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We have computed the IR spectrum of molecules adsorbed on a surface that execute dipole- 
inactive vibrations (vibrations that cannot be excited by an electric field component normal to the 
surface) of the hindered-rotation or hindered-translation type. We discuss an indirect 
mechanism for exciting such molecular vibrations, connected with dragging by an electron wind. 
We show that this mechanism leads to broadband background absorption and an asymmetric 
lineshape, which is determined by the combined effects of nonadiabaticity and nonlocality. Our 
results are used to discuss the vibrational spectra of the systems CO/Cu(100) and H/ 
W(100). 

1. INTRODUCTION electric field. Consequently, the additional surface impedance 

The study of vibrations of adsorbed molecules is a pow- 
erful method for investigating the dynamics of surface pro- 
cesses such as vibrational relaxation, surface chemical reac- 
tions, surface diffusion, adhesion, desorption, etc. One way 
to obtain information about vibrations is to use a method 
involving vibrational spectroscopy of  adsorbate^.'-^ Such 
methods include reflection and absorption IR spectroscopy 
(IRAS), electron energy-loss spectroscopy (EELS), and in- 
elastic scattering of helium atoms (IHS). 

Because of its high resolution, IRAS is the most suitable 
method for studying the lineshapes of vibrations. With regard 
to IRAS, it is widely b e l i e ~ e d l - ~  that it can only be used to 
study vibrations of molecules with nonzero dynamic dipole 
moment perpendicular to the surface. However, recently vi- 
brations of hindered-translation type7-'' were observed in 
IRAS for H on W(100) and Mo(100), as well as hindered- 
rotation vibrations1' of CO on Cu(100) (in hindered transla- 
tion, the center of gravity of the molecules translates parallel 
to the surface without a change of orientation of the molecu- 
lar axis; in hindered rotation, both the position of the center 
of gravity and the orientation of the molecular axis change). 
Hindered rotations and translations are dipole-inactive vibra- 
tions with regard to the electric field normal to the surface. 
However, in the experiment these vibrations were observed 
to have the same spectral intensity as the dipole-active vibra- 
tions perpendicular to the surface. 

In order to explain these experimental data for the vibra- 
tional spectra of dipole-inactive vibrations, we have pro- 
posed a theory based on the concept of surface 
c o n d u ~ t i v i t ~ . ~ ~ ~ ' ~  According to this theory, scattering of elec- 
trons by the potential of adsorbed molecules leads to a 
change in the surface conductivity and to wideband absorp- 
tion of IR radiation. For hindered translations, when the fre- 
quency of the IR radiation coincides with the resonance vi- 
bration frequency wo the molecules move in resonance with 
the collective drift motion of the conduction electrons in the 

disappears at this frequency, and the IR reflectivity attains its 
value for a clean surface. The theory explains the intensity of 
the spectral peaks, their anti-absorptive nature, and the rea- 
son why dipole-inactive vibrations could not be seen by us- 
ing EELS. 

The theory we developed in Refs. 12,13, which was 
based on the semiclassical Drude model, is correct only for 
vibrations of the hindered-translation type, and for metals for 
which the "jellium" model applies. For this reason, it cannot 
be used for metals with complicated band structures, for ex- 
ample, vibrations of H on W(100). 

Furthermore, the region of validity of the theory coin- 
cides with the region of validity of local optics, which is 
specified by the condition vF/wGS, where S=c/wp is the 
skin depth, v~ and c are the Fermi velocity and velocity of 
light, respectively, and wp is the plasma frequency. As a con- 
sequence of the approximations used, the theory predicts a 
symmetric lineshape and a frequency-independent back- 
ground absorption. At the same time, the experimental obser- 
vations for hindered translation of H/W(100) and hindered 
rotations of CO/Cu(100) suggest that the lineshapes are 
strongly asymmetric and that the wideband background ab- 
sorption is frequency dependent. 

