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The low-frequency dispersion curves of the (2 x 1) commensurate phase of CO2 adsorbed on
the ionic NaCl substrate are determined on the basis of potential calculations by including the
dynamical coupling with the bulk and Rayleigh modes of the substrate and they are compared to
recent inelastic helium atom scattering data. The analysis of the intensity of the resonance peaks
in the time-of-Hight scattering spectrum is done by considering (i) the influence of the polarization
changes of the phonon-libron modes due to hybridization and avoided crossing; (ii) the presence
of two types of monolayer domains; (iii) the mode selectivity of the experimental probe. The
good consistency between calculations and experiments demonstrates the improved knowledge of
interactions in such a physisorbed system, given the complexity and the richness of phenomena that
have been interpreted.

I. INTR.ODUCTION

While photoemission and electron spectroscopies have
been currently used to probe the adsorption character-
istics of physisorbed and chemisorbed species on metal
surfaces, the vibrational modes of molecular adsorbates
on single-crystal insulator substrates can be studied
by nondestructive techniques such as Fourier transform
infrared spectroscopy 's (FTIRS) and inelastic helium
atom scattering (IHAS). In common, such methods
emphasize the study of the influence of the adsorbate-
substrate couplings on the adsorbate dynamics; they are,
furthermore, quite complementary, since FTIRS gives in-
formation on the internal vibrations of the admolecules
and IHAS probes external vibrations, which are, in gen-
eral, too low in &equency to be detectable by the Erst
technique.

The CO& monolayer adsorbed on NaC1(100) is one
among the scarce systems to be recently studied by these
two methods. It has also been extensively investigated
using low-energy electron diffraction (LEED) and elastic
He atom scattering, ' and therefore it appears as an ideal
candidate for a complete theoretical analysis. In contrast
to FTIRS, the IHAS technique allows us to measure the
frequency dispersion and to probe directly the coupling
between the bulk and surface modes of the substrate and
the translational and orientational modes of the mono-
layer. The phonon-libron dispersion curves associated
with the collective low-energy modes of the CO2 adlayer
have been measured, and the energy transfers between
He projectiles and adlayer have been determined. from
time-of-Hight (TOF) spectra transformed to energy dis-
tribution spectra.

In the course of our theoretical investigations on
the CO2-NaCl(100) system, we successively interpreted
the monolayer structure and the polarization infrared
spectrum, and performed preliminary calculations on

the adsorbate dynamics within the rigid substrate ap-
proximation. These various steps allowed us to test
the pertinency of interaction potentials in explaining the
value of the isosteric heat of adsorption, the molecu-
lar geometry on the ionic substrate, and the frequency
shifts of the internal vibration modes induced by adsorp-
tion. Based on this preliminary information, the goal
of the present paper is to perform detailed calculations
of the monolayer dynamics including the couplings with
the acoustic modes of the substrate. The &equency dis-
persion w(rI) for the adsorbate-substrate system is com-
pared to data points issued from the analysis of the IHAS
experiments. The intensity of the resonance peaks in the
TOF spectra can then be analyzed by considering the in-
fluence of hybridization on the mode polarization and
the presence of monolayer domains. The ability of he-
lium atoms for probing privileged polarization modes is
also discussed through a comparison between calculated
and experimental energy distribution spectra.

The outline of this paper is as follows. In Sec. II we
give a brief report on the available information regarding
the CO2-NaCl(100) system. The theoretical backgrounds
leading to the calculation of the dynamics and of the
inelastic scattering cross section are presented in Sec. III.
Numerical results and comparison with experiments are
given in Sec. IV.

II. AVAILABLE INFORMATION

Both experiments issued from LEED, polarization
FTIRS) and HAS, ' and potential calculations
agree that the low temperature (T & 80 K) phase of
the COz layer adsorbed on single-crystal NaCl(100) sur-
face has a stable (2 x 1) structure. The unit cell contains
two molecules, which are tilted with respect to the nor-
mal to the surface by about 60' + 4 (infrared results)
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or 73' (calculations). The two molecular axes are mutu-
ally perpendicular ( 80' in both cases). The calculated
value of the isosteric heat of adsorption (347 meV) is, fur-
thermore, quite consistent with the thermodynamic data
(369 + 12 meV).

