver-

pr that changes from film to film, even though the films weresion of the theory of Xeng, Xing, and WartmSXwW)* and

evaporated under similar conditions. A consequence of thiglustrates how measurements of the roughness of the surface

finding is that the resistivity ratio RR predicted by theory of a metallic film can be used to calculate the resistivity of

changes by almost one order of magnitude from the SEJ-3the film attributable to electron-surface scattering from first

film to the SEJ-126 film. principles,without free parameterdVe report measurements
The fact that the rms surface roughness measured on oof the resistivityp(T) of a gold film 70 nm thick deposited

70 nm film turns out to bel7 times largerthan the value on mica preheated to 300 °C in UHV, performed between 4

inferred by SEJ from fitting the temperature and the thick-and 300 K, and measurements of the surface topography of

ness dependence of the resistivity measured on a family dhe same film performed with a STM. From the roughness

gold films of different thicknessjsing a model containing measured with the STM we determine the parametdrans

five adjustable parametergasts doubts on the validity of amplitudg and¢ (lateral correlation lengjhcorresponding to

both the theoretical model used in fitting the resistivity dataa Gaussian representation of the average ACF data. We use

(Soffer’s reflectivity and the central role assigned to grain-the parameter§ and¢ determined via STM measurements to
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calculate the quantum reflectivify, and the increase in re- tion. This paper casts doubts on two of the central assump-
sistivity induced by electron-surface scattering on this film,tions that have been used for decades to analyze size-effect
according to mSXW theory. data on families of metal films of different thickness pre-

The results indicate that the mSXW theory is able to separed under similar conditions of evaporation: The assump-
lect the appropriate scale of distance over which corrugationson that the reflectivityR is a constant independent of the
take place, leading t&R~1 for corrugations taking place momentum of the electron and the same for films of different
over scale of distances that are long when compared to a fethickness, and the assumption that the bulk resistiwjtys
Mg, and R<1 for corrugations taking place over scale of common to all members of the family. The results of this
distances that are comparableXg (to within an order of paper suggest that the relevant quantities controlling
magnitude. The reflectivity R determined by corrugations electron-surface scattering in continuous gold films of arbi-
occurring over a scale of distances comparablegds such  trary thickness, are the parametefsand ¢ describing the
that it approaches zero for a certain angle. average ACF that characterizes the surface of the sample on

With the parameters§ and & measured on our 70 nm thick a nanoscopic scale, in agreement with the accepted view re-
film, we reproduced approximatelyo within 7% or better ~ garding the conductivity of ultrathin films.
the thickness and temperature dependence of the resistivity
(between 4 and 300 Kof several gold films on mica re-
ported by Sambles, Elsom, and Jar\is.

The results presented underline the need of revisiting R.M., G.K., and L.M. gratefully acknowledge funding by
transport measurements on thin metallic films, and the neeBONDECYT under Contract No. 1960914, by Fundacion
of cross-checking the parameters characterizing the surfad®NDES under Contract No. C-12776, by FONDAP under
roughness—obtained by fitting transport data—with directContract No. 11980002, and by Universidad de Chile under
measurements of the surface roughness of the film performe@ontract No. EDID99/008. P.H. gratefully acknowledges
with a scanning probe microscope capable of atomic resoluunding by FONDECYT under Contract No. 1990304.
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