In this paper, we present a complete quantum- 
mechanical calculation of the vibrational spectrum of dipole- 
inactive vibrations based on the Kubo formalism under con- 
ditions where local optics is valid. This general approach 
allows us to compute the lineshape while including nonadia- 
baticity of the vibrations for an arbitrary type of vibration 
and arbitrary metallic band structure. For low-frequency vi- 
brations, the conditions for validity of local optics may be 
violated. In order to investigate nonlocality, in this paper we 
have generalized an approach first used to study the anoma- 
lous skin effect, which is based on use of the kinetic Boltz- 
mann equation. l4  
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2. REFLECTIVITY OF A SURFACE IN THE PRESENCE OF 
ADSORBED MOLECULES 

When a beam of infrared light is incident on a metal 
surface covered by adsorbed molecules, with a frequency 
corresponding to the frequency of molecular vibrations, 
peaks or troughs are observed in the reflection spectra. The 
change in the reflectivity due to adsorbed molecules is deter- 
mined by the expression 

where R and Ro are reflection coefficients in the presence 
and absence of adsorbed molecules on the surface, respec- 
tively. Because the wavelength of the incident photons is 
many times larger than the size of a molecule, it is usually 
assumed that the interaction between the radiation field and 
the adsorbed molecule is dipolar in form: 

where is the dipole operator of the molecule and E is the 
electric field vector at the position of the molecule. For 
p-polarized electromagnetic waves in the IR frequency 
range, the normal component of the electric field near the 
surface of the metal is approximately equal to twice the nor- 
mal component of the incident wave.15 On the other hand, 
the parallel component of the electric field is several orders 
of magnitude smaller than the normal component. This dif- 
ference between the normal and parallel components of the 
electric field leads to an approximate selection rule, accord- 
ing to which only vibrational modes that have a dynamic 
dipole moment normal to the surface can be observed by 
using IRAS. Therefore, the observation of formally forbid- 
den vibrations (with respect to the normal component of the 
electric field) of the hindered-translation7-lo type for H on 
W(100) and CO on Mo(100), and hindered-rotation1' type 
for CO on Cu(100), was unexpected. In fact, the vibrational 
spectra for these vibrations had the same intensity as the 
dipole-active modes, despite the fact that the parallel compo- 
nent of the electric field at the surface was smaller by a factor 
E~~/E, - o/o,-10-~ than the normal component of the elec- 
tric field, and the corresponding dipole intensity was smaller 
by a factor of I E ~ ~ I E , ) ~ - ~ O - ~ .  However, these arguments do 
not take into account the fact that even a small parallel com- 
ponent of the electric field can induce a sizable current den- 
sity in the metal because of the high metallic polarizability. 
The interaction between the vibrations of the adsorbed mol- 
ecules and this current density can lead to an appreciable 
change in the surface reflectivity, due to the change in the 
surface conductivity. 

When the coupling between the current density and the 
bulk electric field is determined by a local relation, the 
change in reflectivity due to adsorbed molecules for 
p-polarized electromagnetic waves is given by the 
e ~ ~ r e s s i o n ' ~ " ~  

16 rrw A =  - - Im(a, sin 8- "11 I&), 
c cos e 

where 8 is the angle of incidence, ai and all are the surface 
polarizabilities per unit area in the directions normal and 
parallel to the surface, and E is the dielectric constant of the 
metal. The polarizability all is related to the change in surface 
conductivity in the presence of adsorbates as by the equation 

For metals, the condition IE(W)JBI is usually satisfied in 
the infrared region of the spectrum; therefore, when ai-a1,, 
the first term should dominate in Eq. (3), which leads to a 
selection rule for the dipole-active modes. However, at the 
metal surface, due to the high polarizability of the metal 
parallel to the surface, the condition allSa, may be satisfied. 
In this case, the second term will dominate in Eq. (3). 

The normal component of the electric field does not in- 
teract directly with the hindered rotations and translations, 
and can only excite overtones of these vibrations with weak 
intensity.18 Therefore, the reflectivity near the resonant fre- 
quency for these vibrations is determined primarily by the 
second term, which, taking into account Eq. (4), can be writ- 
ten in the form 

According to the Kubo formula, for a metal with isotro- 
pic conductivity in the plane (x,y) parallel to the metal sur- 
face, the conductivity as is determined by the expression19 

At T=O K, the average in Eq. (7) is taken over the 
ground state of the system, while for finite temperatures it is 
taken over a canonical ensemble; ?,(t)  is the x-component of 
the current density in the Heisenberg picture. 

