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I &scuss the concept of surface resistwtty and present a pumber of apphcatlons. The origin of the recent observations of 
anti-absorption peaks in infrared reflectmn absorption spectroscopy (IRAS) of atoms and molecules adsorbed on metal surfaces ~s 
&seussed and it is shown that parallel frustrated translations of adsorbates always gave rise to relative strong anti-absorption peaks 
m IRAS, even though modes are dipole forbidden with respect to a normal electric field The excitation mechamsm as mdarect, 
revolving the metal electrons, and is related to the surface res,stlv,ty I discuss a simple relataon between the change m DC 
resistivity Ap of a thin metalhc film due to adsorption of molecules on the film surface and the electron-hole pair damping (life 
time re_ h) of the parallel frustrated translatmns of the adsorbates. From the measured AO for several different adsorbate systems 
we deduce the corresponding ~'e-h which ranges from ~ 10-12 s for chem~sorptlon systems to ~ 10 -8 s for phys~sorptlon systems. 
The experimental data are &scussed m the hght of a sample model calculation for the damping of parallel frustrated translations. 
Finally I present a number of applications related to surface resistivity, including surface diffusion and atomic scale friction 

1. Introduction 

The concept of suHace resistivity has resently 
been shown to be very useful for the understand- 
mg of several important and interesting phenom- 
ena. It is the aim of this article to briefly review 
some of these developments. I focus mainly on 
laow adsorbates influence the frequency depen- 
dent resistivity of thin metalhc fiimb and the 
infrared light reflectivity of semi-infinite metals. 
This paper is based on refs. [1-3] to which the 
readers are referred for more details. 

2. On the origin of antl-absorption resonances 

In the context of IRAS it has been generally 
believed that only vibrauonai modes with a non- 
zcro dynamical dipole moment normal to the 
surface can be detected Th~s conclusion was 
based on the very strong screening of the parallel 
electric field at the surface (see below). But very 
recently, parallel frustrated translations (H on 
W(100) and on Mo(100)) and frustrated rotations 

(CO on Cu(100)) have been observed with IRAS. 
In fig 1 I reproduce the reflectance spectrum 
from CO on Cu(100), in thc ~icmit~ of the reso- 
nance frequency g2 = 285 era-t of the frustrated 
rotation. Note the peculiar ant~-absorption struc- 
ture assocmted with th~s v~brat~onai model. Th~s 
result should be contrasted w~th those of v~bra- 
tional modes with finite d~,namical dipole mo- 
ments normal to the surface, for which reflection 
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Fag 1 IRAS spectra in the frequency region of the frustrated 
rotation for CO on Cu(100) From ref [5] 
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"dips" occur, as for the C u - C O  stretch vibration 
in fig. 1. 

Consider an electromagneUc wave incident on 
a metal surface. It is well known that at IR 
frequencies (say hop ~ 0.1 eV) the electric field 
on the vacuum side is almost orthogonal to the 
surface. This follows from the continuity of Eli at 
the surface and from the strong screening of the 
electric field in the metal. It was therefore a 
surprise as Ch~.bal [4,5] and coworkers observed 
formally dipole forbidden (with respect to the 
surface normal) low-frequency frustrated transla- 
tions (H on W(100) and Mo(100)) and rotations 
(CO on Cu(100)) of adsorbates on metallic sur- 
faces. In fact, these modes are observed as strong 
as the low-frequency dipole active modes (e.g. the 
H-W, H - M o  and C u - C O  stretching vibrations) 
even though the parallel electric field vector at 
the surface is reduced by a factor I E J E ± I  ~ 
to/top ~ 0.01 compared with the normal electric 
field component,  and the corresponding IR inten- 
sity ratio is reduced by the factor I EII/E±I 2~ 
to2/to~, ~ 10 -4. A clue to the explanation of these 
puzzling results followed from the observation 
that the dipole forbidden modes observed with 
IR spectroscopy could not be observed by elec- 
tron energy loss spectroscopy (EELS) (dipole 
scattering). In EELS, the rauo between the paral- 
lel and normal electric field components  at the 
vacuum side of the metal ,,urfacc i~ even smaller 

2 -' than in IRAS (see fig. 2), namely ~ to /to'_ ~ 10 -4 
intensity ratio ~to4/o~'~ 10 -x. and the field 

However, this difference between IRAS and 
EELS is not hkely to be of any practical rele- 
vance since already X~,lth IRAS the reduction is 

- ~.., rk~. ,  I I , l  I..) b I1,11%, U l l  I~,1.,  i 

couphng between the adsorbates and the parallel 
electric field On the other hand, since Ell is 
continuous at the surface, the same difference m 
electric f ie1 .rength between IRAS and EELS 
occurs in the surface re~ion mslde the metal (sec 
hg 2). Hence ff the c×c~tat~on of the d~pole 
l~rbidden modes are medmted by the mctzd elec- 
trons, then a bzg dttference (by a tactor ol 
f " 4) ¢o/c%)- --. 1(I can be expected between IRAS 
anti EELS [4,6.7]. 

