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Vibrons in a disordered monolayer: Application to the determination
of the infrared and sum frequency generation spectra of!’CO
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The internal dynamics of a disordered monolayer formed by a mixtutéQ® and*3CO 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
generalized-matrix approximation to describe the collision of vibrons with the distributed defects. Our model
can interpret the experimental infrared spectra of CO monolayers adsorbed ofLOG@Ind 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 featuf&8163-18209)08043-1

I. INTRODUCTION modes® but in most cases the influence of inhomogeneous
broadening was difficult to quantify.

The internal dynamics of admolecules has been exten- On insulating surface¥?8the competition between ho-
sively investigated using infrared spectroscbayd, more mogeneous and inhomogeneous broadening of the vibra-
recently, sum  frequency generation vibrationaltional bands characteristic of physisorbed molecular species
spectroscopy.Several aspects have been explored related tappeared more crucial in the lack of efficient relaxation
(i) the optical response of isolated species adsorbed on mgtepulation as observed for CO on metals. Indeed, it was
als or dielectrics(ii) the collective behavior of an assembly established that the infrared peak width and shape depend
of admolecules on clean substrates, &@id the influence of strongly on the surface state and that accuracy could be im-
point or extended defects on the structural and dynamicgbroved significantly for the width measurement by reducing
properties of the adspecies. The analysis of the vibrationddoth surface defects of the ionic NaCl and MgO substrates
spectrum provides information on the morphology of theand defects inside the adlayer. Generally, the measured
substrate(surface periodicity, number and geometry of thebroadening’?* remains much smallers1 cm') than on
adsorption sites, etcand the configuration of the adspecies metal surfaces, and the width can narrow below 0.1 tin
(relative positions and orientations of the molecular axesthe most favorable situations.
etc) through the assignment of the signals, and on the relax- Isotopic substitution of the adspecies can be an efficient
ation processegenergy relaxation, fluctuations of motions, tool for distinguishing among the various broadening pro-
etc) through the measurement of line shifts and linewidths.cesses and it has been extensively used on metal as well as
Importance was put on to the assignment of the peaks in then dielectric surface$® The nature of the isotope effect,
vibrational spectrum and to the analysis of the intensity, shifthrough mass change without affecting the interaction, was
and width of these peaks as a function of external parameteggt controversial since mass dependent linewidth changes are
such as temperature, adsorbate coverage, surface cleanlinessy small except for quantum species,(B,) and their
etc. More specifically, the origin of the vibrational line shapedetection requires high resolution spectroscopy. However, on
was broadly classified into three categoriésjamely, life- ionic substrates, narrow peaks allowed isotopic effects to be
time, dephasing, and inhomogeneous broadenings. One ofsolved and clearly evidenced. The role of isotopic mixture
the challenge was to separate their relative contribution t@f 2CO and **CO on the dynamical coupling between ad-
the infrared bandwidth from experimental analyses or fromsorbate species has been analyzed by assuming a dipolar in-
theoretical arguments. teraction model between the internal vibrations of the mol-

A lot of paperd®~on the infrared response of simple ecules adsorbed on copper surfatesThe singular
molecules were concerned with adsorption on metal surfacespectroscopic response of each isotope due to coupling inter-
using CO as the test molecule. An electron-hole pair mechaactions has also been used to study intensity transfers in the
nism was clearly identified for the broadening of the peakvibrational bands of species adsorbed close to steps on metal
connected to the stretching mode of CO adsorbed osurfaces.The shift and shape of the vibrational bands of the
Cu(100), for instance, Ref. 13, while dephasing process wa<O isotopes adsorbed on N4T)0O was studied indepen-
rather invokef for the same adspecies on(ML1), P{111),  dently by the groups of Ewin§?* and Heidberd* The in-
or Ru100). Phonon-mediated decay of the lifetime of vibra- fluence of the isotopic mixture on the dipole-dipole coupling
tional modes was shown to be efficient for lower frequencybetween the adspecies was discussed on the basis of Dis-
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selkampfet all” and Personet al?° theoretical models. The Il. THEORETICAL PART
former authors used simulation to calculate the peak fre-
quency dispersion due to random distribution of the two iso- ) ) )
topes without including the vibrational dephasing width, L€t us consider a set &f diatomic molecules adsorbed on
while the latters considered an ensemble of configurations & Well-organized ionic substrate. At completion, the mol-

the isotopic mixture represented by an average molecule &CUles are assumed to form an ordered monolayer commen-
each site. surate with the substrate. The periodicity of the whole sys-

A clear and complete account of the band shape observetgm (layer + substratgis characterized by the size of the

in the frequency range of the two vibrational isotopic specieémIt cell containingne moleculles which are not equivalently
) : adsorbed on the substrate sites. Lbe the cell number and
as a function of temperature and molar fraction of @0

s=1, ... n. the molecule number in the cell, the position

130y i ; : ..
and ~CO isotopes was not given yet and experimental infra R(Is) and the orientatior2(Is) of the (s)th molecule is

red spectra of the mixtures remained to be interpreted. The .. _

goal of this paper is to present a dynamical study of thegier:] I;?aer(ngy tt::; tﬁ iﬂirs,vt?;ttg);(tgsr?nzt)glqér)iﬁﬂ(tlos?d]r&hlEna
vibron dynamics in a disordered molecular monolayer. The ol of they’substrate in theth plane p:go igs the surface
theoretical developments are based on a diagramatic expal fane of the substratds difingd by its position(mpr)
sion of the Green propagator describing the propagation an ach molecule behaves as an inte?/nal oFs)ciIIator whipch.is as-
scattering by defects of the collective vibrations of the mono- : . .

layer molecules. The disorder in the layer sites is considereaumed to be harmonic and described by the coordiQéls)

within the t-matrix formalism which accounts for the colli- arovl\‘/?]d th;—:-hequmbrllum |nt.era;tom|cdd|§tancel. | . ¢
sion of the vibrons at the defect sites, i.e., sites which are en the monolayer 1S formed by a Singie species o
occupied by another isotope molecules labeled, each molecula is thus characterized by
As it stands, the problem is very similar to the phonona h.aff‘f‘o”'c frquenqgoa,_and a reduced mags, connected
propagation in disordered lattice%3°to the spin diffusion to its internal V|brat|on. in gas p.hase. By contrast, when a
in random medid® or to the propagation of electrons in bi- second molecular species labekeid added to the layer, new

nary alloys’’~3? It can therefore be applied to several sys-Nt€/nal frequency, and reduced mass, occur.

tems implying excitation transpotphonons, electrons, ma- In order to limit the perturbation induced by the consid-
gons, etd. in random media. Here, we limit our application eration of a second molecular species, we assume that mol-

