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Vibrons in a disordered monolayer: Application to the determination
of the infrared and sum frequency generation spectra of12CO

and 13CO isotopic mixtures adsorbed on NaCl„001…

V. Pouthier and C. Girardet*
Laboratoire de Physique Mole´culaire, UMR CNRS 6624, Faculte´ des Sciences, La Bouloie, Universite´ de Franche-Comte´,

25030 Besanc¸on Cedex, France
~Received 21 April 1999!

The internal dynamics of a disordered monolayer formed by a mixture of12CO and13CO isotopes is studied
using a description in terms of vibron propagation and scattering by isotopic defects randomly distributed in
the layer. The spectral densities connected to the infrared and sum frequency generation vibrational spectra of
the disordered monolayer are expressed in terms of the average Green propagator of the vibrons using a
generalizedt-matrix approximation to describe the collision of vibrons with the distributed defects. Our model
can interpret the experimental infrared spectra of CO monolayers adsorbed on NaCl~100! and explain the
behavior of the linewidth with temperature and isotopic concentration. Differences in the infrared and sum
frequency generation line shapes and intensities are discussed. Nonlinear spectroscopy experiments on this
system should evidence these features.@S0163-1829~99!08043-1#
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I. INTRODUCTION

The internal dynamics of admolecules has been ex
sively investigated using infrared spectroscopy1 and, more
recently, sum frequency generation vibration
spectroscopy.2 Several aspects have been explored relate
~i! the optical response of isolated species adsorbed on
als or dielectrics,~ii ! the collective behavior of an assemb
of admolecules on clean substrates, and~iii ! the influence of
point or extended defects on the structural and dynam
properties of the adspecies. The analysis of the vibratio
spectrum provides information on the morphology of t
substrate~surface periodicity, number and geometry of t
adsorption sites, etc.! and the configuration of the adspeci
~relative positions and orientations of the molecular ax
etc.! through the assignment of the signals, and on the re
ation processes~energy relaxation, fluctuations of motion
etc.! through the measurement of line shifts and linewidt
Importance was put on to the assignment of the peaks in
vibrational spectrum and to the analysis of the intensity, s
and width of these peaks as a function of external parame
such as temperature, adsorbate coverage, surface clean
etc. More specifically, the origin of the vibrational line sha
was broadly classified into three categories,3,4 namely, life-
time, dephasing, and inhomogeneous broadenings. On
the challenge was to separate their relative contribution
the infrared bandwidth from experimental analyses or fr
theoretical arguments.

A lot of papers1,3–13 on the infrared response of simp
molecules were concerned with adsorption on metal surfa
using CO as the test molecule. An electron-hole pair mec
nism was clearly identified for the broadening of the pe
connected to the stretching mode of CO adsorbed
Cu~100!, for instance, Ref. 13, while dephasing process w
rather invoked6 for the same adspecies on Ni~111!, Pt~111!,
or Ru~100!. Phonon-mediated decay of the lifetime of vibr
tional modes was shown to be efficient for lower frequen
PRB 600163-1829/99/60~19!/13800~14!/$15.00
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modes,6 but in most cases the influence of inhomogeneo
broadening was difficult to quantify.

On insulating surfaces,14–28 the competition between ho
mogeneous and inhomogeneous broadening of the vi
tional bands characteristic of physisorbed molecular spe
appeared more crucial in the lack of efficient relaxati
population as observed for CO on metals. Indeed, it w
established that the infrared peak width and shape dep
strongly on the surface state and that accuracy could be
proved significantly for the width measurement by reduc
both surface defects of the ionic NaCl and MgO substra
and defects inside the adlayer. Generally, the measu
broadening17,21 remains much smaller (<1 cm21) than on
metal surfaces, and the width can narrow below 0.1 cm21 in
the most favorable situations.

Isotopic substitution of the adspecies can be an effic
tool for distinguishing among the various broadening p
cesses and it has been extensively used on metal as we
on dielectric surfaces.3,5 The nature of the isotope effec
through mass change without affecting the interaction, w
yet controversial since mass dependent linewidth changes
very small except for quantum species (H2 ,D2) and their
detection requires high resolution spectroscopy. However
ionic substrates, narrow peaks allowed isotopic effects to
resolved and clearly evidenced. The role of isotopic mixtu
of 12CO and 13CO on the dynamical coupling between a
sorbate species has been analyzed by assuming a dipola
teraction model between the internal vibrations of the m
ecules adsorbed on copper surfaces.29 The singular
spectroscopic response of each isotope due to coupling in
actions has also been used to study intensity transfers in
vibrational bands of species adsorbed close to steps on m
surfaces.5 The shift and shape of the vibrational bands of t
CO isotopes adsorbed on NaCl~100! was studied indepen
dently by the groups of Ewing16,21 and Heidberg.24 The in-
fluence of the isotopic mixture on the dipole-dipole coupli
between the adspecies was discussed on the basis of
13 800 ©1999 The American Physical Society
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PRB 60 13 801VIBRONS IN A DISORDERED MONOLAYER: . . .
selkampfet al.17 and Personnet al.29 theoretical models. The
former authors used simulation to calculate the peak
quency dispersion due to random distribution of the two i
topes without including the vibrational dephasing wid
while the latters considered an ensemble of configuration
the isotopic mixture represented by an average molecul
each site.

A clear and complete account of the band shape obse
in the frequency range of the two vibrational isotopic spec
as a function of temperature and molar fraction of the12CO
and 13CO isotopes was not given yet and experimental inf
red spectra of the mixtures remained to be interpreted.
goal of this paper is to present a dynamical study of
vibron dynamics in a disordered molecular monolayer. T
theoretical developments are based on a diagramatic ex
sion of the Green propagator describing the propagation
scattering by defects of the collective vibrations of the mo
layer molecules. The disorder in the layer sites is conside
within the t-matrix formalism which accounts for the coll
sion of the vibrons at the defect sites, i.e., sites which
occupied by another isotope.

As it stands, the problem is very similar to the phon
propagation in disordered lattices,30–35 to the spin diffusion
in random media,36 or to the propagation of electrons in b
nary alloys.37–39 It can therefore be applied to several sy
tems implying excitation transport~phonons, electrons, ma
gons, etc.! in random media. Here, we limit our applicatio
to the vibron dynamics in isotopic mixtures but the meth
will be extended in a near future to the coadsorption of t
molecular species, to the adsorption of molecules on dif
ent sites leading to the occurrence of several internal
quencies or to the adsorption of a pure monolayer on a
face with random defects.

The spectral density of the disordered monolayer is de
mined as a simple product of the average Green propag
describing the vibron dynamics and of a structure fac
which depends on the nature of the spectroscopic probe
addition the propagator accounts for the dephasing relaxa
due the fluctuations of the external modes characterized
the phonons and librons of the monolayer and the subs
phonons. First, we calculate the infrared spectral density
the disordered monolayer CO on NaCl~100! which can be
directly compared to the available experimental data. T
the spectral density connected to the infrared-visible sum
quency generation vibrational spectrum is evaluated and
similarities or the differences regarding the infrared peak
tensity and shape when compared to linear spectroscopy
are analyzed in terms of temperature and molar fraction
isotopes.