A second obscrvation which supports the lnd|- 
r c c t -  ~a  the recta', electrons - excitation o~ the 
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Fig 2 The relatwe strength of the normal and parallel elec- 
tric field vector components at a metal surface investigated by 
IRAS and EELS The electric field ratios for IRAS follow 
directly from the Fresnel formulas for the electric field In 
EELS (dipole scattering) the momentum transfer qll Is so 
large that retardation effects can be neglected, Le., cql I >> to, 
and the elecmc field ratios indicated m the figure follow from 

the Fresnel formulas by taking the hmlt c --* 

dipole forbidden vibrational modes is the obser- 
vation of an adsorbate induced change in broad 
band IR reflectivity. This was observed both for 
CO on Cu(100) [5] and for H on W(100) and 
Mo(100) [4,8]. Before presenting a quantitative 
study of this topic let us give a qualitative discus- 
sion about the origin of  the background absorp- 
tion and also about how &pole forbidden adsor- 
bate vibrations can be excited in IRAS. We foc,,s 
on the two processes shown in fig. 3. 

Fig 3a describes a process where a photon 
excites an electron from a level l a )  below the 
Fermi surface to a level 113) above the Fermi 
surface. The m o m e n t u m  necessary for this excita- 
tion is supphed by the adsorbates and the process 
results in the iR background discussed above. 

w 

(b) 
Fig ~ Flcmcntary processe~ which ct)ntnbule to the surface 

ab~,orptl~zty 
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For a metal  film in the limit to--* 0, where ~o ts 
the f requency of  the oscillating electric field, thts 
process gives the adsorbate induced contributmn 
to the DC resistivity of the film. 

We will show that process 3b does give rise to 
a sharp s t ructure  at to = O and fur thermore  that 
the intensity of  this structure can be large. In this 
process, an electron is excited from a state l a )  
(e,~ < eV) to an intermediate and in general vir- 
tual state 13') (% > ev) and % - % e: to. Again 
the m o m e n t u m  needed  for this excitation is sup- 
plied by the adsorbate. Next, the excited electron 
scatters inelastically from the adsorbate wifile ex- 
citing the vibra t ion/2 .  The electron does not end 
up in a state I/3) above the Fermi  energy but 
recombines with its own hole. Energy conserva- 
tion therefore  requires that to = g2, i.e., this pro- 
cess gives rise to a sharp s tructure at to = 12. In 
general, the structure is not a Dirac delta func- 
tion but will be broadened due to coupling be- 
tween the vibrational excited state and the elec- 
t ron-ho le  ( e - h )  pair excitations of  the metal. 

Processes 3a and 3b can be t rea ted  in a coher- 
ent but semi-classical manner  as follows. Con- 
sider first a thin metallic film (thickness d) with a 
layer of adsorbed molecules. Assume that an 
oscillating electric field E ~ e x p ( - i t o t )  acts on 
the electrons in the film. This induces a collectwe 
(drift) motion of the electrons, corresponding to 
an oscillating current  J = n e 2 ,  where x ~s the 
electron displacement and n the number  of con- 
duction electrons per unit volume; see fig. 4. In 
addition, the  adsorbates can perform oscdlations 
parallel to the surface (normal mode  coordinate 
q). In a ~emi-el~sica! trcatmc,, t ,  d,c equanon ot 

a 

dl - - - >  J = n e i  , 
¥ 

insu tarot 
Fig 4 A thin melalhc fdm on ,,n insulating substrate An 
external AC potential drives a current J = m-~ through the 

film 

motion for q and x takes the form 

1 
4 +SFq + ( q - ~ )  =0,  ( t )  