H 13,
to the vibron dynamics in isotopic mixtures but the method€culesa andb are two isotopes such d8CO and™*CO. As
a consequence|i) the structural ordering of the initially

will be extended in a near future to the coadsorption of two™. ; ;
single species monolayer is not destroyed by the presence of

molecular species, to the adsorption of molecules on differ="" 2. i .
ent sites leading to the occurrence of several internal frethe isotopic defects.smce bOth the substrat.(.a-admolecgle and
guencies or to the adsorption of a pure monolayer on a Surrpolgculle-molecule'mterqcﬂons are the sq(me),the spatial
face with random defects. dlstr{but|on of the isotopic species gnd b is randq_m and
The spectral density of the disordered monolayer is deteflonitored by the ratio of molar fractiop, /py, , and(iii) the
mined as a simple product of the average Green propagatdffference in frequencies», and wy, are due only to the
describing the vibron dynamics and of a structure factoicha@nge of the isotope reduced massgsandm, . We show
which depends on the nature of the spectroscopic probe. I Fi9- 1 & scheme of the perfect monolaj/eig. 1(2)] and of
addition the propagator accounts for the dephasing relaxatiofy ffozen configuration of the disordered monolayetg.
due the fluctuations of the external modes characterized by The internal frequencys and the reduced mass;s
the phonons and librons of the monolayer and the substrafd the molecule located on thés)th adsorption site are thus
phonons. First, we calculate the infrared spectral density fofliStributed randomly. They can take the valueg and m,
the disordered monolayer CO on N&@0 which can be with a probabilityp, _for a molecu_l_ealn the (Is)th site or the
directly compared to the available experimental data. Theyaluesw, andm, with a probability p,=1—p, for an iso-
the spectral density connected to the infrared-visible sum freloPIC molzeculeb in the same site. In contrast, the stiffness
quency generation vibrational spectrum is evaluated and thén=M;swjs Of the internal vibration of thel§)th admolecule
similarities or the differences regarding the infrared peak iniS independent of its isotopic nature.
tensity and shape when compared to linear spectroscopy data
are analyzed in terms of temperature and molar fraction of ~ B. Hamiltonian and master equation for the vibrons
isotopes.

A. The model

The HamiltoniarH for the whole system can be written in

¢ tlT ﬁec'.lg' we pre(sjem b”?gly the m;)nolayert.modell, tr:jean improved way after the renormalization procedure was
otal namiftonian and the vibron master equation area yapplied to the adspecies, as discussed in detail in Ref. 40. It
discussed in a previous paper for the pure monol&er. is expressed as

Then, we introduce the ingredients that are required to in-
clude_ the disorde_r in_ the Green propagator and in the spectral H=H,+Hg+AH, (1)
density. An application to the IR and SFG responses of the

vibrons in a disordered monolayer formed by a mixture ofwhereH, characterizes the internal dynamics of the admol-
2CO and **CO molecules is developed in Sec. Ill and the ecules andH the external dynamics of the system, i.e., the
calculation of the linewidth is performed for various impu- phonons and librons of the monolayer and the phonons of the
rity molar fractions. A discussion on the relative information substrate. The termAH denotes the coupling Hamiltonian
given by the linear and nonlinear spectroscopies is made ihetween the internal vibrations and the external modes which
Sec. IV. is responsible for the relaxation processes.
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tween the external motions of the monolayer and of the
substrate. The total Hamiltonian of the external degrees of
freedom is expressed“ds

HE=§ HM[X<Is>]+anrH4x<mpr>]

+2, 2 Vud X(Is),x(mpn)]. 3

Is mpr

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

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

(b)

1’
AH= 2 AAD)Q( Is)+ 2 > AA( )Q(IS)Q(I’S’).
Is |’S,
(4)

The internal coordinat€(ls) is then redefined in terms of
local annihilationb,s and creatiorb,; operators, as

[ %
_ +
FIG. 1. (a) Equilibrium structure of the pure CO monolayer Q(ls)= 2m,sw|s(b's+b's)' ®)

adsorbed on Na@O01). The unit cell of the bare NaCl surface is

the square with sizesavhereas the unit cell of the system is the In the next step, we determine a master equation which

dark rectangle of size (3aa). (b) A typical frozen configuration yeqerines the time evolution of the Heisenberg representation
of a randomly disordered CO monolayer formed by the isotopic

. . . . +
mixture of *2CO and **CO molecules. Empty circles characterize of the annihilationb,(t) [or creationbs(t)] operator of a

the dominant isotope whereas full circles correspond to defect mol\/'br"’mon"le excitation on thel¢)th admolecule, after averag-
ecules. ing over the external motions. L&¢(t) =(bs(t))e be this

average operator wheke. . . )z means a trace over the ex-
The collective vibrations of the adlayer molecules areternal modes. The master equation obtained within the rotat-
g wave approximation and the assumption of initial statis-

characterized by a self-term which describes the vibration of.
each isolated molecule at its adsorption sitenormaliza- ical decoupling between the vibrons and the external modes
ds expressed 43

tion) and by a quadratic contribution which represents th
coupling between the admolecule vibrations. The HamiI-

where D is the dynamical matrix for the vibrons while
1 characterizes the relaxation matrix due to the couplirdy
Z E E ( )Q(|S)Q(| s'). ) between the internal and external modes. Note that the relax-
2 s |rg ation matrix includes, in principle, population and phase re-
laxations of the vibrations over the low frequency modes
P(Is) is the conjugate momentum of the vibration coordinate(phonons and librons However, as shown in Ref. 40, the
Q(Is) and A the renomalized force constant between thepopulation contribution is negligible with respect to the
internal vibrations of the I§)th and (’s’)th molecules dephasing mechanism due to the fluctuations of the external
which accounts for the molecule deformation by adsorptiormodes and, thereforéR describes dephasing, only. The
on the substrate. Dirac function in the right hand side of E¢f), corresponds
The dynamics of the external modes is separated intto the initial statistical decoupling hypothesis between the
three Hamiltonians which describe the translational and orisystemd andE.
entational motions of the adlayét,,, the vibrational mo- We define then a reduced field operadpg(t), expressed
tions of the substrate iondg, and the coupling/ys be- as

P%(Is) 1
Hi=> { Zr(n )+2mlswlsQ (Is)

Is Is
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% the infrared spectrum, and to the square modulug(af;)
D5(t)= \/ 5——Bs(t), (7)  for the SFG spectrum. This latter quantity is itself a product
2miswis 40
of two contributiong,

which accounts for the mass and frequency of the molecule

adsorbed at thel€)th site. This allows us to write the quan- I’ 1"
© ‘ RIS D H( ) ( or|, a2
I's

tities occurring in Eq(6) in a reduced form, giving ss s's

!