In Sec. II, we present briefly the monolayer model, t
total Hamiltonian and the vibron master equation alrea
discussed in a previous paper for the pure monolaye40

Then, we introduce the ingredients that are required to
clude the disorder in the Green propagator and in the spe
density. An application to the IR and SFG responses of
vibrons in a disordered monolayer formed by a mixture
12CO and 13CO molecules is developed in Sec. III and t
calculation of the linewidth is performed for various imp
rity molar fractions. A discussion on the relative informatio
given by the linear and nonlinear spectroscopies is mad
Sec. IV.
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II. THEORETICAL PART

A. The model

Let us consider a set ofN diatomic molecules adsorbed o
a well-organized ionic substrate. At completion, the m
ecules are assumed to form an ordered monolayer comm
surate with the substrate. The periodicity of the whole s
tem ~layer 1 substrate! is characterized by the size of th
unit cell containingnc molecules which are not equivalentl
adsorbed on the substrate sites. Letl be the cell number and
s51, . . . ,nc the molecule number in the cell, the positio
R( ls) and the orientationV( ls) of the (ls)th molecule is
defined by the supervectorX( ls)[@R( ls),V( ls)#. In a
similar way, ther th substrate atom belonging to themth unit
cell of the substrate in thepth plane (p50 is the surface
plane of the substrate! is defined by its positionx(mpr).
Each molecule behaves as an internal oscillator which is
sumed to be harmonic and described by the coordinateQ( ls)
around the equilibrium interatomic distance.

When the monolayer is formed by a single species
molecules labeleda, each moleculea is thus characterized by
a harmonic frequencyva , and a reduced massma connected
to its internal vibration in gas phase. By contrast, when
second molecular species labeledb is added to the layer, new
internal frequencyvb and reduced massmb occur.

In order to limit the perturbation induced by the consi
eration of a second molecular species, we assume that
eculesa andb are two isotopes such as12CO and13CO. As
a consequence,~i! the structural ordering of the initially
single species monolayer is not destroyed by the presenc
the isotopic defects since both the substrate-admolecule
molecule-molecule interactions are the same,~ii ! the spatial
distribution of the isotopic speciesa and b is random and
monitored by the ratio of molar fractionpa /pb , and~iii ! the
difference in frequenciesva and vb are due only to the
change of the isotope reduced massesma andmb . We show
in Fig. 1 a scheme of the perfect monolayer@Fig. 1~a!# and of
a frozen configuration of the disordered monolayer@Fig.
1~b!#. The internal frequencyv ls and the reduced massmls
of the molecule located on the (ls)th adsorption site are thu
distributed randomly. They can take the valuesva and ma
with a probabilitypa for a moleculea in the (ls)th site or the
valuesvb andmb with a probabilitypb512pa for an iso-
topic moleculeb in the same site. In contrast, the stiffne
k05mlsv ls

2 of the internal vibration of the (ls)th admolecule
is independent of its isotopic nature.

B. Hamiltonian and master equation for the vibrons

The HamiltonianH for the whole system can be written i
an improved way after the renormalization procedure w
applied to the adspecies, as discussed in detail in Ref. 4
is expressed as

H5HI1HE1DH, ~1!

whereHI characterizes the internal dynamics of the adm
ecules andHE the external dynamics of the system, i.e., t
phonons and librons of the monolayer and the phonons of
substrate. The termDH denotes the coupling Hamiltonia
between the internal vibrations and the external modes wh
is responsible for the relaxation processes.
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13 802 PRB 60V. POUTHIER AND C. GIRARDET
The collective vibrations of the adlayer molecules a
characterized by a self-term which describes the vibration
each isolated molecule at its adsorption site~renormaliza-
tion! and by a quadratic contribution which represents
coupling between the admolecule vibrations. The Ham
tonianHI is given as

HI5(
ls

FP2~ ls!

2mls
1

1

2
mlsv ls

2 Q2~ ls!G
1

1

2 (
ls

(
l 8s8

ÃS l l 8

ss8
DQ~ ls!Q~ l 8s8!. ~2!

P( ls) is the conjugate momentum of the vibration coordin
Q( ls) and Ã the renomalized force constant between
internal vibrations of the (ls)th and (l 8s8)th molecules
which accounts for the molecule deformation by adsorpt
on the substrate.

The dynamics of the external modes is separated
three Hamiltonians which describe the translational and
entational motions of the adlayerHM , the vibrational mo-
tions of the substrate ionsHS , and the couplingVMS be-

FIG. 1. ~a! Equilibrium structure of the pure CO monolaye
adsorbed on NaCl~001!. The unit cell of the bare NaCl surface
the square with size as whereas the unit cell of the system is th
dark rectangle of size (2as3as). ~b! A typical frozen configuration
of a randomly disordered CO monolayer formed by the isoto
mixture of 12CO and 13CO molecules. Empty circles characteriz
the dominant isotope whereas full circles correspond to defect m
ecules.
f
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tween the external motions of the monolayer and of
substrate. The total Hamiltonian of the external degrees
freedom is expressed as40

HE5(
ls

HM@X~ ls!#1(
mpr

HS@x~mpr!#

1(
ls

(
mpr

VMS@X~ ls!,x~mpr!#. ~3!

These motions are determined by solving the classical eq
tions within the harmonic approximation for the substra
and using molecular dynamics simulation in a canonical
semble for the adlayer in which all the molecules are
sumed to be at their internal equilibrium.

The coupling Hamiltonian between internal and exter
degrees of freedom is limited to the linear and quadra
dependences on the internal modes while no limitation
imposed to the external motions which appear through
operatorsDA, as

DH5(
ls

DA~ l
s!Q~ ls!1

1

2 (
ls

(
l 8s8

DAS l l 8

ss8
DQ~ ls!Q~ l 8s8!.

~4!

The internal coordinateQ( ls) is then redefined in terms o
local annihilationbls and creationbls

1 operators, as

Q~ ls!5A \

2mlsv ls
~bls1bls

1!. ~5!

In the next step, we determine a master equation wh
describes the time evolution of the Heisenberg representa
of the annihilationbls(t) @or creationbls

1(t)# operator of a
vibrational excitation on the (ls)th admolecule, after averag
ing over the external motions. LetBls(t)5^bls(t)&E be this
average operator wherê. . . &E means a trace over the ex
ternal modes. The master equation obtained within the ro
ing wave approximation and the assumption of initial sta
tical decoupling between the vibrons and the external mo
is expressed as40

dBls~ t !

dt
1 i(

l 8s8
Bl 8s8~ t !FDS l 8l

s8s
D 2 iRS l 8l

s8s
D G5d~ t !bls~0!,

~6!

where D is the dynamical matrix for the vibrons whileR
characterizes the relaxation matrix due to the couplingDH
between the internal and external modes. Note that the re
ation matrix includes, in principle, population and phase
laxations of the vibrations over the low frequency mod
~phonons and librons!. However, as shown in Ref. 40, th
population contribution is negligible with respect to th
dephasing mechanism due to the fluctuations of the exte
modes and, therefore,R describes dephasing, only. Th
Dirac function in the right hand side of Eq.~6!, corresponds
to the initial statistical decoupling hypothesis between
systemsI andE.