To. _ h 

l M n  a e 
£ ' - - 2 +  ( 2 - 0 ) = - - E ,  (2) 

r B r a n d % _  h m 

where n~ is the number  of adsorbates per unit 
area and m and M the electron and adsorbate 
mass, respectively. Note that the friction force cn 
the adsorbate involves the relative velomty 0 - x  
between the vibrating adsorbate and the collec- 
tive mqtion of  the conduoion  electrons. The ori- 
gin of *his term is similar to the friction force 
which acts on a body moving in streaming water 
which, of course, is proportional to the relative 
velocity and, m particular, vamshes if there is no 
relative motion between the water and the body. 
The last term on the LHS of eq. (2) is the 
reaction force on the electrons from the friction 
force acting on the adsorbate. The friction coeffi- 
cient 1/%_ h is the damping rate, due to excita- 
tion of e - h  pair>, of  the frustrated translanon q. 
Substituting E = E(to) e x p ( - i w t )  in eqs. (1) and 
(2) gives 

oJ ) (o 
- w 2 + ~ ' ~ - ' - t  - - -  q ( w ) = - ~ - - ~ ( ~ o ) ,  (3) 

T~ h T h 

g B I?ltldg h 

e 

= --/ : ;(oJ) (4) 
m 

I f  we define the c3ndumMty o-(~} by 

- i ~ n e x ( w )  = cr( ,.., } E (  w ) 

then tt follows from cqs. (3) and (4) that 

he" [ 1 
, ~ ( ~ ) = - -  - t , o + - -  

t71 "B 

+ 

Hence, ~t we dehne  an etlcct~vc surface ~elax- 
at~on ttme r, by 

1 Mn,, L)-'-  ,~: 
- ({,) 

r ,  m n d r , - h  "{22 -- 002 -- 16) /g ,  h 

~,I,=) O'  . . . .  -" ] 1 
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F,g 5. Theoretical IR reflectance soeetra from a surface with 
adsorbed molecules, having frustrated translahons w~th reso- 
nance frequency ~ and wtth damping F = l / r  The inequal- 

ity w/cor, >> ~ F/C IS assumed to hold 

then the conductivity tr(to) takes the usual form 

ne 2 1 
o'(to) = , (7) 

rn - ito + 1/'/'tot 

where 

1 1 1 
- -  = - -  + - .  ( 8 )  

Ttot T B T,, 

Based on these equations one can derive an ex- 
pression for the change m the I R reflectance, 
A R, mduced by adsorbatcs on a semi-infimtc 
metalhc substrate It has been shown in ref. [1] 
that for to >> 1/~'B and to/wp >> c v / c  the adsor- 
bate induced change m the ref lectMty is given by 

4Mn~ (J2 2 -o.,2) e 

a R =  .0 2 )2 )2" (9) 
mnc'rc h ( -- (o 2 -Jr ( o)//Te -h 

The reflectance predicted from th~s formula is 
shown in fig 5. For I E2 - w l >> 1/~-~_ h a umform 
back-ground absorption occurs due to excitation 
,a e - h  pmrs - this effect corresponds to process 
(a~ in fig. 3. Centered  at ¢o = ,O is an anti-abserp- 
tion peak, Le,  the reflectance is higher (,n tacl 
unity) at resonance o),--,(2 than away from ~cso- 
nancc Th~s ha~ a very simple physical mean'rig 
According to eq. (1), q - , / =  0 for oJ =.(2, i.e., no 
rdative motion occurs between the vibrating ad- 
sorbate and the coilectwe motion of the election 
gas, resulting in no energy absorption and .mty 

reflectivity. The anti-absorption structure,  eq. (9), 
is similar to that obs,:rved for CO on Cu(100) (see 
fig. 1). For more details, see refs. [1,3]. 

3. Surface resistivity 

Let us now discuss the relation be tween  the 
increase in the resistivity Ap of a thin metal  film 
upon adsorption of molecules on the film surface 
and the e - h  pair contribution %-h tO the lifetime 
of  the parallel vibrational motion of  the adsor- 
bates. Using eqs. (6)-(8)  in the limit to --+ 0 gives 
the adsorbate induced change in the film resistiv- 
ity: 

Mn ~ 

Z~p = n2eEd.re_h . ( 1 0 )  

Fig. 6a shows the change in resistivity [9] A O as a 
function of CO coverage for the C O / N i  
chemisorption system. For low CO coverage (n a 

o , 

0.04 A-2) ,  Ap increases linearly with n a. Ac- 
cording to eq. (10), Op/an,  ~ 1 / d  if we assume 

q i 

Ca) 

°o oo~ o~o os 
n~(~ -2) 

_ so .... ( b )  