For small concentrations n, of adsorbed particles, the 
reflectivity depends linearly on no. In order to obtain this 
linear contribution, it is convenient to express the conductiv- 
ity in terms of the force-force response function. For this we 
make use of the equation of motion for the Green's 
f~nction,~'  according to which 

where H is the system Hamiltonian. Taking into account that 

where P, is the x-component of the system momentum op- 
erator, and the force operator f ix is determined by the expres- 
sion 

we obtain from Eqs. (8), (9) 
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The first term in Eq. (12) is purely real; therefore it does 
not give a contribution to the real part of the conductivity, 
and in what follows it will be omitted. In the presence of 
adsorbed atoms at the surface, the force operator can be writ- 
ten in the form 

where fi, and fib are force operators associated with the 
interaction of electrons with the potential of the adsorbed 
molecules and the crystal potential, respectively. The opera- 
tor kb contributes to the change in surface conductivity due 
to adsorbates only when multiple scattering of electrons by 
the crystal potential and the potential of the adsorbed mol- 
ecules is taken into account. In this paper we will neglect 
multiple scattering; therefore, the operator fib will be omit- 
ted. 

In order to obtain a contribution to A that is linear in the 
concentration of adsorbates n u ,  it is sufficient to calculate 
the response function while neglecting the interaction be- 
tween different adsorbed molecules. In this case, we have 

For further calculations it is necessary to make the 
model more concrete and to choose a model Hamiltonian of 
the system, which we will do in the next section. 

When the conditions for applicability of local optics are 
violated, it is necessary to use an expression for the reflec- 
tivity that is more general than (3). According to impedance 
theory, for p-polarized waves and angles of incidence that 
are not too close to 7d2, the reflection coefficient can be 
determined from the expression15 

4 w EX(0) 
R=l+--1m 7, 

cos 8 c Ex(0) 

where Ex(0) and E:(O) are the values of the x-component of 
the electric field and its derivative along the z-axis at the 
surface z =O. 

In order to find Ex(0) and Ei(O), it is necessary to use 
the Maxwell equations for the electromagnetic field within 
the metal, supplemented by the constitutive equations, which 
express how the induced current and charge couple to the 
electric field. 

In order to obtain this coupling, which in general is non- 
local in character, in Sec. 4 of this paper we will use an 
approach based on the kinetic Boltzmann equation. Previ- 
ously this approach was used in the theory of the anomalous 
skin effect.14 

3. REFLECTIVITY FOR THE CASE OF LOCAL OPTICS 

Let us write the Hamiltonian of the system in the form 

H = H o + H i n t ,  (16) 

The Hamiltonian Ho describes the electronic part of the 
metal plus adsorbed layer system and the vibration of the 
adsorbed molecules, without including the electron-phonon 
interaction. c i  and c: are creation operators for an electron 
in the states of the adsorbed molecule and the metal, with 
energies E, and ck respectively. Vak is the matrix element for 
hybridization between states of the adsorbate and the metal. 
The Hamiltonian Hint describes the electron-phonon interac- 
tion: 

where Q,= Q0(b,f + b,) is the normal coordinate of the vi- 
bration, Qo is the amplitude of the zero-point oscillation, b i  
is the phonon creation operator, and x is the displacement of 
the center of gravity of the molecule along the x-axis. For the 
model (16)-(18), the force operator can be written in the 
form 

fi,=fih"+fi?', (20) 

The force-force response function in Eq. (14) can be 
written as follows: 

In order to compute the causal Green's functions that 
enter into Eq. (24), at T=O K we can use the diagram tech- 
nique for time-ordered Green's functions, which for w>O 
coincide with the causal Green's functions on the real axis; 
for finite temperatures we use the diagram technique for the 
temperature Green's functions, whose analytic continuation 
from a discrete series of points on the imaginary axis to the 
real axis determines the causal Green's  function^.^' When 
electron-hole mechanisms generate the vibrational spec- 
trum, as we assume in this paper, the temperature depen- 

288 JETP 79 (2), August 1994 A. I. Volokitin and 6. N. J. Persson 288 



dence of the spectrum is found to be weak;18 therefore, in 
what follows, all the Green's functions will be computed at 
T=O K. 