We define then a reduced field operatorF ls(t), expressed
as

c

l-
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PRB 60 13 803VIBRONS IN A DISORDERED MONOLAYER: . . .
F ls~ t !5A \

2mlsv ls
Bls~ t !, ~7!

which accounts for the mass and frequency of the molec
adsorbed at the (ls)th site. This allows us to write the quan
tities occurring in Eq.~6! in a reduced form, giving

1

v ls

dF ls~ t !

dt
1 i(

l 8s8
F l 8s8~ t !FdS l 8l

s8s
D 2 ir S l 8l

s8s
D G

5
d~ t !

v ls
F ls~0!. ~8!

The matricesd and r are written as

dS l 8l

s8s
D 5d l l 8dss81

ÃS l l 8

ss8
D

2k0
, ~9!

and

r S l 8l

s8s
D 5(

l 9s9
v l 9s9E

0

1`

dtK DA

2k0
S l 8l 9

s8s9
,0D DA

2k0
S l 9l

s9s
,t D L

E

.

~10!

In Eq. ~10!, the term within brakets corresponds to the tim
correlation function of the reduced coupling operator wh
depends only on the external modes. This correlation fu
tion is determined from molecular dynamics simulation a
plied to the phonons and librons of the monolayer and fr
the knowledge of the phonon density of states for the s
strate, as explained in Ref. 40.

The matrixd is a function of the force constantÃ @Eq.
~2!# reduced by the single valued stiffnessk0 of the internal
vibrator which is independent of its isotopic nature. The e
pression of this matrix remains therefore the same whate
the isotopic molecule. In contrast, the reduced relaxation
trix r depends on the vibrational frequencyv ls as shown in
Eq. ~10!, although the correlation functions of the force co
stant matrixDA implied in the dephasing process are isoto
independent. To be rigourous, the matrixr is sensitive to the
presence of isotopic impurities through the frequen
change. But, in practice, the values of the elements of
matrix r are much smaller (;1023) than the vibrational fre-
quencies of the admolecules and we can therefore disre
this isotopic dependence. The Fourier-Laplace transform
Eq. ~8! at the frequencyv1 yields the matrixL(v1) ex-
pressed as

LS l 8l

s8s
,v1D 5

v1

v ls
d l l 8dss82dS l 8l

s8s
D 1 ir S l 8l

s8s
D , ~11!

which characterizes the collective dynamics of the vibrons
the admonolayer coupled to a fluctuating bath represente
the external modes.

C. Infrared and sum frequency generation responses
of the vibrons

The spectroscopic response of the collective internal
brations of a monolayer formed by diatomic molecules
proportional to the real part of the spectral densityJ(v1) for
le
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the infrared spectrum, and to the square modulus ofJ(v1)
for the SFG spectrum. This latter quantity is itself a produ
of two contributions,40

J~v1!5(
ls

(
l 8s8

PS l l 8

ss8
DGS l 8l

s8s
,v1D , ~12!

whereP is a structure factor connected to the spectrosco
probe since it depends quadratically on the transition dip
components for the IR spectrum and on the product of
transition dipole and transition polarizability for the SF
spectrum. The values of these transition moments are e
determined fromab initio calculations or obtained from th
analysis of the infrared and Raman intensities of the
molecule.

The Green tensorG(v1) is the inverse of the complex
matrix L(v1) defined in Eq.~11!. It contains all the infor-
mation on the vibron dynamics coupled to the exter
modes, i.e., including the dephasing relaxation mechani
due to the bath fluctuations. Moreover, the matrixL(v1) is a
random matrix modified by the presence of isotopic impu
ties in the monolayer which thus create a random disorde
the adsorbate.

However, the experimental determination of the spec
densityJ(v1) is measured over a macroscopic area of
layer, implying a very large number of admolecules and th
a large sampling of possible configurations for the def
distribution. Therefore, the spectral density can be con
ered as an average over the disorder of the Green propa
describing the vibron dynamics. More precisely, theG op-
erator elements depend on the local surrounding around
( ls)th and (l 8s8)th sites which differs from a site to anothe
throughout the monolayer. The sum over the sites in Eq.~12!
corresponds to a self-averaging quantity35 which samples all
the possible local environments. Hence this quantity can
calculated by fixing (ls) and (l 8s8) and taking an average
over the possible configurations. As a consequence, it is
necessary to know explicitly the Green propagator eleme
of vibrons but only their average values to determine
spectral density.

D. Average Green propagator of vibrons in a disordered
monolayer

To evaluate the Green tensor of the vibrons, let us fi
consider a pure monolayer formed by single adspeciesa. The
dynamical behavior of the vibrons in such a perfect mon
layer is described by the dynamical matrixLa(v1) expressed
as

LaS l 8l

s8s
,v1D 5

v1

va
d l l 8dss82dS l 8l

s8s
D 1 ir S l 8l

s8s
D . ~13!

When molecular impurities are present in the monolayer,
general matrixL(v1) in Eq. ~11! can be obtained by sub
tracting a perturbation matrixdL(v1) to the matrixLa(v1)
in Eq. ~13!. It is thus written as

L~v1!5La~v1!2dL~v1!. ~14!

The term inL(v1) which depends on the isotopic defects
a crucial way is the purely diagonal contribution of Eq.~11!
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13 804 PRB 60V. POUTHIER AND C. GIRARDET
through v ls
21 . To determine the perturbation matr

dL(v1), let us define the random variables ls which takes
the value 1~0! with probability pb(pa) when the (ls)th site
is occupied by a defect moleculeb(a). The set of variables
$s ls% describes a particular configuration of the disorde
monolayer, and for such a frozen configuration, the de
matrix dL($s ls%,v1) is given as

dL~$s ls%,v1!5(
ls

S v1

va
2

v1

vb
Ds lsI ls ~15!

[(
ls

dh~v1!s lsI ls ,

whereI ls is the projector on the (ls)th site.
The inversion of the matrixL(v1) @Eq. ~14!# using Eq.

~15!, leads to the Dyson equation for the vibron propaga
in a given configuration of the disorder, as

G~$s ls%,v1!5Ga~v1!

1(
ls

Ga~v1!dh~v1!s lsI lsG~$s ls%,v1!,

~16!

whereGa(v1) is the Green propagator for the vibrons of t
pure monolayer formed by moleculesa. For instance, the
projection of Eq.~ 16! on a given adsorption site (l 1s1) ,
yields an iterative expression ofG($s ls%,v1) in terms of
Ga(v1)

G~$s ls%,v1!5Ga~v1!1(
ls

Ga~v1!t lsGa~v1!s ls

1(
ls

(
l 8s8Þ ls

Ga~v1!t lsGa~v1!t l 8s8

3Ga~v1!s lss l 8s81•••, ~17!

wheret ls is the t matrix which describes the scattering pr
cess of the vibrons of the pure monolayer with adspeciea
when an impurityb is located on the (ls)th site. We give in
Appendix A the detailed algebraic manipulations that lea
to the t matrix. It is then written as

t ls~v1!5
dh~v1!