20 & 

,.~ I0 4 

2 L - _  ~_ a _ ~ 
2o 50 ~oo 200 soo ~ooo 

d (A) 
[Fig 6 (a) The change m [din reslshvJty ,3.p a'~ a function of 
'LO coverage for the ( O / N t ( t l l )  chenusorptlon system (b) 
l h e  van,man of Op/,~n, (n ,  ~ 0 ) w i t h  the film thtckncss d 

The slrmght hne ha,, the slope - I From ref [32] 



B NJ Persson / Surface reststwtty th¢, md apphcat~ong 107 

Table 1 
The hfet~me r (due to excttat~on of e lec t ron-hole  pa~rs) of 
the parallel frustrated translatmn for several adsorptmn sys- 
tems (the cross sectmn 2 ts defined m the text) 

d 0Q (tzlI cm .~3) 
System °na r (s) 5 (,~2) 

Chem~sorptmn 
H/N~ a~ 1000 9 9 × 10- I~ 8 2 
CO/N~ a~ 2000 1 4 X 10- H 16 0 
N 2 / N I  a) 600 4.6 × tO- ~t 4 8 
C O / C u  a~ 700 3.9× 10- ~ 5.8 
O / C u  ~ 2300 6.9 × 10- ~2 18 8 
A g / A g  c~ 2170 t 0 × 10- m 13 4 

Physmorptmn 
C O / A g  dl 160 3 6 X 10- m 1 0 
C 2 H 4 / A g  d~ 80 7 .2×10  - m  0.5 
X e / A g e )  ~100  ~ 3  ×10 -~ ~ 0 6  
C 6 H 6 / A g  e~ 110 1.4× 10 -~ 0 6  
C ~ H ~ 2 / A g  e) 100 1 7 × 1 0  -9 0 6  
C 2 H 6 / A g  ° 20 3 6 × 1 0  -~ 01 

~ From refi [321 
~ From ref [33]. 
¢~ From ref. [34]. 
a~ From reL [35] 
o~ From ref [36] 

that %-h is independent  of  d as expected if the 
film is thick enough. This relation is well satisfied 
for the C O - N i  chem~sorptlon system [9] as shown 
in fig. 6b where  the strmght line has the slope - 1 
as expected for a logarithmic plot, In i~p/~n~-.- 
- I n  d. F rom fig. 6b we get 

3P I °3 d ~ ,,~ = o = 2000/z f~ cm A ; 

using oM = 28 u (the CO mass) and n = 8.47 × 
10 - 2  A - 3  gives re_ h = 1.4 × l0 - l l  s. 

In table 1, we have summarized the results of  
the e - h  pair  lifetimes for the parallel frustrated 
translations for several different  chemlsorpfion 
and physlsorpuon systems, in all cases we have 
assumed that the free electron denslty n corre- 
sponds to one electron per  substrate metal atom 
and that the  effective electron mass m is ident> 
cal to the free-electron mass. These assumptions 
are reasonable  for Ag and Cu but  not so accurate 
for Ni. In the same table, we also gwe the effec- 

tlve ~ , section v for diffuswe scattering against 
an a~ ~ate, def ined by [10] 

~e2d 3p ,,~=0" ..v= (1~t 
et1U F ~JtI e . 

As ~,.pected, for  phys isorbed a toms  and 
molecules, the damping rates 1 / % _ .  are smaller 
by a Getor of --. 10 -1 -10 -3  than for chemisorbed 
adsorbates. 

The r~_ h values given in table 1 are the energy 
relaxation times, of  the frustrated translations, 
due to excitation of  e - h  pairs. However,  these 
lifetimes do not necessarily agree with the energy 
relaxation times observed directly using e.g. IR 
spectroscopy [11] or inelastic helium scattering 
[12,13] since other,  competing energy relaxation 
processes occur, such as deca l  via emission of 
one or several bulk phonons. 

Above I have derive an equation relating the 
lifetime r~_ h to the adsorbate induced mcrease in 
film reststivity Ap. I now present the results of a 
theoretical study of the e - h  pair damping 1/%_,  
of frustrated translations. 