1 dd(t) » (t)[d( Il ) , ( Il ” wherell is a structure factor connected to the spectroscopic
il e _
s's

ws dt r s's probe since it depends quadratically on the transition dipole
components for the IR spectrum and on the product of the
(1) transition dipole and transition polarizability for the SFG
- Wis ®15(0). ® spectrum. The values of these transition moments are either
determined fromab initio calculations or obtained from the
The matricesd andr are written as analysis of the infrared and Raman intensities of the gas
, molecule.
I ) The Green tenso6G(w,) is the inverse of the complex
1"l ss matrix A(w,) defined in Eq.(11). It contains all the infor-
d s's :5II’5SS’+2—|(O’ )  mation on the vibron dynamics coupled to the external
modes, i.e., including the dephasing relaxation mechanisms
and due to the bath fluctuations. Moreover, the matkiw,) is a
, in " random matrix modified by the presence of isotopic impuri-
r( Il ):2 - HJM t<A_A( Il O) A_A< 1"l t)> _ ties in the monolayer which thus create a random disorder in
s's S )o 2K\ 8’8" 2ko | 8"s" ) [ L the adsorbate.
(10) However, the experimental determination of the spectral
- . densityJ(w4) is measured over a macroscopic area of the
In Eg. (10), the term within brakets corresponds to the time,yar implying a very large number of admolecules and thus
correlation function of the reduced coupling operator wh|cha large sampling of possible configurations for the defect

depends only on the external modes. This correlation fur‘Cdistribution. Therefore, the spectral density can be consid-

tion is determined from molecular dynamics simulation ap-greq a5 an average over the disorder of the Green propagator

plied to the phonons and librons of _the monolayer and fro”Hescribing the vibron dynamics. More precisely, Beop-

the knowledge of the phonon density of states for the subg a6 elements depend on the local surrounding around the

strate, as explained in Ref. 40. - (Is)th and ('s’)th sites which differs from a site to another
The matrixd is a function of the force constadt [EQ.  throughout the monolayer. The sum over the sites in(E).

(2)] reduced by the single valued stiffnégsof the internal  corresponds to a self-averaging quarifitwhich samples all

vibrator which is independent of its isotopic nature. The exthe possible local environments. Hence this quantity can be

DYESSiOH of this matrix remains therefore the same WhatEVQj’ak;mated by f|x|ng Ks) and (|’5’) and taking an average

the isotopic molecule. In contrast, the reduced relaxation magver the possible configurations. As a consequence, it is not

trix r depends on the vibrational frequeney; as shown in  necessary to know explicitly the Green propagator elements

Eq. (10), although the correlation functions of the force con-of vibrons but only their average values to determine the

stant matrixAA implied in the dephasing process are isotopespectral density.

independent. To be rigourous, the matriis sensitive to the

presence of isotopic impurities through the frequency D. Average Green propagator of vibrons in a disordered

change. But, in practice, the values of the elements of the monolayer

matrix r are much smaller< 10~3) than the vibrational fre- ) )

quencies of the admolecules and we can therefore disregard TO evaluate the Green tensor of the vibrons, let us first

this isotopic dependence. The Fourier-Laplace transform ofonsider a pure monolayer formed by single adspexigfie

Eq. (8) at the frequencyw; yields the matrixA(w;) ex-  dynamical behavior of the vibrons in such a perfect mono-
pressed as layer is described by the dynamical matix(w,) expressed

as

1’s’

>

nat

|"s

!

], @ 1] 0y 1l
SS) Aa S wq :w_aénrassr_d S

/S’ !S
which characterizes the collective dynamics of the vibrons in
the admonolayer coupled to a fluctuating bath represented B¥¢hen molecular impurities are present in the monolayer, the

!

A
S,S). (13)

+ir

|1 w15 5 q I
ra W1 = T 0|1 Osg — ' .
S'S W|g S'S +1r

the external modes. general matrixA(w,) in Eq. (11) can be obtained by sub-
tracting a perturbation matrifA(w;) to the matrixA,(w4)
C. Infrared and sum frequency generation responses in Eq. (13). Itis thus written as

of the vibrons
. o . Alw1)=Ay(w1) = A(wy). (14)
The spectroscopic response of the collective internal vi-

brations of a monolayer formed by diatomic molecules isThe term inA(w;) which depends on the isotopic defects in
proportional to the real part of the spectral densifyw,) for  a crucial way is the purely diagonal contribution of E1)
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through w(sl. To determine the perturbation matrix

6A(w1), let us define the random variabdgs which takes

the value 1(0) with probability p,(p,) when the (s)th site A
is occupied by a defect moleculida). The set of variables ;
{05} describes a particular configuration of the disordered

monolayer, and for such a frozen configuration, the defect T
matrix SA({os},w1) is given as
Wy w;
SA({os} w1) = IE 0. o aislis (15 FIG. 2. Diagramatic representation of Eq7) for a frozen con-
S a

figuration of the disordered monolayer. The dotted line corresponds

to the Green propagator of the vibrons in the disordered monolayer

EE (w1 ol s, whereas the full line represents the propagator of the vibrons in the
Is pure monolayefno defec). Each square characterizes a defect and

. ) . corresponds to the scattering process of a vibron due to the presence
wherel s is the projector on thel§)th site. of an isotopic defect.

The inversion of the matrixXA(w;) [Eq. (14)] using Eq.

(15), leads to the Dyson equation for the vibron propagator -G +G T
in a given configuration of the disorder, as ({015} 1) =Ga(02) + Gal @) ({0 5} 1)

_~ -1
({012}, 01) =Gyl wy) X[1=Ga(w1) T({ois} @1)] "Ga(wy),

(20)
+> Ga(w1) 0n(wy)oishsG{oist, w1), where the matrixT ({05}, w1) characterizes the disorder and
Is is defined as
(16)
whereG,(w,) is the Green propagator for the vibrons of the T({Uls},wl)zlzs: tis(w1)os . (21)
pure monolayer formed by molecules For instance, the
projection of Eqg.( 16) on a given adsorption sitd 45;) , Figure 2 shows a diagramatic representation of the propaga-
yields an iterative expression @&({os},w;) in terms of tor G({o|s},w;) and the various paths that can be implied
Ga(wq) after scattering on defects.
Finally, the average Green propagator is expressed as
G({Uus},w1)=Ga(w1)+lE Ga(w1)tsGa(wy) oy
: (GlwD)e= 2 G({ohw)f({och), (22
{os=0,1
+|Zs /2 Ga(0)tisGa(@)trs where the distribution functiof({os}) of the random vari-
'sT#ls ableso is written as
XGa((Ol)0'|SO'|/Sr+"', (17)
wheret,s is thet matrix which describes the scattering pro- f({Uls}):ll_S[ [Pa+t ois(Po—Pa)]. (23
cess of the vibrons of the pure monolayer with adspeaies
when an impurityb is located on thel§)th site. We give in Equation(22) represents the exact expression of the aver-
Appendix A'the c_ieta|led al.gebra|c manipulations that Iead%ge Green propagator. It contains an average of products of
to thet matrix. It is then written as random variables such && 50|50y - - - )¢ in the various
Snlwy) terms of the Dyson series. However, a numerical calculation
1