12Ga~0;v1!dh~v1!
I ls[t~v1!I ls , ~18!

whereGa(0;v1) is the Green tensor for the pure monolay
determined at the defect site. In Eq.~17!, two successive
scatterings of the free propagatorGa(v1) by the same isoto-
pic defect are excluded since they have been already ta
into account in thet-matrix expansion. Therefore we con
sider the modified Green propagatorGa(v1) which is de-
fined as

Ga~v1!5Ga~v1!2Ga~0;v1!1. ~19!

By using Eq.~19! and after resumming the terms in the
eration, the sum of the various contributions in Eq.~17!
gives the final expression of the vibron propagator fo
given configuration of the disorder
d
ct

r

s

r

en

a

G~$s ls%,v1!5Ga~v1!1Ga~v1!T~$s l s%,v1!

3@12Ga~v1!T~$s ls%,v1!#21Ga~v1!,

~20!

where the matrixT($s ls%,v1) characterizes the disorder an
is defined as

T~$s ls%,v1!5(
ls

t ls~v1!s ls . ~21!

Figure 2 shows a diagramatic representation of the propa
tor G($s ls%,v1) and the various paths that can be impli
after scattering on defects.

Finally, the average Green propagator is expressed a

^G~v1!&c5 (
$s ls50,1%

G~$s ls%,v1! f ~$s ls%!, ~22!

where the distribution functionf ($s ls%) of the random vari-
abless ls is written as

f ~$s ls%!5)
ls

@pa1s ls~pb2pa!#. ~23!

Equation~22! represents the exact expression of the av
age Green propagator. It contains an average of produc
random variables such as^s lss l 8s8s l 9s9•••&c in the various
terms of the Dyson series. However, a numerical calcula
of this expression is very difficult due to the huge number
configurations associated with the disorder. Namely, wh
the monolayer exhibitsN sites, there are 2N possible configu-
rations. To evaluate these averages, the random p
approximation35 is applied which allows us to write

^s l 1s1
s l 2s2

•••s l MsM
&c.^s l 1s1

&c^s l 2s2
&c•••^s l MsM

&c5pb
M .
~24!

This leads to assume that the various matricest ls(v1) are
identical for every monolayer site and to express the aver
of the Green propagator in a simplified form~see Appendix
B!, as

^G~v1!&c5Ga~v1!1Ga~v1!^t~v1!&c

3@12Ga~v1!^t~v1!&c#
21Ga~v1!. ~25!

FIG. 2. Diagramatic representation of Eq.~17! for a frozen con-
figuration of the disordered monolayer. The dotted line correspo
to the Green propagator of the vibrons in the disordered monola
whereas the full line represents the propagator of the vibrons in
pure monolayer~no defect!. Each square characterizes a defect a
corresponds to the scattering process of a vibron due to the pres
of an isotopic defect.
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PRB 60 13 805VIBRONS IN A DISORDERED MONOLAYER: . . .
The resulting expression of the averaget matrix is a simplec
number which is function of the mass defectdh(v1), of the
occupancy probabilitypb and of the diagonal element of th
Green functionGa(0;v1) for the pure monolayer, as

^t~v1!&c5pb

dh~v1!

12Ga~0;v1!dh~v1!
5pbt~v1!. ~26!

Finally the average vibron propagator in the isotopica
disordered monolayer can be written in terms of the redu
dynamical and relaxation matrices of the pure monola
corrected by a diagonal term which accounts for the disor
~see Appendix B!, as

^G~v1!&c5F S v1

va
2

pbdh~v1!

12paGa~0;v1!dh~v1! D12d1 i r G21

.

~27!

This diagonal perturbation does not depend on the mo
layer site and the inverse matrix of^G(v1)&c therefore ap-
pears to be an effective matrix which has the dynam
properties of a periodic monolayer. In other words, althou
the isotopic defects randomly distributed destroy the tran
tional invariance of the dynamical matrix, the average o
the various configurations of the disorder, within the rand
phase approximation, leads to the removing of this inva
ance. As a consequence, the wave vectorq connected to the
vibrons in the perfect monolayer applies also to the dis
dered monolayer.

As shown in Eq.~12!, the spectral densityJ(v1) is di-
rectly connected to the properties of the average propag
^G(v1)&c @Eq. ~27!#, which is itself characterized by thed
and r reduced matrices and by the diagonal defect contri
tion. This latter contribution is responsible for two differe
physical effects. First, the pole of this contribution leads
the occurrence of a localized frequencyvL which is solution
of the equation

Ga~0;v1!dh~v1!5
1

12pb
. ~28!

The frequencyvL is close to the frequency of the isotopevb
when pb is sufficiently small. Hence, the correspondin
spectral density will exhibit a peak at the frequencyvL in the
region of the defect frequencyvbÞva . Second, since the
diagonal defect contribution is complex throughGa(0;v1),
it shifts and broadens the signals connected to the domi
speciesa which are characterized by thed and r matrices.
This will result in inhomogeous effects due to the disorder
the infrared band of the pure monolayer.

E. Improvement of the disorder description

While Eqs.~22! and~20! are quite general, the expressio
given by Eq.~27! rests on the validity of the random pha
approximation. Within this latter approximation, we assu
that the scattering of the vibrons by a defect does not dep
on the presence of the other defects. In other words,
successive scattering processes experienced by a vibro
not correlated and correspond simply to a product of sin
defect mechanisms. Such an assumption is valid for low
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fect molar fraction in the monolayer (pb→0) since, in this
case, the defects are distributed randomly far apart from e
other.35

However, whenpb increases, the probability for finding
configurations with nearest neighbor defects grows and
correlation of the scattering processes cannot be disregar
To account for such a coupling between the defect indu
vibron scatterings, we could substitute to Eq.~24!, a cumu-
lant expansion of the occupation variabless ls of the mono-
layer sites which would include correlations at each order
the expansion. For instance, a three defects scattering pro
would consist in changing the average^s1s2s3&c5pb

3 in Eq.
~24! by the cumulant averagês1s2s3&cc5pb

31pb
2pad13,

whered is the Kronecker symbol.35 Another approach could
also be developed within the coherent potent
approximation35,37 by describing the disordered monolay
as an effective two dimensional crystal having the trans
tional invariance property.

Here, we use a third alternative for which we consider
possibility of forming defect aggregates in the monolay
within the random phase approximation. Instead of
(231) unit cell characteristic of the pure monolayer, w
define a larger cell whose sizes alongX and Y are integer
multiples of the former and which containsNc adsorption
sites~Fig. 1!. This cell is periodically reproduced to describ
the disordered layer. Inside this cell, there are 2Nc possible
configurations for arranging zero, one, two,. . . , Nc isotopic
impurities on the adsorption sites. LetL and S be the new
cell number and site number, respectively. Equations~21!
and~22! can then be rewritten using these new indices wh
tLS is now a (Nc3Nc) square random matrix connected
the defects inside each cellL and Ga(0) becomes a matrix
having the dimension of the cell defect.