Con, 'dcr  a Newns -Ander son  type of model of 
chemi~c,r~tion. In the simplest case, the ad~or- 
bate is ~_,cracterlzed by a single orbital l a)  which 
hybn&ze with the metal orbitals l/, ) forming a 
resonance state p~(E) centered at g, and with the 
width t W H M )  F. For this model one obtam~ the 
follow~, damping rate of the parallel f ruqralcd 
translation: 

1 m 
= 2 ~ t o F r p a  ( e F ) ( s l n  2 0 ) ,  ( 1 2 )  

where hw F = e F is the Fermi energy and (sin 2 0)  
2 is a wmghted average of k , / k ~  where k , =  

kF sm ~ Rs the parallel component  of the wave 
vector of a metal  electron on the Fermi surface I 
have eva!uated (sm 2 0) for aderbitals of s and p, 
(or p , )  %mmetry  and typtcally found (~ln ~ O) 
[? .L'U I l l  t H E  l t . H l l l ~ l  k, d 3 k ,  d . H U  ~ ~ J . . , . ~  z l a  ~ t ~ . .  l . t ~ . ~  

C[D-C 

Let u,, d~cuss  the data m table ~ m the light ot 

eq (t2) 
Consider first an Ag atom on an Ag(111 ) sur- 

face. The highest occupmd levels m atomm Ag 
are the 4d and 5s levels. The 4d levels are deep 
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i 1 I i :/o i 

f o . . . . . . . .  I _ 

total den~ffy of s~ates 

F~g 7 Local (or prolected) density of states reduced by (a) an 
Ag atom on a Ag( i l l )  surface, (b) CO on Cu(ll l) ,  (c)-(e) 

C ~ H 4, C, H ~, and Xe adsorbed on Ag( 111 ) (schemane) 

and will give rise to a sharp structure close to the 
bottom of the Ag conduction band or a split-off 
state below the conduction band. In any case, 
negligible density of states is induced m the vicm- 
aty of e v. From measurements of the work func- 
tion change when Ag atoms are adsorbed on an 
Ag(111 ) surface at low temperature,  one can esn- 
mate the Ag adatom ~ metal charge transfer to 
be at most 0 0 4 e  Hence the Ag atom ~s essen- 
trolly neutral, as indeed expected from slmp!c 
physical arguments But tht~ implies that the Ag5~ 
level must iorm a nearly half ~Hed resonance 
state centered at, or clo~e to, eF; see fig 7a (We 
assume a non-magneUc state.) Accounting for 
both spin directions, a half filled r ',,t nance con- 
tams one electron so thai no net charge transfer 
has occurred. Now, let us estimate the change m 
res~stMty expected m this case and compare ~t 
w~th the data presented in table 1. Let us focus 
on the cross section v for dffluse scattering of a 
conducuon electron from an adsorbed Ag atom. 
Using cqs (10) and (11)we can write 

16 ,~I 

g t H H I  I 7L h 

and combining this with eq. (12) g~ves 

32 oJ I/,sin: 0) 
. . . .  l p , , ( ~ r  ) 3 I ) ,  

But m the present  case g, = eF SO that 

1 I ' / 2  2 

p,~(E~ ) = ~ ( g d -  ~ r ) -  + ( F / 2 )  2 'n'F 

Hence  F O , ( % ) =  2/~-  and 

64 w v (sin E 0)  

3re  t v n 

For Ag,ohOO v = 5.53 eV, c F = 1.4 x 106 m / s ,  n = 
0.0586 A -3 and (sin 2 0 ) =  0.2 (see ref. [14]) so 

O 

that E = 14.6 A 2, in very good agreement  with 
O , 

the experimental cross section (13.4 A 2) quoted m 
table 1. 

Next, let us consider  CO adsorbed on C u ( l l l )  
where  the 2at* resonance has been s tudied using 
inverse photo emission. The 2at* resonance is 
centered at ~ , -  e v = 2.5 eV and has the width 
( F W H M )  F =  1.5 eV; see fig. 7b. Hence  (a-=- 
2 w * )  

1 F / 2  - 1 

Pa tEr ' )  = 7r ( -  - - e F  + ( p / 2 )  2 
)2 0.035 (eV) 

Using (sin 2 0)  = 0 33 (see ref. [14]) and account- 
ing for both 2w~ and 2w~*, we get from eq (12) 
~'~-h = 7 × 10 - ~  S, m relatively good agreement  
with the lifetime deduced  from the resistivity data 
for CO on Cu films, ~'~-h = 4 X 10 -11 S (~ee table 
1) 