- = of this expression is very difficult due to the huge number of
tis( 1) 1-G4(0;01) 6n(w1) he=tloyls, (19 configurations associated with the disorder. Namely, when
the monolayer exhibithl sites, there are™possible configu-
rations. To evaluate these averages, the random phase
approximatiori® is applied which allows us to write

whereG,(0;w,) is the Green tensor for the pure monolayer
determined at the defect site. In E(.7), two successive
scatterings of the free propagatég(w4) by the same isoto-
pic defect are excluded since they have been already take

M
into account in thet-matrix expansion. Therefore we con- ( 1517 2% sl e (T1y5)el T1zs)e (15 )e=Po

sider the modified Green propagat@r(w4) which is de- (24)
fined as This leads to assume that the various matriggsv,) are
- identical for every monolayer site and to express the average
Gulw1) =G, (w1)—G4(0;wq)1. (19 of the Green propagator in a simplified forisee Appendix
By using Eq.(19) and after resumming the terms in the it- B). as
eration, the sum of the various contributions in Ed7) (G(1))e=Ga(w1)+ Gy(w1){t(®1))e

gives the final expression of the vibron propagator for a -
given configuration of the disorder X[1=Ga(w1){t(®1))c] 1Ga(wy). (25
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The resulting expression of the averageatrix is a simplec ~ fect molar fraction in the monolayepf—0) since, in this
number which is function of the mass deféef(w4), of the  case, the defects are distributed randomly far apart from each
occupancy probability, and of the diagonal element of the other®

Green functionG,4(0;w,) for the pure monolayer, as However, whenp, increases, the probability for finding
configurations with nearest neighbor defects grows and the
on(wy) correlation of the scattering processes cannot be disregarded.

(Ho1)e=Po7—g ©0:w) 57(ap) =pPot(w1). (26)  To account for such a coupling between the defect induced
e vibron scatterings, we could substitute to E24), a cumu-

Finally the average vibron propagator in the isotopically!@nt expansion of the occupation variableg of the mono-

disordered monolayer can be written in terms of the reducefyer sités which would include correlations at each order of
dynamical and relaxation matrices of the pure monolaythe expansion. For instance, a three defects scattering process

corrected by a diagonal term which accounts for the disordewould consist in changing the average o,03)c= py in Eq.

(see Appendix B as (24) by the cumulant averagér;o,03)cc=Pp+ PoPadis,
where§ is the Kronecker symbdf Another approach could
w, Pprd7(wy) 1t also be developed within the coherent potential
(G(wy))c= (w—a— 1-p.G.(0:0)) 57](w1)) 1-d+ir approximatiori>3’ by describing the disordered monolayer

27) as an effective two dimensional crystal having the transla-
tional invariance property.
This diagonal perturbation does not depend on the mono- Here, we use a third alternative for which we consider the
layer site and the inverse matrix ¢6(w,)). therefore ap- possibility of forming defect aggregates in the monolayer,
pears to be an effective matrix which has the dynamicawithin the random phase approximation. Instead of the
properties of a periodic monolayer. In other words, although2x1) unit cell characteristic of the pure monolayer, we
the isotopic defects randomly distributed destroy the transladefine a larger cell whose sizes aloXgand Y are integer
tional invariance of the dynamical matrix, the average oveimultiples of the former and which contaié, adsorption
the various configurations of the disorder, within the randonsites(Fig. 1). This cell is periodically reproduced to describe
phase approximation, leads to the removing of this invarithe disordered layer. Inside this cell, there afe possible
ance. As a consequence, the wave veqtopnnected to the configurations for arranging zero, one, two, . , N isotopic
vibrons in the perfect monolayer applies also to the disorimpurities on the adsorption sites. Letand S be the new
dered monolayer. cell number and site number, respectively. Equati@®
As shown in Eq.(12), the spectral density(w,) is di-  and(22) can then be rewritten using these new indices where
rectly connected to the properties of the average propagatoérs is now a NoXN;) square random matrix connected to
(G(w1))¢ [EQ. (27)], which is itself characterized by thdt  the defects inside each célland G,(0) becomes a matrix
andr reduced matrices and by the diagonal defect contribuhaving the dimension of the cell defect.
tion. This latter contribution is responsible for two different  The route to determine the average propagator for the
physical effects. First, the pole of this contribution leads tovibrons in the disordered monolayer is then similar to the
the occurrence of a localized frequensy which is solution ~ previous model. The random phase approximation applies to
of the equation the product ot matrices leading to a decorrelation of vibron
scattering processes belonging to different ckellsvhereas
the corresponding scattering processes inside each cell are
(28 coupled. Equatioii25) giving the resulting Green propagator
for the disordered monolayer can be kept as it stands by

The frequencyw, is close to the frequency of the isotopg ~ considering now thaG, and(t(w,)). are square matrices
when p, is sufficiently small. Hence, the corresponding having the rank\, of the cell. The condition for the occur-
spectral density will exhibit a peak at the frequensgyin the ~ rence of localized modes, as shown in the previous model
region of the defect frequency,# w,. Second, since the [EQ.(28)], then becomes

diagonal defect contribution is complex throuGh(0;w+),

it shifts and broadens the signals connected to the dominant def(1+1Galo{t(w1))e) " 11=0, (29
speciesa which are characterized by tlleandr matrices.

This will result in inhomogeous effects due to the disorder inWherely is the projector over the origin cell=0. The dis-
the infrared band of the pure monolayer. order gives rise to several localized modes which can be

significantly shifted from the impurity frequenay, ~ wy,,
depending on the intensity of the coupling interaction be-
tween defects. Moreover, the disorder shifts and broadens the
While Egs.(22) and(20) are quite general, the expression band of the pure monolayer arouaq . The number and the
given by Eq.(27) rests on the validity of the random phase intensity of the localized peaks is a function of the impurity
approximation. Within this latter approximation, we assumeconcentration which favors more or less the formation of
that the scattering of the vibrons by a defect does not dependefect aggregates.
on the presence of the other defects. In other words, the Such a procedure clearly improves the previous scheme of
successive scattering processes experienced by a vibron argcorrelated scattering processes when the molar fraction of
not correlated and correspond simply to a product of singlelefect isotope remains lower than 0.3. In fact, the size of the
defect mechanisms. Such an assumption is valid for low de“extended” cell must be of the order of, or larger than, the

Ga(0§w1)577(w1)=1_—pb-

E. Improvement of the disorder description



13 806 V. POUTHIER AND C. GIRARDET PRB 60

TABLE |. Calculated and experimental frequencies and widths of the CO monolayer peaks at 5 K.