The route to determine the average propagator for
vibrons in the disordered monolayer is then similar to t
previous model. The random phase approximation applie
the product oft matrices leading to a decorrelation of vibro
scattering processes belonging to different cellsL, whereas
the corresponding scattering processes inside each cel
coupled. Equation~25! giving the resulting Green propagato
for the disordered monolayer can be kept as it stands
considering now thatGa and ^t(v1)&c are square matrice
having the rankNc of the cell. The condition for the occur
rence of localized modes, as shown in the previous mo
@Eq. ~28!#, then becomes

det@~11I0GaI0^t~v1!&c!
21#50, ~29!

whereI 0 is the projector over the origin cellL50. The dis-
order gives rise to several localized modes which can
significantly shifted from the impurity frequencyvL'vb ,
depending on the intensity of the coupling interaction b
tween defects. Moreover, the disorder shifts and broadens
band of the pure monolayer aroundva . The number and the
intensity of the localized peaks is a function of the impur
concentration which favors more or less the formation
defect aggregates.

Such a procedure clearly improves the previous schem
uncorrelated scattering processes when the molar fractio
defect isotope remains lower than 0.3. In fact, the size of
‘‘extended’’ cell must be of the order of, or larger than, th



K.

13 806 PRB 60V. POUTHIER AND C. GIRARDET
TABLE I. Calculated and experimental frequencies and widths of the CO monolayer peaks at 5

v(cm21)a FWHM (cm21)a v(cm21)b FWHM (cm21)b

12CO pa50.99 2156.4 0.13 2154.96 0.18
2144.7 0.13 2148.71 0.17

pa50.01 2152.5 0.09 2150.47 0.17
13CO pb50.99 2107.2 0.13 2107.20 0.18

2096.5 0.13 2101.39 0.17
pb50.01 2104.7 0.09 2102.83 0.12

aCalculated values.
bExperimental data taken from Ref. 21.
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size of the aggregates formed by the impurities at a gi
molar fraction. Whenpb is less than 0.3, the mean number
defects per aggregate is typically about 3 or 4, and the fl
tuations of this number around its average value is ne
gible. Beyond this value, the fluctuations increase sign
cantly with the concentration of defects and a conveni
choice of the cell size becomes impossible.

III. APPLICATION TO THE IR AND SFG SPECTRA
OF CO ISOTOPIC MIXTURES ADSORBED

ON NACL „100…

A. Interactions and monolayer characteristics

The interaction potential between the CO molecules
the NaCl substrate, on one hand, and between CO molec
in the layer, on the other hand, is described by semiempir
forms including Lennard-Jones dispersion-repulsion te
and electrostatic contributions expanded up to the qua
pole moment. The expressions of the various terms and
values of the parameters, especially their vibrational dep
dence, are given in Ref. 40.

The minimization of the total interaction potential wa
shown to yield the (231) structure for CO with two in-
equivalently oriented molecules per unit cell, which is co
sistent with the geometry determined from elaborated po
tial expressions and inferred from the interpretation of
experimental spectra. The molecules form linear cha
along the Na rows, their axes are tilted by about 45° from
normal to the surface and the projections of their axes on
surface plane are aligned along the Na rows forming para
and antiparallel adjacent chains~Fig. 1!. Molecular dynamics
simulations performed at low temperature (T<30 K) cor-
roborate the stability of this phase and exhibit the occurre
of an orientational disorder of the molecular axes above
K, in close agreement with the observed signals in the in
red spectrum. In this orientationally disordered phase,
unit cell is that of the pure NaCl surface@i.e., a (131)
structure# instead of the well defined (231) cell at low tem-
perature.

The isotopic mixture of12CO and 13CO molecules does
not change the interactions and the stable structures o
monolayer. Therefore, whatever the molar fraction of imp
rity molecules, the basic cell for the low temperature mon
layer phase is the (231) geometry. However, the presen
of isotopes at random sites implies the failure of the tran
tional invariance leadinga priori to an infinite unit cell for
the disordered monolayer.
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In the following, the connection with the theoretical pa
~Sec. II! is introduced by denotinga and b the 12CO and
13CO molecules, respectively. The calculations are p
formed according to the improved model presented in Sec
E and using at-matrix expansion of the Green operator. W
consider a (433) ‘‘extended’’ cell containing 12 adsorption
sites and corresponding to 4096 possible configurations
arranging isotopic impurities in the cell. This cell is thu
formed by 12 unit cells of the substrate. The dimension
the matrixt(v1) is (12312) and this allows us to distribut
0, 1, . . . , up to 12impurities in the cell.

B. p-polarization infrared spectrum of the monolayer

1. Pure 12CO and 13CO monolayers

The infrared spectrum of the CO monolayer is calcula
from the real part of the spectral density given in Eq.~12!.
This density depends on two quantities. The structure fa
characterizes the geometry of the photon beam and of
admolecules with respect to the surface whereas the G
tensor describes the dynamics of the layer and thus inclu
both frequency shifts and peak widths. Though an extens
to the s-polarized spectrum is straightforward, we will a
sume that the photon beam isp-polarized, i.e., polarized per
pendicular to the incident beam since the most intense
nals are obtained with such an experimental setup.
calculated infrared spectrum for the pure monolayer aT
<30 K exhibits two intense peaks, the relative intensities
which depend on the mutual orientation of the two adm
ecules in the (231) unit cell. The high frequency peak is 2.
times more intense than the low frequency peak and
Davydov frequency splitting is equal to 12 cm21. These
two quantities are the same for both isotopes~Table I!. This
latter result is consistent with the fact that the coupling b
tween the two molecules in the unit cell depends on
forces and not on the masses.

The linewidth of the two peaks is the same~see Table II!
and it is obtained as the sum of dephasing contributi
which correspond to the elements of the relaxation ma
r (v1). The diagonal elements characterize the influence
the vibron frequencies of the fluctuations of the exter
modes of the substrate~phonons! and of the adsorbate
~phonons1 librons!. While the substrate contribution ap
pears to remain small, the layer contribution becomes larg
dominant asT rises. The nondiagonal elements describe
fluctuations of force constants between neighboring m
ecules. This contribution is generally small except at ve



-
is

s

u-

he
k
a
,

er

f

K
m

-

m

e

ci
b
ed

r

e

t
o
ri-
d
ig
l
.
e

m
re

ncy
-

eak
fect

oad-

pe
y
yer
es
at
e-

d

th

two
-
so-
fre-

iso-
o
d
rix,

re
t is
aks
the

also
the
rms

ich

ed
the
ply
o-
nt

the
vi-
re
but
ates
g
vi-
fted
r of

the

O
la

PRB 60 13 807VIBRONS IN A DISORDERED MONOLAYER: . . .
low temperature (T55 K) where it is as large as the diag
onal term.40 Since we assume that the relaxation matrix
mass independent, once again the isotopic change doe
modify the width of the infrared peaks assigned to the12CO
and 13CO pure layers.