Two different types of domains coexist at the NaCl sur-
face, one labeled A with the glide plane parallel to the
(110) direction and the other labeled B, which is rotated
by 90', having the glide plane in the (110)direction. Two
superimposed signals, therefore, occur with intensity ra-
tios proportional to the relative importance of domains
A and B. The molar &action of A and B is, however,
not known. The infrared spectra exhibit pure vibrational
Q branches, indicating that the orientational motions are
mainly librational, as corroborated by calculations. " For
the low-&equency modes of the monolayer alone, we thus
expect 20 phonon dispersion curves corresponding to five
translational + librational degrees of freedom for each
of the two molecules in the unit cell and each domain
A and B. Among the 20 expected dispersion branches,
only eight have been observed along the conventional
1X azimuthal direction due, on one hand, to the sym-
metry introduced by the measurement technique and, on
the other hand, to the superimposition of the layer sig-
nals with the bulk phonon modes of the substrate. This
latter feature limits the detection of branches with ener-
gies lower than 10 meV.

The TOF spectra have been recorded ' at 30 K for
an incident wave vector Ic; = 5.17 A ~ and by varying
the angle of incidence 0, of the helium beam between 43
and 57 in order to follow vibrational modes in a very
restricted number of reciprocal zones (one or two Bril-
louin zones). The measured energy resolution is about
0.35 meV. The interpretation of the scattering spectra
must therefore take into account these experimental con-
ditions, which imply the following consequences: (i) at
such a temperature mainly the energy loss side caused
by one-phonon processes can be observed, (ii) the mea-
sured momentum transfers are transformed to phonons
belonging to the erst Brillouin zone and a special care
must be brought to the behavior of the resonance peak
intensities with the Brillouin zone number, and (iii) the
instrumental resolution prevents the detection of close
&equency vibrational modes with different polarizations.

The identification of the monolayer modes has been
discussed on the basis ' of a normal mode analysis at the
I' point of the erst Brillouin zone under the constraints of
equivalent adsorption sites for the two molecules and of
the particular sensitivity of HAS in detecting adsorbate
motions perpendicular to the surface. Some dispersion
curves were qualitatively assigned to hindered molecular
collective translations or rotations but the complexity of
the diagram did not allow a complete interpretation with-
out the help of a lattice dynamical calculation. Such cal-
culations have been recently performed on the basis of
semiclassical interaction potentials. Although the model
used was oversimplified because we assume the substrate
to be rigid and we limit our analysis to the mode fre-
quency and to their mutual polarization, we find a semi-
quantitative agreement with the dispersion data. Among
the 20 dispersion branches, four have a quasiacoustical

behavior with an energy less than 5 meV, while the re-
maining 16 curves correspond to more or less dispersive
optical branches ranging between 5 and 14 meV.

The present calculations are much more general, since
most of the weaknesses in the previous work have been
removed, and they allow a direct quantitative compari-
son between the experimental and calculated scattering
spectra. However, we extensively use the parts of infor-
mation given in Ref. 11 and relative to (i) the interaction
potential between the adsorbate and the substrate and
between the adsorbate molecules, (ii) the equilibrium ge-
ometries of the adsorbate, and (iii) the calculation of the
effective force constants experienced by the admolecules.

III. THEORETICAL BACKGROUNDS

A. Coupled dynamics
for the adsorbate-substrate system

Interaction, equilibrium, and potential mell 8hape

The potentials VMs and VMM characterizing respec-
tively the monolayer-substrate and intramonolayer in-
teractions are mainly described by pairwise atom-atom
dispersion-repulsion ( 40% of the total potential) and
by electrostatic ( 50% of the potential) contribu-
tions. The dominant contributions are the substrate
charge-molecular quadrupole interactions for VMs and
the quadrupolar interactions for VMM. The other contri-
butions (higher-order electrostatic terms, induction and
substrate mediated contributions, corrections for surface
relaxation and rumpling, etc. ) remain small ( 10%) and
within the present inaccuracy on the potential coefBcient
determination.

The monolayer equilibrium configuration calculated at
0 K by minimizing the total potential VMs + VMM and
by assuming the substrate to be rigid is shown in Fig.1.

(Zx&) c+0 tlg~~j ceB
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FIG. 1. Geometry of the (2 x 1) commensurate CO2 mono-
layer adsorbed on NaC1(100). The two unit cells associated
with domains A (left) and B (right) are represented by dark
rectangles. The arrows indicate that the molecular axes are
tilted upwards.
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The (2 x 1) unit cell with area 2a (a = 3.96 A) contains
two inequivalently adsorbed CO2 molecules with the axis
configuration given in Sec. II. The translational and ori-
entational potential wells are deep and sharp, and small
linear or angular oscillations around the equilibrium are
expected for the CO2 admolecules. A numerical fit of
the potential shape around the equilibrium is performed;
this allows us to calculate the components P p of the ef-
fective force constant tensor experienced by a molecular
pair embedded in the layer. Such a procedure limits the
series expansion of the potential to the quadratic contri-
bution, but it introduces, through the effective values of
P p, the influence of higher-order terms in the series.