Using the diagram technique, we can obtain 

1 )  ( 1 '  - ^ ( I )  f i (1 )  
((Fa ;Fa ))-((Fa ; a ))o 

+Q;((fiF' ;fiL3'))@(w), (25) 

( ( i y )  ;fiL2))) = Q:(F?O)):D( W), (26) 

( ( i p  ; y ) )  = ((fiL2) 1)) = Qi((fi?) ;jy)))" 
= (fi?O'),,D(w), (27) 

In Eqs. (25-28), the label "0" attached to a Green's 
function indicates that this Green's function is calculated for 
a system with Hamiltonian Ho .  Taking Eqs. (25)-(28) into 
account, we can write 

where 

c (w) = Q:((fi?' ;fi?)))o. 
3 

For small values of w we can write 

where i =  1,2,3. The quantity A3 leads only to a renormaliza- 
tion of the frequency wo; therefore, in what follows we will 
assume that wo equals its observed value, so that we can set 
A3=0. The quantity A, does not contribute to the reflectivity, 
while A, is determined by the expression 

The quantities Ti are determined by the expressions 

In Eq. (359, denotes an average over the constant- 
energy surface with F = E ~ ,  where E, is the Fermi energy. In 
deriving Eq. (35) we have assumed that rQ=O for symmetric 
vibrations, for which r ( - Q ) = r ( Q ) .  From Eqs. (5), (6), 
(12), (14), (29), and (39 ,  we obtain 

where A = w2- w3wr3, y= ~ / 2 w ~ r ~ / A ~ .  
Equation (38) determines the well-known expression for 

the Fano lineprofile722-23 which has a characteristic asymme- 
try, the magnitude and sign of which are determined by the 
parameter ?.(coo). The asymmetry of the lineprofile is related 
to the imaginary part of the function C2(0), which in turn is 
due to the nonadiabaticity of the vibrations. As was shown 
for the first time by ~ a n ~ r e t h , ~ ~  for an electron-hole attenu- 
ation mechanism dipole-active vibrations are also character- 
ized by a Fano lineprofile. However, the mechanisms that 
lead to this profile are fundamentally different, and give dif- 
ferent expressions for the parameters that characterize it. For 
example, for dipole-active vibrations the asymmetry param- 
eter I?.(wo)l<17 while for dipole-inactive vibrations this pa- 
rameter can be arbitrarily large. As a special case, let us 
discuss vibrations of the hindered-translation type at a metal 
surface in the "jellium" model. In this case, we find that 
Q ~ = ( ~ M w ~ ) - ~ ' ~  (atomic units are used, with fi=l); here 
M is the mass of the adsorbate and 

From (35), we then obtain rl=r2=r3= 77, where 7 is a co- 
efficient of friction corresponding to motion along the sur- 
face. It follows from Eq. (34) that A2=0. Taking into account 
that in the "jellium" model 

where n is the electron density in the metal, the following 
expression is obtained for the reflectivity: 

where T= f 1  is the lifetime of the vibration. Expression (39) 
has a characteristic "anti-absorptive" structure, i.e., at the 
resonant frequency o=wo the absorptivity turns out to be 
smaller than in the region outside resonance. The qualitative 
explanation for this result is that at the resonant frequency 
the molecules move synchronously with the drift motion of 
the conduction electrons in the electric field, i.e., there is no 
relative motion between them. In the "jellium" model the 
frictional force that acts on the molecules depends only on 
the relative velocity; at w=wo this motion tends to zero, im- 
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plying that no energy is absorbed at resonance. The expres- 
sion (39) was first obtained by us in the Drude model.12 

4. REFLECTIVITY FOR THE CASE OF NONLOCAL OPTICS 

In the previous section, the calculation of the reflectivity 
was based on the assumption that the relation between the 
electric field and the induced current density was local, 
which is admissible only when vF/w<8 (it is assumed that 
the mean free path 196). When u ~ / o > ~ ,  it is necessary to 
replace the local relation 

between the current density j and electric field E(x,w) by a 
more general nonlocal relation 