2. 12CO/13CO mixtures

At very low molar fraction of defect isotope, the calc
lated p-polarization infrared spectrum atT<30 K of a
slightly disordered monolayer exhibits still two peaks in t
frequency range of the dominant isotope and a single pea
the range of the minor isotopic species. Since the results
similar when the role of12CO and13CO are reversed, let us
for instance, look at the spectral range of the13CO frequen-
cies.

For pb,0.01, this situation corresponds to a nearly p
fect 12CO monolayer with single impurity molecules13CO
embedded in a12CO layer. We obtain a slight blueshift o
the single 13CO peak frequency centered atvL
52104.7 cm21 when temperature rises from 5 to 55
~Table I! and a concomitant broadening of the peak fro
0.09 to 0.36 cm21 ~Table II!. The IR spectrum in the fre
quency range of the13CO molecule is shown in Figs. 3~a!
and 3~b! at T525 K. Note for comparison that the spectru
of the nearly perfect13CO layer (pb.0.99) displays two
peaks splitted by 12 cm21 having approximately the sam
width which evolves from 0.13 cm21 at 5 K to 0.4 cm21 at
55 K ~Fig. 4!.

When the defect molar fraction increases up topb50.3,
the single band in the frequency range of the defect spe
remains the most intense and it is slightly blue shifted
about 0.1 cm21 with respect to the peak frequency obtain
for the smallest molar fraction. AtT525 K ~Fig. 5!, the
width varies from 0.53 to 1.06 cm21 as the defect mola
fraction increases frompb50.1 to pb50.3. However, sev-
eral additional structures appear on both sides of this p
with two dominant peaks around 2100.0 and 2106.5 cm21

which are assigned to the impurity13CO dimers~Fig. 5!. The
frequencies of the dimers are not symmetric with respec
the single peak because there are two different dimer ge
etries in a (231) monolayer depending on the relative o
entations of the two adjacent molecules which correspon
different force constant couplings. In addition, the two s
nals of each dimer are notp-infrared active due to the specia
symmetry of these dimers~colinear or antiparallel, see Fig
1!. As a result the signal of the antiparallel dimer is observ
at higher frequency whereas the signal of the colinear di
appears at lower frequency. Aside from the dimer structu

TABLE II. Calculated linewidth vs temperature of the pure C
monolayer peak and of the localized peak, at low defect mo
fraction.

T ~K! FWHMa (cm21) FWHMb (cm21)

5 0.13 0.09
25 0.28 0.24
55 0.40 0.36

aPure monolayer.
bIsolated impurity.
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other less intense absorption signals lie in the freque
range@2097,2108.5 cm21#; they are assigned to larger ag
gregates of the isotopic defect~Fig. 5!. Note that when the
molar fraction of defect reaches 0.3, the single defect p
appears to be inhomogeneously broadened by other de
aggregates leading to a dissymmetric structured band br
ened by about 2 cm21.

The corresponding IR spectrum of the dominant isoto
12CO whenpa512pb decreases from 1 to 0.7 is formed b
the two previously mentioned peaks of the pure monola
splitted by 12 cm21. The shape of these peaks becom
asymmetric whenpb50.1 and it appears to be structured
pb50.3. In Fig. 6, we show the behavior of the high fr
quency mode of the spectrum of the12CO monolayer with
the defect molar fractionpb . As pb rises from 0.1 to 0.3, the
total FWHM of this peak increases from 1.5 cm21 to
5.4 cm21 at T525 K. In addition, a second blueshifte
peak occurs at 2162.0 cm21 for a high molar fraction of
defects.

To understand the behavior of the line shift and wid
with the isotopic molar fractionpb in terms of collective
excitations, let us discuss the spectral response of the
isotopes. At smallpb value, one impurity molecule is sur
rounded statistically by the molecules of the dominant i
tope. As a result, a single localized mode occurs at a
quency vL close to the vibrational frequencyvb of the
impurity whereas the infrared response of the dominant
tope looks similar to that of the pure monolayer with tw
12CO molecules per unit cell. The width of the localize
mode comes from the diagonal part of the relaxation mat
only, since the dynamical coupling betweena and b mol-
ecules tends to vanish when the frequency differenceva
2vb is larger than the band width of the vibrons in the pu
monolayer. We thus calculate a localized peak width tha
always narrower than the width of the pure monolayer pe
for which both diagonal and non diagonal elements of
relaxation matrix contribute to the broadening~Table II!.
Furthermore, note that such a width difference depends
on temperature and is maximum at low temperature when
ratio between the non diagonal and diagonal relaxation te
is maximum.

Whenpb increases, several localized modes appear wh
correspond to the formation of impurity aggregates~dimer,
trimer, . . . ) leading to the occurrence of shifted and splitt
signals in addition to the most intense peak connected to
single defect. The widths of these signals cannot be sim
interpreted as it is the result of the relaxation matrix diag
nalization. Similarly, the two infrared peaks of the domina
isotope tend to become wider and wider aspb rises from 0.0
to 0.3. This behavior is due to the increasing influence of
defects which play the role of scattering centers for the
brons. The collective motions of the internal vibrations a
no longer pure eigenstates of the harmonic monolayer
they correspond to a superimposition of several eigenst
with different wave vectorsq. This leads to the broadenin
of the vibron peaks due to spectroscopic activation of
brons by the defect centers with frequencies that are shi
with respect to the frequencies of the vibrons at the cente
the Brillouin zone~i.e., with qÞ0). In other words, the life-
time of the vibrons of the pure monolayer decreases as
molar fraction of impurities increases.

r
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FIG. 3. Calculated IR and SFG spectra of the disordered monolayer in the frequency range of the13CO impurity molecules. The spectr
are drawn atT525 K and for a low defect molar fractionpb . Left hand side:p-polarized IR spectra for a molar fraction of13CO molecules
equal topb50.001 andpb50.01. Right hand side:ppp-polarized SFG spectra for the same molar fractions of13CO molecules.
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This width has therefore an inhomogeneous nature an
is directly connected to the density of states~DOS! of the
vibrons. As shown in Fig. 7, the DOS of the vibrons of
pure CO monolayer exhibits two peaks at 2162.0 cm21 and
2171.5 cm21. Since the CO monolayer is a two dimension
structure, the peak centered at 2162.0 cm21 corresponds to
the well known logarithmic singularity.41 Moreover, the
strong anisotropy of the force constants in the monola
with a much larger coupling along theY direction ~Fig. 1!
leads to a Van Hove singularity at the edge of the vibr
it

l

r

n

band which characterizes a one-dimensional behavior of
vibrons in this direction. The resulting dissymmetry of th
DOS leads to a dissymmetric line shape in the IR spectr
and to the occurrence of the second peak close to the l
rithmic singularity of the DOS.