w(cm 1)@ FWHM (cm™ %) w(cm )P FWHM (cm %P
2co pa=0.99 2156.4 0.13 2154.96 0.18
2144.7 0.13 2148.71 0.17
pa=0.01 2152.5 0.09 2150.47 0.17
Bco pp=0.99 2107.2 0.13 2107.20 0.18
2096.5 0.13 2101.39 0.17
pp=0.01 2104.7 0.09 2102.83 0.12

&Calculated values.
PExperimental data taken from Ref. 21.

size of the aggregates formed by the impurities at a given In the following, the connection with the theoretical part
molar fraction. Wherp, is less than 0.3, the mean number of (Sec. 1) is introduced by denoting and b the *2CO and
defects per aggregate is typically about 3 or 4, and the fluct3CO molecules, respectively. The calculations are per-
tuations of this number around its average value is negliformed according to the improved model presented in Sec. I
gible. Beyond this value, the fluctuations increase signifi-E and using @-matrix expansion of the Green operator. We
cantly with the concentration of defects and a convenientonsider a (4 3) “extended” cell containing 12 adsorption
choice of the cell size becomes impossible. sites and corresponding to 4096 possible configurations for
arranging isotopic impurities in the cell. This cell is thus
formed by 12 unit cells of the substrate. The dimension of

Ill. APPLICATION TO THE IR AND SFG SPECTRA the matrixt(w;) is (12x 12) and this allows us to distribute
OF CO ISOTOPIC MIXTURES ADSORBED 0,1, ..., up to 1dmpurities in the cell.

ON NACL (100

A. Interactions and monolayer characteristics B. p-polarization infrared spectrum of the monolayer

The interaction potential between the CO molecules and
the NaCl substrate, on one hand, and between CO molecules
in the layer, on the other hand, is described by semiempirical The infrared spectrum of the CO monolayer is calculated
forms including Lennard-Jones dispersion-repulsion term$rom the real part of the spectral density given in EtR).
and electrostatic contributions expanded up to the quadruFhis density depends on two quantities. The structure factor
pole moment. The expressions of the various terms and theharacterizes the geometry of the photon beam and of the
values of the parameters, especially their vibrational deperadmolecules with respect to the surface whereas the Green
dence, are given in Ref. 40. tensor describes the dynamics of the layer and thus includes

The minimization of the total interaction potential was both frequency shifts and peak widths. Though an extension
shown to yield the (X 1) structure for CO with two in- to the s-polarized spectrum is straightforward, we will as-
equivalently oriented molecules per unit cell, which is con-sume that the photon beamgsolarized, i.e., polarized per-
sistent with the geometry determined from elaborated poterpendicular to the incident beam since the most intense sig-
tial expressions and inferred from the interpretation of thenals are obtained with such an experimental setup. The
experimental spectra. The molecules form linear chaingalculated infrared spectrum for the pure monolayefT at
along the Na rows, their axes are tilted by about 45° from the<30 K exhibits two intense peaks, the relative intensities of
normal to the surface and the projections of their axes on thehich depend on the mutual orientation of the two admol-
surface plane are aligned along the Na rows forming paralletcules in the (X 1) unit cell. The high frequency peak is 2.6
and antiparallel adjacent chaiff§ig. 1). Molecular dynamics times more intense than the low frequency peak and the
simulations performed at low temperatur<£30 K) cor-  Davydov frequency splitting is equal to 12 ch These
roborate the stability of this phase and exhibit the occurrencenvo quantities are the same for both isotog€able I). This
of an orientational disorder of the molecular axes above 3@atter result is consistent with the fact that the coupling be-
K, in close agreement with the observed signals in the infratween the two molecules in the unit cell depends on the
red spectrum. In this orientationally disordered phase, théorces and not on the masses.

1. Pure *?CO and *3CO monolayers

unit cell is that of the pure NaCl surfadee., a (1X1) The linewidth of the two peaks is the sarfsee Table ||
structurg instead of the well defined (21) cell at low tem- and it is obtained as the sum of dephasing contributions
perature. which correspond to the elements of the relaxation matrix

The isotopic mixture of*?CO and *3CO molecules does r(w;). The diagonal elements characterize the influence on
not change the interactions and the stable structures of thtbe vibron frequencies of the fluctuations of the external
monolayer. Therefore, whatever the molar fraction of impu-modes of the substratéphonon$ and of the adsorbate
rity molecules, the basic cell for the low temperature mono{phonons+ librons). While the substrate contribution ap-
layer phase is the (1) geometry. However, the presence pears to remain small, the layer contribution becomes largely
of isotopes at random sites implies the failure of the transladominant asT rises. The nondiagonal elements describe the
tional invariance leading priori to an infinite unit cell for  fluctuations of force constants between neighboring mol-
the disordered monolayer. ecules. This contribution is generally small except at very
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TABLE II. Calculated linewidth vs temperature of the pure CO other less intense absorption signals lie in the frequency
monolayer peak and of the localized peak, at low defect molafange[2097,2108.5 cm']; they are assigned to larger ag-
fraction. gregates of the isotopic defe@fig. 5. Note that when the
molar fraction of defect reaches 0.3, the single defect peak

T(K) FWHM® (cm™) FWHM® (cm™) appears to be inhomogeneously broadened by other defect

5 0.13 0.09 aggregates leading to a dissymmetric structured band broad-

o5 0.28 0.24 ened by about 2 cit.

55 0.40 0.36 The corresponding IR spectrum of the dominant isotope
12CO whenp,=1-p, decreases from 1 to 0.7 is formed by

8Pure monolayer. the two previously mentioned peaks of the pure monolayer

blsolated impurity. splitted by 12 cm?®. The shape of these peaks becomes

asymmetric wherp,=0.1 and it appears to be structured at

low temperature T=5 K) where it is as large as the diag- pp,=0.3. In Fig. 6, we show the behavior of the high_ fre-
onal term*®® Since we assume that the relaxation matrix isdueéncy mode of the spectrum Of_tHéCO monolayer with
mass independent, once again the isotopic change does b€ defect molar fractiop, . As py, rises from 0.110 0.3, the

modify the width of the infrared peaks assigned to theo  fotal F\_/\{HM of this peak increases from 1.5 cin to
and $3CO pure layers. 54 cm - at T=25 K. In addition, a second blueshifted

peak occurs at 2162.0 ¢ for a high molar fraction of
defects.