In order to obtain this nonlocal relation, we make use of an 
approach based on the kinetic Boltzmann equation. Previ- 
ously, this approach was used to study the anomalous skin 
effect without including vibrations of adsorbed  molecule^.^^ 

Let us consider a semi-infinite metal in the "jellium" 
model, with a surface in the xy plane and the positive z-axis 
directed into the metal. The surface is assumed to be covered 
with adsorbed molecules that can execute vibrations of 
hindered-translation type in the x-direction. As we showed in 
the previous section, local optics then predicts a completely 
symmetric lineshape. Within the metal, for z > a ,  where a is 
the size of the surface region, the parallel component of the 
electric field greatly exceeds the perpendicular component. 
Neglecting the perpendicular component and assuming that 
the parallel component is directed along the x-axis, we can 
write the Boltzmann equation for the electron distribution 
f(z,vx,vy ,v,) in the form 

df eEx df Jf f - f o  -+---+vz -=--> 
dt m dux dz rb 

(42) 

where 76 is the bulk relaxation time and f, is the Fermi 
distribution function. For a p-polarized wave and angles of 
incidence 8Z0, in the surface region, i.e., Izl<a, it is neces- 
sary to include the rapid change of electron density and nor- 
mal component of electric field. This purely surface effect 
can be included by using the theory of d-functions proposed 
in Ref. 16. However, since the normal component of the 
electric field does not interact with the dipole-inactive vibra- 
tions when vF/o+a, these surface effects will be small, and 
will not be included in what follows. Following Ref. 14, we 
will assume that a fraction p of conduction electrons is 
specularly reflected at the surface, while the remaining elec- 
trons are diffusely reflected with a drift velocity V equal to 
the velocity of the vibrating adsorbed molecules along the 
x-axis. Consequently, f (z,v, ,vy ,v,) should satisfy the 
boundary condition 

where v,>O. In order to obtain the equation of motion for 
the adsorbed molecules, we must incorporate the fact that the 

relative motion between the adsorbed molecule and the drift 
motion of the electrons in the metal leads to a frictional force 
which acts on the adsorbed molecules via momentum trans- 
fer between the conduction electrons and the adsorbed mol- 
ecules when the former scatter off the latter at the surface. 
The momentum flux transferred by the electrons to the ad- 
sorbed molecules in the x-direction can be written in the 
form 

(The normalizing constant is included in the definition of the 
function f (z,vx ,vy ,vz)). The frictional force acting on the 
adsorbed molecules equals the momentum flux divided by 
the number of adsorbed molecules per unit area n, . Thus, 
the equation of motion for the vibration of the adsorbed mol- 
ecules has the form 

In the linear approximation with respect to the electric 
field Ex(z) we can find the solution to Eq. (42) with the 
boundary condition (43) in the same way as was done in Ref. 
14 for the case of motionless adsorbed molecules, i.e., V=O. 
Using this solution, we can compute the current density in- 
duced by the external electric field, 

Neglecting the displacement current and normal component 
of the electric field in the metal, we obtain the equation for 
the parallel component of the electric field from the Maxwell 
equations: 

d 2 ~ ,  41riw - jx(z). (47) 

Computing jx(z) from Eq. (46) using the function 
f(z,vx,vy ,uz) obtained from the solution of Eq. (42) with 
the boundary condition (43), after a change of variables E(z)  
= g ( t ) ,  z=@, from (47) we obtain the following equation 
for the function g(5): 

where we have used the relation24 
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FIG. 1. Infrared spectrum for vibrations of 
hindered-rotation type in CO on the surface of 
Cu(100). The solid curve is the result from theory; 

99.4 see the text. 