C. Infrared-visible sum frequency generation spectrum

The SFG vibrational spectrum for the CO monolayer d
pends on the polarization of the incident infrared and visi
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PRB 60 13 809VIBRONS IN A DISORDERED MONOLAYER: . . .
beams and of the visible probe at the frequency sum. To
consistent with the previous section, we consider here
ppp-polarization spectrum where the visible and IR photo
are polarized perpendicular to the beams. In the spectral
sity defined by Eq.~12!, G appears to be the same as for t
infrared spectrum whileP contains the vibrational depen
dence of the dipole and polarizability tensors and the co
sponding geometry of the experimental setup~angle of inci-
dence of the beam equal to 45°). Another specificity of
spectroscopic probe which leads to differences in the spe
response of the monolayer is that the infrared spectrum

FIG. 4. Calculatedp-polarized IR spectrum of the CO mono
layer atT525 K and for a molar fraction in13CO molecules equa
to pb50.99.

FIG. 5. Behavior of the line shape of thep-polarized IR spectra
in the frequency range of the13CO molecules atT525 K vs three
typical values of the13CO molar fraction.
e
e
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isproportional to the real part of the spectral densityJ(v1)
whereas the SFG spectrum is proportional to the squ
modulus ofJ(v1). The consequence of these differences
threefold. First, it has been shown in Ref. 40 that the relat
intensity of the two peaks in the pure monolayer spectrum
different for the infrared and SFG spectrum because the
tensities are weighten by the square transition dipole in
former case and by the product of the transition dipole a
polarizability in the latter case. This feature is also observ

FIG. 6. Behavior of the line shape of thep polarized IR high
frequency peak in the frequency range of the dominant (12CO) spe-
cies atT525 K vs three typical values of the13CO molar fraction.

FIG. 7. Density of states of the vibrons of the pure12CO mono-
layer. Note the two singularities at 2161 and 2172 cm21.
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13 810 PRB 60V. POUTHIER AND C. GIRARDET
in the frequency range of the dominant species in the S
spectrum. Then the two peaks broaden in the same way w
the disorder increases to account for the vibron dispersion
scattering on defects. The broadening is identical to the
frared band broadening.

Second, in Fig. 8, the SFG spectrum in the frequen
range of the impurity species exhibits the same feature as
IR one when the molar fraction of defects is larger thanpb
50.1. The single peak, which corresponds to the locali
mode, remains the most intense and several additional s
tures appear on each side of this peak characterizing the
currence of impurity dimers, trimers, etc. However, the re
tive intensity of these additional signals when compared
the main peak intensity is different in the IR and SFG sp
tra. More precisely, the most intense peaks are enhance
the nonlinear spectroscopy with respect to the less inte
peaks, as the result of the square density dependence o
SFG spectrum.

Third, at low defect molar fraction (pb<0.01), the SFG
response of the localized mode is very different from that
the infrared spectrum. Indeed the SFG signal correspond
a single peak having a dispersive shape@Figs. 3~c! and 3~d!#
whereas the IR peak is fully resonant@Figs. 3~a! and 3~b!#.
Such a particular shape disappears whenpb increases beyond
0.1. To understand this feature, let us recall that the fi
detected at the sum frequency is the sum of the field emi
by the impurity molecules and by the dominant isotope. F
an infrared frequencyv1 close to the defect frequencyvb ,
the nonlinear response of the impurities is resonant whe
the nonlinear response of the dominant species is not.
spectral densityJ(v1) is the sum of two contributions in th

FIG. 8. Behavior of the line shape of theppp-polarized SFG
spectra in the frequency range of the13CO impurities, at T
525 K, vs three typical values of the13CO molar fraction.
G
en
y
-

y
he

d
c-
c-
-
o
-
in

se
the

f
to

ld
d
r

as
he

SFG spectrum. The first term is a resonant term at the
quencyv1, denoted byJR(v1), whereas the second term
JNR incorporates all the nonresonant contributions of
monolayer. Since the SFG spectrum is proportional to
square modulus of the spectral density, three contributi
appear in the spectrum calculation. The first one, equa
uJNRu2, is a pure background contribution nearly independ
of v1 since the frequency differenceva2vb is much larger
than the vibron bandwidth of the pure monolayer. The s
ond term,uJR(v1)u2, is a pure resonant contribution corre
sponding to the response of single impurity molecules13CO
embedded in the12CO layer. The last one, equal t
2Re@JNRJR(v1)#, characterizes the interference between
resonant and nonresonant contributions and gives a dis
sive shape to the SFG profile. When the number of impu
ties increases, i.e., whenpb is greater than 0.1, the weight o
the pure resonant term increases with respect to the inte
ence term and the dispersive profile of the SFG spect
disappears leading to a peak shape similar to that of the
spectrum.

IV. COMPARISON WITH EXPERIMENTAL DATA

Polarization infrared Fourier transform spectroscopy
the CO monolayer adsorbed on NaCl has been extensi
studied with special emphasis brought to the influence
isotopic defect in Refs. 16, 21, and 24. In Table I, we gi
the experimental data determined by the group of Ewing21 at
low temperature (T55 K).

At low defect concentration, i.e., when the molar fracti
of 13CO molecules is less than 0.01, the infrared spectrum
the frequency range of the impurity exhibits one peak c
tered at 2102.83 cm21 and with a FWHM equal to
0.12 cm21. This peak corresponds to the localized mo
which occurs when a single13CO molecule is embedded in
12CO layer. By constrast, the pure13CO monolayer leads to
the occurrence of two peaks, centered at the frequen
2107.20 and 2101.39 cm21 and having the same FWHM
equal to 0.18 cm21. The width of the localized peak repre
sents 67% of the width of the two peaks of the pure mo
layer. Note that the experimental resolution~equal to
0.1 cm21) is close to the measured width and it probab
leads to a significant uncertainty in the absolute determ
tion of the width. In addition, another source of uncertain
occurs, due to the presence of surface defects. Therefo
T55 K, the experimental width is probably overestimat
by a factor that could range between 1.5 and 2 due to
additional inhomogeneous broadening.21 The comparison
presented in Table I, shows that our calculations perform
at the same temperature are in good agreement with the
perimental data since the localized peak is blueshifted w
respect to the high frequency peak of the pure monolayer
its width corresponds to 69% of the perfect monolayer o

When the defect molar fraction increases, the experim
tal width16 of the single 13CO peak increases significantl
since, atT555 K and pb50.2, it is equal to 0.9 cm21

whereas the width of the pure monolayer is equal
0.4 cm21. This latter width represents 45% of the width
the localized peak. At the same molar fraction and at 25
the calculated FWHM of the single peak is equal
0.63 cm21 ~Fig. 5! leading to the same ratio of 45% be
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PRB 60 13 811VIBRONS IN A DISORDERED MONOLAYER: . . .
tween the width of the pure monolayer and that of the loc
ized peak.

From examination of Fig. 5, let us mention that a co
parison with the experimental spectra becomes difficult w
the isotope defect molar fraction increases. Indeed, the
culated spectrum does not display a single localized pe
but in addition a series of secondary signals occur due to
formation of impurity13CO aggregates~dimers, trimers, etc.!
in the 12CO monolayer. The aggregate peaks lying far ap
from the single defect peak frequency could probably not
observed in experiments because they are much less int
By contrast, the high frequency secondary peaks in the c
neighborhood of the single defect peak could participate
the broadening, leading to a relatively wide dissymme
signal ~about 3 cm21) close to thevL frequency. Though
the peak becomes effectively dissymmetric in the experim
tal spectrum, such a band structuring is apparently not
served. This can be due to either the experimental resolu
which prevents the observation of this structure or to
overestimate of the calculated splittings of the peaks.