To understand the behavior of the line shift and width

At very low molar fraction of defect isotope, the calcu- with the isotopic molar fractiorp,, in terms of collective
lated p-polarization infrared spectrum af<30 K of a  excitations, let us discuss the spectral response of the two
slightly disordered monolayer exhibits still two peaks in thejsotopes. At smalp, value, one impurity molecule is sur-
frequency range of the dominant isotope and a single peak ifpunded statistically by the molecules of the dominant iso-
the range of the minor isotopic species. Since the results atgpe. As a result, a single localized mode occurs at a fre-
similar when the role of“CO and**CO are reversed, let us, quency w, close to the vibrational frequency, of the
for instance, look at the spectral range of tHeO frequen-  impurity whereas the infrared response of the dominant iso-
cies. tope looks similar to that of the pure monolayer with two

For p,<0.01, this situation corresponds to a nearly per-2CO molecules per unit cell. The width of the localized
fect *2CO monolayer with single impurity moleculéSCO  mode comes from the diagonal part of the relaxation matrix,
embedded in &%CO layer. We obtain a slight blueshift of only, since the dynamical coupling betweanand b mol-
the single '3CO peak frequency centered at»y  ecules tends to vanish when the frequency differenge
=2104.7 cm* when temperature rises from 5 to 55 K — g, is larger than the band width of the vibrons in the pure
(Table ) and a concomitant broadening of the peak frommonolayer. We thus calculate a localized peak width that is
0.09 to 0.36 cm* (Table ). The IR spectrum in the fre- always narrower than the width of the pure monolayer peaks
quency range of thé*CO molecule is shown in Figs(&  for which both diagonal and non diagonal elements of the
and 3b) atT=25 K. Note for comparison that the spectrum relaxation matrix contribute to the broadenififable II).
of the nearly perfect'3CO layer (p,=0.99) displays two Furthermore, note that such a width difference depends also
peaks splitted by 12 cit having approximately the same on temperature and is maximum at low temperature when the
width which evolves from 0.13 cmt at5Kt0 0.4 cmtat  ratio between the non diagonal and diagonal relaxation terms
55 K (Fig. 4). is maximum.

When the defect molar fraction increases uppte=0.3, Whenp, increases, several localized modes appear which
the single band in the frequency range of the defect speciasrrespond to the formation of impurity aggregatdaner,
remains the most intense and it is slightly blue shifted bytrimer, . ..) leading to the occurrence of shifted and splitted
about 0.1 cm?® with respect to the peak frequency obtainedsignals in addition to the most intense peak connected to the
for the smallest molar fraction. AT=25 K (Fig. 5), the  single defect. The widths of these signals cannot be simply
width varies from 0.53 to 1.06 cht as the defect molar interpreted as it is the result of the relaxation matrix diago-
fraction increases fronp,=0.1 to p,=0.3. However, sev- nalization. Similarly, the two infrared peaks of the dominant
eral additional structures appear on both sides of this peaisotope tend to become wider and widermgsrises from 0.0
with two dominant peaks around 2100.0 and 2106.5 tm to 0.3. This behavior is due to the increasing influence of the
which are assigned to the impurityCO dimers(Fig. 5. The  defects which play the role of scattering centers for the vi-
frequencies of the dimers are not symmetric with respect tdrons. The collective motions of the internal vibrations are
the single peak because there are two different dimer geonmo longer pure eigenstates of the harmonic monolayer but
etries in a (2 1) monolayer depending on the relative ori- they correspond to a superimposition of several eigenstates
entations of the two adjacent molecules which correspond twith different wave vectors|. This leads to the broadening
different force constant couplings. In addition, the two sig-of the vibron peaks due to spectroscopic activation of vi-
nals of each dimer are nptinfrared active due to the special brons by the defect centers with frequencies that are shifted
symmetry of these dimeri&olinear or antiparallel, see Fig. with respect to the frequencies of the vibrons at the center of
1). As a result the signal of the antiparallel dimer is observedhe Brillouin zone(i.e., withq#0). In other words, the life-
at higher frequency whereas the signal of the colinear dimetime of the vibrons of the pure monolayer decreases as the
appears at lower frequency. Aside from the dimer structuresnolar fraction of impurities increases.

2. 12CO/*CO mixtures
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(a) (c)
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FIG. 3. Calculated IR and SFG spectra of the disordered monolayer in the frequency rangé*6Qtiempurity molecules. The spectra
are drawn af=25 K and for a low defect molar fractiqm, . Left hand sidep-polarized IR spectra for a molar fraction 5iCO molecules
equal top,=0.001 andp,=0.01. Right hand sideppp-polarized SFG spectra for the same molar fractiond36f0 molecules.

This width has therefore an inhomogeneous nature and thand which characterizes a one-dimensional behavior of the
is directly connected to the density of stat&09S) of the  vibrons in this direction. The resulting dissymmetry of the
vibrons. As shown in Fig. 7, the DOS of the vibrons of aDOS leads to a dissymmetric line shape in the IR spectrum
pure CO monolayer exhibits two peaks at 2162.0 érand  and to the occurrence of the second peak close to the loga-
2171.5 cm®. Since the CO monolayer is a two dimensional rithmic singularity of the DOS.
structure, the peak centered at 2162.0 ¢rnorresponds to
the well known logarithmic singularit}* Moreover, the
strong anisotropy of the force constants in the monolayer
with a much larger coupling along thé direction (Fig. 1) The SFG vibrational spectrum for the CO monolayer de-
leads to a Van Hove singularity at the edge of the vibronpends on the polarization of the incident infrared and visible

C. Infrared-visible sum frequency generation spectrum
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J,(@,) (arb. units)
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2094 2096 2098 2100 2102 2104
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FIG. 4. Calculatedp-polarized IR spectrum of the CO mono-

T T T

2106 2108 2110

layer atT=25 K and for a molar fraction if®*CO molecules equal

to p,=0.99.

beams and of the visible probe at the frequency sum. To be
consistent with the previous section, we consider here the
ppp-polarization spectrum where the visible and IR photons «
are polarized perpendicular to the beams. In the spectral der®™
sity defined by Eq(12), G appears to be the same as for the
infrared spectrum whildI contains the vibrational depen-

Jy(o,) (arb. units)
© o o 3 =
o - > ® o

pp=0.2

0 T T \/\ T T Pb=0.1

p,=0.3

T T T T T
2152 2154 2156 2158 2160 2162 2164

, (cm'1)

dence of the dipole and polarizability tensors and the corre- FIG. 6. Behavior of the line shape of thepolarized IR high
sponding geometry of the experimental setapgle of inci-

dence of the beam equal to 45°). Another specificity of the®

frequency peak in the frequency range of the domin%@Q@) spe-
ies atT=25 K vs three typical values of thECO molar fraction.

spectroscopic probe which leads to differences in the spectral _
response of the monolayer is that the infrared spectrum igroportional to the real part of the spectral denslfy,)

0.8 4

0.6 q

Jy(@,) (arb. units)

0.4 4

p,=0.1

T T T T T T T
2096 2098 2100 2102 2104 2106 2108 2110

@, (em™)

1 p,=0.3

i pp=0.2

FIG. 5. Behavior of the line shape of tipepolarized IR spectra
in the frequency range of thECO molecules aT=25 K vs three

typical values of the'3CO molar fraction.