Next, consider C 2 H  6 and C z H  4 on silver. 
These  molecules are both physisorbed with very 
similar bmdmg energies. This is indicated by the 
similar desorption temperatures,  96 K for CzH ~ 
[15] and 90 K for C z H  4 [16,17]. Nevertheless,  as 
shown in table 1, the vlbrattonai damping and the 
adsorbate induced change in the surface res~suv- 
aty differ by a factor ~ 5. This remarkable  result 
as simple to explain by noting that the lowest 
unoccupated molecular  resonance state is much 
closer to the fermi energy for CzH~ than for 
C2H~,. According to inverse photoemiss~on re- 
suits by Koch and coworkers a w ~" resonance oI 
C z H  4 adsorbed on A g i l l )  is centered  around 
the vacuum level; see fig 7c. Such a "rr* reso- 
nance does not exist for CzH 6 which has only 
h~gher-lymg ~ resonances,  see fig. 7d This re- 
sults m a much smaller adsorbate reduced densfly 
~l statc~ at the fcrm~ energy ~or CzH,,  as corn- 
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Fig. 8. A constant current STM image of  Xe adsorbed on Ni(1 t0) taken with the tip biased +0.0211 V relatwe to the sample Xe 
appears as a 1.5 ,~ high protrusion From ref [19] 

pared with C 2 H  4 which according to eq. (12) 
explains the observed difference in vibrational 
damping. 

It is known from inverse photoemission meas- 
urements  [18] that the 6s level in Xe on P t ( l l l )  
forms a resonance located a round  the vacuum 
level and with a width of  F =  1 eV. The tad ot 
the resonance extends down to the Ferm~ energy 
and gives rise to a low density of  states at e~" see 
fig. 7e, and fig 4 in ref. [19]. It has been pointed 
out by Eigler et al. [19,20] that this is in fact thc 
origin of why Xe shows up as a big bump m STM 
(where electron tunnehng to adsorbate reduced 
states in the vicinity of e F occurs); see fig. 8. 
~squming a Lorentzian 6s resonance,  with g, - e v 
= 4 eV and F =  1 eV gwes p~(e F) = 0.01 e V - J ,  
and from eq. (12) %-h = 7 × l0 -'~ s which is close 
to the lifetime deduced from the resistwit~ data 
This indicates that even for a "physisorpt~on" 
system such as X e / A g ( l l l ) " ' c h e m i c a l "  effects 
may give the dommating adsorbate  reduced con- 
tnbut ion to thin-film res~stwtties and the e - h  pmr 
damping of  the corresponding parallel frustrated 

4. Applications 

4. ] A tomw scale fiwtzon 

The study presented above has shown that the 
e - h  pmr eontrtbut~on, 1/%_ h, to the damping ot 

parallel f rustrated translations, can be directly 
obtained from either the adsorbate  induced 
change in the DC resistivity of thin metalhc fdms 
or from the IR spectroscopy. One can define a 
frictmn coefficient 

1 1 
r / = - - + - -  

"Ft. - h " F p h o n o n  

Here l /"Fphom m IS the contribution to r7 from 
phonon cm~s~ion. The frmUon cocffiment r/ en- 
ters m many dynamical processes at surfacc~ e g 
m surface d~ffusum or m atomic scale frmuon 
Atomic scale frlct~on wa~ recendy studmd b5 Knm 
et al. [2!!. They evapormcd thin smooth (and 
rough) silver and gold films on a quartz-crystal 
mmrobalance; see fi~ Q If ane monolayer  or less 
of molecules are adsorbed on the surface of the 
metal film this gwcs rise to a small shift m the 
resonance frequency of the crystal, wtltch is pro- 
portlonal to the adsorbed mass. Jn addmon, for 

me~ol folm-, 

× 
Fig q Ouartz-crT~tal m,cmbalancc with a thin mchdhc film 

containing ,in ad~ rbed  lay er oI dtlllll'-, ( s c h l  rllatlt. I 
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X ( 0 ) )  = 

\'* ~'IC rc  

vcry weakly adsorbed molecules such as noble gas 
atoms, some slippage occurs which gives a contri- 
bution to the damping of the v~brat~onal motion 
and which can be measured experimentally. In 
partncular, at high coverages incommensurate  ad- 
sorbate structures are formed and the pinning of 
these structures by the corrugated substrate po- 
tential is of ten very small resulting in large slip- 
page. If the pinning potential is neglected, the 
equation of motion for the adsorbates (displace- 
ment coordinate q) and the substrate (displace- 
ment coordinate x) takes the form (see fig. 9) 

=0, 
m 

x +3`2 +oo~x + N ' - ~ r l ( 2 - ( t ) = r ,  

where F is a driving force. In these equations, M 
is the mass of the vibrating crystal (without adsor- 
bates), Nm is the mass of the adsorbates (N  is 
the number of adsorbates) and 3' is the damping 
of the vibrational motion in the absence of the 
adsorbates. Note the similarity between these 
equations and those studied earlier in the context 
of electric conductivity (eqs. (1) and (2)). Assum- 
ing F =  F 0 e x p ( - l w t )  gives 

F 

0 ) ~  ~ O.I 2 - -  I O ) ~ t < )  t 

Ytot = Y + N 
m a~'r/ 

M ~o + It/ " 

Hence the adsorbates wdl induce a frequency 
shift Am and a change in the damping A 7 given 
by 

2 :~w = I m  Y,,t = - N  
m ~o~q 2 

M 602+7"/2. 