In the frequency range of the dominant isotope and w
pa512pb decreases from 1 to 0.2, the experimental sp
trum is formed by the two peaks of the pure monolayer sp
ted by 6.25 cm21 at T55 K ~Table I!. These peaks
broaden smoothly from 0.4 to 1 cm21 when the13CO molar
fraction rises frompb50.0 to pb50.8.16 In our calculations
performed atT525 K, the width of these peaks increas
considerably up to 5 cm21 as pb increases from 0.0 to 0.3
as shown in Fig. 6. Such an overestimate of the calcula
FWHM of the peaks for the dominant isotope may have t
origins. First, the comparison between the theoretical and
experimental splittings of the two peaks of the pure mo
layer, equal to 12 and 6.25 cm21, respectively, shows tha
we tend to overestimate the lateral force constants in
calculations, and therefore to spread out the signal conne
to nonzero wave vector vibrons. Second, this can be due
inadequate treatment of the influence of defects on the
brons of the pure monolayer. Indeed, in our model, we
sume that the scattering of the vibrons by a defect locate
a given unit cell does not depend on the presence of def
inside another cell. Such an assumption is clearly valid
the vibrons which lie in the frequency range of the impur
since the internal vibrations are strongly localized near a
fect. By contrast, the mean free path of the vibrons of
dominant species is limited by the dephasing process, o
and the correlation length in this frequency range should
much longer yielding the failure of our hypothesis at hi
defect molar fraction. Presently we are not able to discri
nate between the two origins of discrepancy. Indeed, on
hand, the vibrational dependence of interaction potentials
mains a source of inaccuracies which cannot be quan
tively estimated, even for simple molecules. On the ot
hand, a more accurate treatment of the high defect m
fraction model would require to change the present theor
cal treatment of the defect distribution which is valid f
reasonable molar fraction of defects, only. Finally, let
mention that, to our knowledge, this is the firsta priori study
of the spectral line behavior of a disordered monolayer si
all the previous papers were concerned rather with the in
ence of defects on the integrated intensity and shift of
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infrared signals of molecules adsorbed on metals29 as well as
on dielectrics.17

V. CONCLUSION

The generalizedt-matrix model used in this paper allowe
us to determine the infrared and SFG spectra of a disord
monolayer formed by a mixture of12CO and13CO isotopes.
The Green propagator for the disordered monolayer dyn
ics has been determined from a master equation descri
the propagation of collective vibrational excitations on t
adsorbed molecules when the fluctuations of the low f
quency~phonons and librons! modes tend to broaden homo
geneously the infrared signal of vibrons.

The model is general, within the harmonic treatment
the vibrons, and leads to the calculation of the linear a
nonlinear spectral densities for the isotopic mixture of a
molecules. We have shown that the infrared resonance
the nonlinear SFG spectrum display differences when co
pared to the linear infrared adsorption peaks, especiall
very low molar fraction of the isotope defect and, in a mo
general way, regarding the relative intensities of the loc
ized peaks of the less abundant isotope in the mixture.
comparison of these results with the available linear infra
spectra show that we can account for most of the experim
tal features, though there remains quantitative difference
the inhomogeneous broadening calculations, probably du
the poor knowledge of accurate vibrational dependence
the interaction potentials. Further improvements of the th
retical treatment would require the consideration of vib
tional anharmonicities42,43and the extension of the statistic
model to defect distribution close to the percolation tran
tion.

APPENDIX A: GREEN PROPAGATOR FOR A SINGLE
DEFECT PERTURBATION

Let us consider a pure monolayer formed by moleculea
with one isotopic defectb, only, localized at the site (l 0s0).
The dynamical matrixL(v1) is expressed as

L~v1!5La~v1!2dh~v1!I l 0s0
, ~A1!

whereI l 0s0
5u l 0s0&^ l 0s0u is the projector on the impurity site

The Dyson equation leads to a Green propagator expre
as

G~v1!5Ga~v1!1Ga~v1!dh~v1!I l 0s0
G~v1!. ~A2!

When we apply the projectorI l 0s0
to Eq. ~A2!, we obtain

I l 0s0
G~v1!5I l 0s0

@12I l 0s0
Ga~v1!I l 0s0

dh~v1!#21Ga~v1!.
~A3!

Inserting Eq.~A3! into Eq.~A2! gives the propagatorG(v1)
as

G~v1!5Ga~v1!1Ga~v1!t l 0s0
~v1!Ga~v1!, ~A4!

where t l 0s0
(v1) is the single defect scatteringt matrix de-

fined as
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t l 0s0
~v1!5I l 0s0

dh~v1!@12Ga~0;v1!dh~v1!#21

~A5!

5I l 0s0
t~v1!,

where Ga(0;v1)5I l 0s0
Ga(v1)I l 0s0

is the projection of the

Green propagatorGa(v1) on the site containing the impu
rity. Extension to multiple defects scattering matrix can
obtained in a similar way, for a given configuration of th
defects, by summing over the defect sites (l 0s0).

APPENDIX B: GREEN PROPAGATOR IN RANDOM
PHASE APPROXIMATION

From Eq.~17!, the average Green propagator of the d
ordered monolayer is expressed as

^G~v1!&c5Ga~v1!1(
ls

Ga~v1!t ls~v1!Ga~v1!^s ls&c

1(
ls

(
l 8s8Þ ls

Ga~v1!t ls~v1!

3Ga~v1!t l 8s8~v1!Ga~v1!^s lss l 8s8&c1•••.

~B1!

Using the random phase approximation and the expressio
the t matrix given in Eq.~A5!, the average Green propagato
is written as

^G~v1!&c5Ga~v1!1pb t~v1!(
ls

Ga~v1!I lsGa~v1!

1pb
2 t~v1!2(

ls
(
l 8s8

Ga~v1!I ls

3Ga~v1!I l 8s8Ga~v1!1•••, ~B2!
y

u

e

-

of

whereGa(v1)5Ga(v1)2Ga(0;v1)1. The closure relation
applied to the total projector allows us to write( lsI ls51.
Therefore, an exact resummation procedure in Eq.~B2! leads
to the expression for the average propagator as

^G~v1!&c5Ga~v1!1Ga~v1!^t~v1!&c

3@12Ga~v1!^t~v1!&c#
21Ga~v1!, ~B3!

where ^t(v1)&c5pbt(v1) is given by Eq.~26!. From the
expression ofGa(v1) we then obtain

^G~v1!&c5Ga~v1!1Ga~v1!S~v1!

3@12Ga~v1!S~v1!#21Ga~v1! ~B4!

or, in an equivalent way,

^G~v1!&c5@Ga
21~v1!21S~v1!#21

5@La~v1!21S~v1!#21, ~B5!

where the defect influence is contained in the contributio

S~v1!5
^t~v1!&c

11Ga~0;v1!^t~v1!&c
. ~B6!

From the expression of^t(v1)&c , Eq. ~B6! leads to Eq.~27!.
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