whereas the SFG spectrum is proportional to the square
modulus ofJ(w,). The consequence of these differences is

threefold. First, it has been shown in Ref. 40 that the relative
intensity of the two peaks in the pure monolayer spectrum is
different for the infrared and SFG spectrum because the in-
tensities are weighten by the square transition dipole in the
former case and by the product of the transition dipole and
polarizability in the latter case. This feature is also observed

12

0.8 1

0.6

g(®) (arb. units)

0.4

0.2

0.0 T T T T T
2135 2140 2145 2150 2155 2160 2165 2170 2175 2180

w (cm")

FIG. 7. Density of states of the vibrons of the pdf€0 mono-
layer. Note the two singularities at 2161 and 2172 ém
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SFG spectrum. The first term is a resonant term at the fre-

0 quency w;, denoted byJg(w;), whereas the second term
Jnr Incorporates all the nonresonant contributions of the
08 monolayer. Since the SFG spectrum is proportional to the

square modulus of the spectral density, three contributions
appear in the spectrum calculation. The first one, equal to
|Jnrl?, is @ pure background contribution nearly independent
0 of w4 since the frequency differenee,— wy, is much larger
than the vibron bandwidth of the pure monolayer. The sec-
ond term,|Jgr(w4)|?, is a pure resonant contribution corre-
sponding to the response of single impurity molecuf&0
embedded in the®CO layer. The last one, equal to
2Rd J\rJIr(wq)], characterizes the interference between the
resonant and nonresonant contributions and gives a disper-
sive shape to the SFG profile. When the number of impuri-
ties increases, i.e., whem is greater than 0.1, the weight of
the pure resonant term increases with respect to the interfer-
' Pp=0-2 ence term and the dispersive profile of the SFG spectrum
disappears leading to a peak shape similar to that of the IR
spectrum.

JPPP(®,) (arb. units)

0.0 ;== T T T T T T 1 P,=0.1

IV. COMPARISON WITH EXPERIMENTAL DATA

T T T T T T T 1 p,=0.3 . . X .
2096 2098 2100 2102 2104 2106 2108 2110 Polarization infrared Fourier transform spectroscopy of

o, em™) the CO monolayer adsorbed on NaCl has been extensively
studied with special emphasis brought to the influence of
FIG. 8. Behavior of the line shape of tgpp-polarized SFG  isotopic defect in Refs. 16, 21, and 24. In Table |, we give
spectra in the frequency range of tHeCO impurities, atT  the experimental data determined by the group of Effiag
=25 K, vs three typical values of thECO molar fraction. low temperature T=5 K).

At low defect concentration, i.e., when the molar fraction
in the frequency range of the dominant species in the SF®f 3CO molecules is less than 0.01, the infrared spectrum in
spectrum. Then the two peaks broaden in the same way whéhe frequency range of the impurity exhibits one peak cen-
the disorder increases to account for the vibron dispersion biered at 2102.83 cm' and with a FWHM equal to
scattering on defects. The broadening is identical to the in0.12 cm 1. This peak corresponds to the localized mode
frared band broadening. which occurs when a sing®CO molecule is embedded in a

Second, in Fig. 8, the SFG spectrum in the frequency'?CO layer. By constrast, the pufréCO monolayer leads to
range of the impurity species exhibits the same feature as tbe occurrence of two peaks, centered at the frequencies
IR one when the molar fraction of defects is larger tpgn  2107.20 and 2101.39 ¢m and having the same FWHM
=0.1. The single peak, which corresponds to the localizesqual to 0.18 cm®. The width of the localized peak repre-
mode, remains the most intense and several additional strusents 67% of the width of the two peaks of the pure mono-
tures appear on each side of this peak characterizing the otayer. Note that the experimental resolutidequal to
currence of impurity dimers, trimers, etc. However, the rela-0.1 cmi ) is close to the measured width and it probably
tive intensity of these additional signals when compared tdeads to a significant uncertainty in the absolute determina-
the main peak intensity is different in the IR and SFG spection of the width. In addition, another source of uncertainty
tra. More precisely, the most intense peaks are enhanced octcurs, due to the presence of surface defects. Therefore at
the nonlinear spectroscopy with respect to the less intensE=5 K, the experimental width is probably overestimated
peaks, as the result of the square density dependence of thg a factor that could range between 1.5 and 2 due to this
SFG spectrum. additional inhomogeneous broadenfiigThe comparison

Third, at low defect molar fractionp,<0.01), the SFG presented in Table I, shows that our calculations performed
response of the localized mode is very different from that ofat the same temperature are in good agreement with the ex-
the infrared spectrum. Indeed the SFG signal corresponds feerimental data since the localized peak is blueshifted with
a single peak having a dispersive shapigs. 3c) and 3d)]  respect to the high frequency peak of the pure monolayer and
whereas the IR peak is fully resonditigs. 3a) and 3b)]. its width corresponds to 69% of the perfect monolayer one.
Such a particular shape disappears wpgimcreases beyond When the defect molar fraction increases, the experimen-
0.1. To understand this feature, let us recall that the fieldal width'® of the single 3CO peak increases significantly
detected at the sum frequency is the sum of the field emittedince, atT=55 K and p,=0.2, it is equal to 0.9 cmt
by the impurity molecules and by the dominant isotope. Fowhereas the width of the pure monolayer is equal to
an infrared frequencw; close to the defect frequenay,, 0.4 cmi l. This latter width represents 45% of the width of
the nonlinear response of the impurities is resonant whereahe localized peak. At the same molar fraction and at 25 K,
the nonlinear response of the dominant species is not. Thihe calculated FWHM of the single peak is equal to
spectral density(w,) is the sum of two contributions in the 0.63 cm* (Fig. 5 leading to the same ratio of 45% be-
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tween the width of the pure monolayer and that of the localinfrared signals of molecules adsorbed on métas well as
ized peak. on dielectrics-’
From examination of Fig. 5, let us mention that a com-
parison with the experimental spectra becomes difficult when V. CONCLUSION
the isotope defect molar fraction increases. Indeed, the cal- ) . o
culated spectrum does not display a single localized peak, 1he generalizettmatrix model used in this paper allowed
but in addition a series of secondary signals occur due to thdS 10 determine the infrared and SFG spectra of a disordered

formation of impurity 3CO aggregateglimers, trimers, etg. monolayer formed by a mixture dfCO and*3CO isotopes.

in the 12CO monolayer. The aggregate peaks lying far aparfrhe Green propagator for the disordered monolayer dynam-

from the sinale defect peak frequency could probably not beCs has been determined from a master equation describing
'ng rectp d y P yr She propagation of collective vibrational excitations on the

: . Adsorbed molecules when the fluctuations of the low fre-
By contrast, the high frequency secondary peaks in the Clos&uency(phonons and libronsmodes tend to broaden homo-
neighborhood of the single defect peak could participate t