A v = R e  y .... - T = N  

',o that 

m w2r/ 

M ~o: + r/" " 

Using these cquahons, the quantlt)es Nm and r/ 
can be immedmtely obtained from the adsorbate 
Induced irequency shift ;~o) and damping ,~y 

The analysis presented above was carried out 
by Krim et ai. for incommensurate  layers of  Kr on 
gold and silver films. The observed friction -q --- 
l0 n s-  D corresponds to a hfetlme "r ~ 10 -~ s. This 
lifetime cannot be explained by excitation of  bulk 
phonons. In fact in the absence of  pinning, 1"phonon 
= ~ as shown by Aubry  [22]. Similarly, the  model 
study of Sokoloff [23] gives "rphono, ~- 10 -3 S which 
is completly negligible. Hence the observed 
damping is likely to be due to excitation of e - h  
pairs and, in fact, the observed lifetime is similar 
to that deduced f rom resistivity data for Xe on 
A g ( l l l )  (see table 1), %-h ~ 0.3 X 10 -8 s. Con- 
ver ted into cross sections for diffusive electron 
scattering one gets ~;(Ar) = 0.1 ,~2 and ,Y,(Xe) 
0.6 /~z. The longer lifetime and smaller cross 
section for adsorbed Kr is consistent with the 
more  inert nature  of  this atom. It is also consis- 
tent  with the experimental  data of Eigler and 
Schultz [24], who measured  the cross sections ~r 
for spin-flip scattering of conduction electrons 
from Xe and Kr adsorbed on lithium. They  found 
o-(Kr) =- 2 x 10 - 4  ~ 2  and cr(Xe) = 35 x 10 -4 ,~2 
so that o-(Xe)/cr(Kr~ --- 18. (Note that or depends 
on a product of  two local density-of-states factors 
while ,Y is proportional to one such factor, e.g. 
O" "" p6,(eF)P~,p(eF)  and ~; ~ P6s(ffF) for Xe. Hence,  
one expects a s tronger change of or than of ~" 
when going from Kr to Xe ) It would be interest- 
lng to extend the resistivity and quartz-crystal 
microbalance studies by performing these mea- 
surements on the same adsorbate system. 

4.2, Surface diffusion 

Diffuslon of adsorbates is of  central  impor- 
tance in many surface reactions. Surface resistiv- 
ity studies can contr ibute in two ways to surface 
d~ffusion. First, it has been shown that the adsor- 
bate diffusion coefficient D = D o e x p ( - E / k B T )  
~ . * t  v ~ -  * z * ~ . . , u o u * ~ u  *.J.t.t~,,,~tm.3t U y  I I I U I l I t U I I I I ~  t l l K ;  t l I I I I U  

dependence of the surface resistwity as a gwen 
dose ot adsorbate is adsorbed on the surface 
Adsorbates bind s tronger  to surface defects  than 
on the perfect surface areas, and as time in- 
creases, the adsorbates will diffuse to surface 
Imperfections (we assume a low concentrat ion of 
adsorbatcs) where they ,-v ,y st~ck more  or less 
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permanently,  and th~s diffusion process can be 
followed by studying the time dependence  of the 
film resistivity. The point is that  an isolated ad- 
sorbate on a flat surface area usually has a differ- 
ent cross section ,Y for diffusive electron scatter- 
ing as compared  to the case where  it is bound to 
a step or to an other surface imperfection. Sec- 
ondly, the friction coefficlent rl enters directly in 
D 0. Since the  e - h  part of  rt can be obtained from 
the adsorbate induced contribution to the film 
resistivity, this constitutes an important  connec- 
tion. It is not  surprising that D O depends on 77 
since, according to the f luctuation-dissipation 
theorem, the  fluctuations in th"  system, which 
can "kick" an adsorbate over the barrier E, de- 
pend on r/, Indeed if we write D,=w(12)/4 
where w is the jump rate over the barrier and 
( /2)  the average of the square of  the lump dis- 
tance, then, as Kramers [25] has shown, w ~ l / r /  
as 'r/--* ~ and w ~ "r/as 7 / ~  0 while w is roughly 
independent  of  77 for a wide range of intermedi- 
ate rt values. The quantity ( l  z) depends also on 
rt: for large r/ the motion of the adsorbates is 
strongly damped  and they will only perform lumps 
between nearest  neighbou~ binding sites, but for 
small 'r/ the motion is weakly damped  and once 
the adsorbate is thermally excited over the bar- 
rier E it will propagate for several lattice spac- 
ings before falling down m a well; scc fig 10. For 
a detailed discussion of the role ol r~ In surface 
diffusion, see e.g. ref. [261. 