Here p= a//- iolw,, w ' = u ~ / ~ ,  a=3iw/4w1. Assuming that 
the quantity 1-p is small, the solution to Eq. (48) can be 
obtained by iteration in powers of (1-p). To zeroth approxi- 
mation, the solution to Eq. (48) was found in Ref. 14, using 
the Fourier method. In the first approximation, the solution is 
given in the form g([) =go(<) + g ,  (5). After substituting 
this solution into Eq. (48), to linear approximation in (1-p) 
we obtain for the function g1(5) an equation which can also 
be solved by the Fourier method. Using the solution so ob- 
tained and Eq. (15), to linear approximation in (1-p) the 
reflection coefficient can be written in the form 

4 w m 1 
R = l -  

7r cos ow, 

where u = iq lp .  In particular, when wl/w61, we obtain from 
Eqs. (54)-(57) 

This expression agrees with (39) if we take into account Eq. 
(49). 

5. DISCUSSION 

The results we present in this paper imply that when an 
electron-hole attenuation mechanism enters into the forma- 
tion of the vibrational spectra of dipole-inactive vibrations, 
the line profile is characterized by an asymmetry determined 
by the combined action of nonadiabaticity and nonlocality. 
Among the experimentally studied systems to which our 
theory applies are asymmetric vibrations7-" of H on W(100) 
and Mo(100) and hindered rotation1' of CO on Cu(100). For 
asymmetric vibrations of H on W(100) we have w0=1270 
cm-', while the "jellium" model for tungsten yields an es- 
timate wI-300 cm-'. Thus, the asymmetry due to nonlocal- 
ity is characterized by the small parameter wl/wo-0.2, so 
that the observed asymmetry of the line profile is primarily 
due to nonadiabaticity. The experimental data can be de- 
scribed by a Fano line profile with parameters r3=22  cm-l, 
Amo)= +0.5. The fact that nonadiabaticity of the vibrations 
inevitably leads to a Fano line profile was first pointed out by 
~ a n ~ r e t h . ' ~  However, Langreth's theory applies only to 
dipole-active vibrations, and does not explain the strong 
spectral line intensity for dipole-inactive vibrations. On the 
other hand, for hindered rotation of CO on Cu(100) we have 
w0=285 cm-' and w1=444 cm-'; therefore, the asymmetry 
parameter due to nonlocality wl/wo-1, and the effect of non- 
locality for this system must be significant. Figure 1 shows a 
comparison of the experimental reflectivity data with theory. 
The reflectivity was calculated using Eqs. (54)-(57), with a 
coefficient of friction 7 chosen so as to reproduce the asymp- 
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totic variation in the reflectivity for large w; this leads to a 
decrease in the reflectivity by 1.2350.10%. The coefficient 
of friction v= 117 obtained in this way corresponds to a life- 
time for hindered translation of CO ~ ( 4 . 6 5  1.0). lo-" s, 
which is in good agreement with the value obtained by mea- 
suring the resistivity of thin Cu films, i.e., ~ 3 . 9 .  lo-" s.24 
For the parameter we used the value w1=500 cm-l, which is 
close to the value predicted for "jellium": w1 =w,v,lc =444 
cm-'. 

For the frequency dependence of the background absorp- 
tion and line profile, agreement between theory and experi- 
ment is satisfactory when we take into account the difference 
between hindered translations and hindered rotations, and the 
fact that Cu is different from "jellium." On the other hand, 
the hindered rotation of CO on Cu(100) can be described by 
a Fano line profile with parameters w0=285 cm-', 
?.(coo)=-1.6, r3=4.2 cmP1, which corresponds to 
7= 1.26.10-l2 s.ll The larger value of the asymmetry param- 
eter ?.(w) in this case can be explained by the closeness of 
copper to the "jellium" model, for which (Awo)(=m. How- 
ever, the local theory, which leads to the Fano line profile, 
cannot explain the frequency dependence of the broadband 
background absorption. From this we may conclude that for 
hindered rotation of CO on Cu(100), nonlocality effects play 
a more important role than nonadiabaticity. 

In order to draw more definite conclusions, more careful 
measurements are required of the line profiles, in particular 
of those connected with the isotopic dependence of the spec- 
tral lines. For a more detailed confirmation of the theoretical 
predictions, it would be desirable to set up experiments for 
simpler systems involving hindered translation of H on 
Cu(100). 
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