; ; ' X x _%eneously the infrared signal of vibrons.
the broadening, Ieﬁaldmg to a relatively wide dissymmetric™ the model is general, within the harmonic treatment of
signal (about 3 cm~) close to thew, frequency. Though the vibrons, and leads to the calculation of the linear and
the peak becomes effectively dissymmetric in the experimennonlinear spectral densities for the isotopic mixture of ad-
tal spectrum, such a band structuring is apparently not obmolecules. We have shown that the infrared resonances in
served. This can be due to either the experimental resolutioghe nonlinear SFG spectrum display differences when com-
which prevents the observation of this structure or to arpared to the linear infrared adsorption peaks, especially at
overestimate of the calculated splittings of the peaks. very low molar fraction of the isotope defect and, in a more
In the frequency range of the dominant isotope and whemgeneral way, regarding the relative intensities of the local-
p.=1—p, decreases from 1 to 0.2, the experimental specized peaks of the less abundant isotope in the mixture. The
trum is formed by the two peaks of the pure monolayer split-comparison of these results with the available linear infrared
ted by 6.25 cm! at T=5 K (Table . These peaks Spectra show that we can account for most of the experimen-
broaden smoothly from 0.4 to 1 crhwhen the’3CO molar  tal features, though there remains quantitative differences in
fraction rises fromp,=0.0 to p,=0.8.2° In our calculations the inhomogeneous broadening calculations, probably due to
performed afT=25 K, the width of these peaks increasesthe poor kr_lowledge _of accurate _\/lbratlonal dependence of
considerably up to 5 cii asp,, increases from 0.0 to 0.3 the interaction potentials. Further improvements of the theo-

as shown in Fig. 6. Such an overestimate of the calculate{]‘encal treatment \_N_OU|93 require the con5|derat|on Of. v!bra-
flonal anharmoniciti€“*and the extension of the statistical

FWHM of the peaks for the dominant isotope may have two odel to defect distribution close to the percolation transi-
origins. First, the comparison between the theoretical and th P

experimental splittings of the two peaks of the pure mono-~'°"

layer, equal to 12 and 6.25 crh, respectively, shows that

we tend to overestimate the lateral force constants in the APPENDIX A: GREEN PROPAGATOR FOR A SINGLE
calculations, and therefore to spread out the signal connected DEFECT PERTURBATION

to nonzero wave vector vibrons. Second, this can be due to a

inad te treatment of the influen f defects on the Vi- Let us consider a pure monolayer formed by molecales
adequate freatment of the infiuence ot detects o € Viyith one isotopic defedb, only, localized at the sitel {s;).
brons of the pure monolayer. Indeed, in our model, we a

S- X . .
sume that the scattering of the vibrons by a defect located ighe dynamical matrdA(«,) is expressed as

a given unit cell does not depend on the presence of defects
inside another cell. Such an assumption is clearly valid for

the vibrons which lie in the frequency range of the impurity _ ; - : TR
since the internal vibrations are strongly localized near a delnerelies,= ||°S°><.|OSO| 's the projector on the impurity site.
fect. By contrast, the mean free path of the vibrons of thel '€ Dyson equation leads to a Green propagator expressed
dominant species is limited by the dephasing process, only"}S

and the correlation length in this frequency range should be

much longer yielding the failure of our hypothesis at high G(w1)=Ga(w1) +Gy(wy) dn(w1)l 5 Glwy).  (A2)
defect molar fraction. Presently we are not able to discrimi- _ i

nate between the two origins of discrepancy. Indeed, on on/hen we apply the projectds s, to Eq.(A2), we obtain

hand, the vibrational dependence of interaction potentials re-

mains a source of inaccuracies which cannot be quantita-l,s,G(@1) =1 s [1=1 s, Ca( @)1} s,07(@1)] *Ca(@y).
tively estimated, even for simple molecules. On the other (A3)
hand, a more accurate treatment of the high defect molar ) . )

fraction model would require to change the present theoretilnserting Eq(A3) into Eq.(A2) gives the propagatd®(w,)
cal treatment of the defect distribution which is valid for s

reasonable molar fraction of defects, only. Finally, let us

mention that, to our knowledge, this is the fiaspriori study G(w1)=GCa(w1) +Galw)t s (01)Galwy),  (A4)
of the spectral line behavior of a disordered monolayer since ) . . )

all the previous papers were concerned rather with the influvheret, s (w1) is the single defect scatteririgmatrix de-
ence of defects on the integrated intensity and shift of thdined as

Alw1)=Ag(w1) = on(w)l (A1)

050’
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tgsy(@1) = s, 6m(w1)[ 1= Ga(0;01)0m(wy)] ™t

(A5)

=1 s t(wq),

where Ga(O;w1)=I|OSOGa(w1)I,OSO is the projection of the
Green propagatoG,(w4) on the site containing the impu-
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whereG,(w1) =G,(w1) —G4(0;w,)1. The closure relation
applied to the total projector allows us to wridygl,s=1.
Therefore, an exact resummation procedure in(Bg) leads
to the expression for the average propagator as

<G(wl)>c: Ga(wq) + Ga(w1)<t(w1)>c

rity. Extension to multiple defects scattering matrix can be

obtained in a similar way, for a given configuration of the
defects, by summing over the defect sitégsg).

APPENDIX B: GREEN PROPAGATOR IN RANDOM
PHASE APPROXIMATION

X[1=Ga(@1)(t(01))e] 'Ga(wy), (B3)

where (t(w1))c=ppt(w1) is given by Eq.(26). From the
expression of5,(w;) we then obtain

From Eq.(17), the average Green propagator of the dis-

ordered monolayer is expressed as

<G<w1>>c=Ga<w1>+|ES Gal @1)tis(@1)Gal@1){016)c

+2 2 Gyopts(wy)

Is |7s'#1s
X Ga(wl)tl’s’(wl)Ga(wl)<UlsUI’s’>c+ T
(B1)

<G(w1)>c= Ga(w1)+Gy(w1)2(wy)

X[1-G,(w1)2(w1)] 'Ga(wy)  (BY)
or, in an equivalent way,
(G(w1))c=[Gg H(w1) — 13 (w1)]7*
=[Aa(@1)~ ()] (BS)

Using the random phase approximation and the expression of

thet matrix given in Eq.(A5), the average Green propagator
is written as

(G(w1))c=Ga(w1)+ Py t(wnIEs Galw1)11sGa( w7)

+pit(w1)2>) D Galw1)lis

Is 1's’

Xaa(w1)||/SrGa(a)1)+~-~, (Bz)

where the defect influence is contained in the contribution

<t(w1)>c
1+G4(0;0)(t(wq))c

From the expression dt(w4))., Eq.(B6) leads to Eq(27).
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