4.3. Other apphcations 

There  are  several other  applications of surface 
or thin film resistivity, some of  which are re- 
wewed in the beautiful work of Schumacher  [27]: 

(a) The  growth of thin metallic films can be 
studied by monitoring the varianon in the film 

resistivity as a funct,on of the coverage O. In a 
ccl taln tempera ture  range the change in rcs~stw- 
Ity A o is typically found to exhibit a damped 
oscdlatory behaviour, where the period oI oscdla- 
tion corresponds to AO = 1. This growth mode 
corresponds to a uniform layer-by-layer growth 
and in order  to obtain a surface with a minimum 
of defects, it is necessary to stop the evaporation 
process just when a monolayer is completed whe,,- 
Ap is at a local minima. 

(b) The damping of surface plasmon excita- 
tions m small Ag-particle systems embedded m 
various gas matrices was studied in ref. [28]. It 
was found that both the width and the peak 
position of the optical absorption resonances have 
a surface contribution proportional to 1 /R where 
R Is the radius of  the particle This surface con- 
tribution to the linewidth F is much larger (by at 
least a factor of  ~ 2) for CO and C2H 4 matrices 
as compared with more inert matrices such as Ar 
or N 2. Th;s is slmilar to the influence these 
molecules have on the DC res~stwity of thin 
metallic films (see table 1) However, the damp- 
ing which occurs in the present case is as,,omated 
with a relatwely high frequency electric field (trio 

3 eV) and it seems a, d the dommant  conmhu- 
tion to F is derived from exc~tanons caused by 
the electric field componcw normal to the sur- 
face of the particles, rathcl ~han associated with 
dae surlace rcslsfivlty Nevertheless, the dffIcr- 
ence in F between "reactive" and " iner t"  matri- 
ces can again be related to the occurrence or 
absence of low-lying nearly empty adsorba'c in- 
duced resonance states. 

(c) Other  inteiestmg applicatlon¢ of surface 
res~stwity are to surface enhanced Raman scatter- 
mg [29,30], adsorption and desorptuon, and rater- 
diffusion [27,31 ]. 

high fr4chon tow fr~r_hon 

Fig lO Adsorbale diffusion on a corrugated one d~men~mnal 
potentml energy surface For large fnc tmn  r/ lhe ad,,orb'~te 
motion ts strongly damped and only jump ~, between n n 
potential  wells occur For small friction, once excited over lhe 
barrier,  the adsorbate  propagates  fl~r many latuce ~,pacmgs 

before  finally falhng down m a v, ell 

In this work i have dtscu,,~cd thc co1~ccpt oi 

surface resvdw~ty and have presented a number 
of important apphcat~on~ Concerning the theo- 
retical status of th~s field, a relatwely good overall 
understanding has been reached, but the theory, 
ha,, a number  of "weak links" which deserve 
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further attention. For example, the derivation of 
the adsorbate induced change m IR rcflccttvity 
AR (see cq. (9)) is strictly valid only il oJ/~Op >> 
z~/c. However the cxpcnmcntal  dat<i arc lot 
w/o% < vv/c and theory needs to be extended to 
treat this case. Also, tn the derivatmn of the 
thin-film resistivity Ap (see eq. (10)) it is implic- 
itly assumed that the current J is uniform 
throughout the film thickness d and that the 
reaction force from the adsorbates on the con- 
duction electrons is uniformly distributed. These 
assumptions hold smctly only when ~'u = 0o. 

The measurements of adsorbate mduced 
changes in the thin-film resistivity are simple and 
cheap experiments which in most cases are easy 
to mterpret theoretically, and deserve much more 
attention The measurements of the IR reflectw- 
ity spectra of low-frequency parallel adsorbate 
v!brattons should be extended to simpler systems 
(e.g. H on Cu(100)) than those studied up to date 
in order to test the theories which have been 
developed to explain the ongm of the tntensity 
and the lineshape of these dipole forbidden (with 
respect to the surface normal)wbrational modes. 
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