A appears in fact as an effective tensor, which takes into
account the static inhuence of the monolayer on the sub-
strate dynamics. However the adsorbate-substrate inter-
actions are weak when compared to the stiEness of the in-
trasubstrate bonds, and the modifications induced by the
monolayer adsorption on the tensor A are negligible.

The dynamical coupling between the substrate and the
layer is bilinear with respect to the motions u( ) of the
admolecules and u'(r) of the volume element of the sub-
strate. This Lagrangian takes the form

Ill
Lc = ).) dry (Isr)u

~

~u' (r),
&')

2. Lagf'angian

The Lagrangian for the e8'ective harmonic monolayer
is written as

Ls = —) dr p~u' (r) ~'

y

—) dr'A~, ),„'|7,u' (r) V'„u~(r')
6Ap,

(2)

where the integral is over the substrate volume with ho-
rnogeneous matter density p. The small continuum vol-
ume element dr at the position r is displaced by ii'(r)
with respect to the equilibrium; p, ~, A, and p correspond
to the variables x, y, and z and the elastic modulus tensor
A is the usual four rank tensor for an isotropic homoge-
neous elastic continuum characterized only by the longi-
tudinal ce and transverse cq sound velocities. Note that

where u ( ) defines the linear (n = x, y, z) or angular
(n = 0, P) displacement of the sth CO2 molecule belong-
ing to the 8th (2 x 1) unit cell. A characterizes the
molecular mass I, (o. = x, y, z) or the momentum of in-
ertia I (n = 0) or I sin 0 (n = P) of CO2.

To define the Lagrangian of the substrate, we consider
that it behaves as an isotropic elastic continuum. The
continuum hypothesis is justified for this study, since the
energy of the external modes in the monolayer does not
exceed 14 meV. Indeed, due to the stifFness of the poten-
tial between the substrate ions, on one hand, the optical
substrate modes have energies too large to hybridize with
the layer modes, and, on the other hand, the acoustic sub-
strate modes have a quasilinear behavior in the energy
range of the layer branches. Moreover, the anisotropy
coefFicient for the acoustical substrate modes of NaCl is
sufFiciently close to unity (K 0.8) to expectis that the
isotropic assumption works quite well. The expression of
the Lagrangian for the elastic substrate is therefore given
by. 19

which can be easily deduced &om the series expansion of
the potential VMS up to the quadratic order. To calcu-
late the force constant tensor y, we assume that the
substrate volume element is a parallelepipedal box with
the same area as the (2 x 1) unit cell and formed by
two parallel planes, each containing two Na and two Cl
ions. The components y ~ are mean values of the pair-
wise force constants between a molecule and every ion in
the volume element, and they are referred to the center
of the box. Such a method allows us to conciliate the
continuum description of the substrate dynamics with
the discrete representation of the monolayer and of the
adsorbate/substrate interactions.

The total Lagrangian I = I~+Ig+L~ is then used to
determine the coupled equations of motion for the total
system.

8. Equations of motion

For the adsorbate and substrate displacements we
assume ' Bloch waves with q wave vector inside the
plane (z, y). The monolayer dynamics for the sth (s =
1, 2) molecule in the origin unit cell is written as

) (d p (s, s', g) —(u b pb. , )up (s')
ps'

= ) dz F (s, z, q) u' (z). (4)

d is a ten-rank matrix associated with the translational
and librational dynamics of the adsorbate. The linear
coupling of the layer with the substrate motions occur-
ring in Eq. (3) is redefined as I', which is homogeneous
to a square frequency and depends on the depth of the
volume element with respect to the substrate surface.

In a similar way, the equation of motion for the elastic
continuum coupled to the monolayer is expressed for the
small volume element located at z, as

) (K~, (cl) —(u b~, )u', (z) = ) A (s, z, r1)u (s). (5)
S i'

K is the usual third rank Green-ChristoKel propagation
matrix for the acoustic waves in the elastic continuum
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defined through the longitudinal and transverse sound ve-
locities. As already mentioned, the static inHuence of the
adlayer is disregarded, and therefore K does not depend
on z. The term 4 homogeneous to a square frequency2

characterizes the coupling of the substrate volume ele-

ment at depth z with the whole layer motions [cf. Eq.
(3)]. A appears as a (3 x 10) rectangular matrix, while
I' in Eq. (4) has the (10 x 3) dimension.

Equation (5) is formally solved to determine u', (z),
which is then substituted into Eq. (4)

) ~

d p(s, s', q) —~ h ph„—) ) dz I' (s, z, q)G", (w, q)6,p(s', z, q) ~up(s') = 0.

Equation (6) represents a system of ten coupled equations for the layer dynamics themselves coupled to the substrate.
The integral is over the substrate depth z, which is considered negative inside the crystal. The Green tensor G is
the inverse of the dynamical Christoffel matrix (K —m I) in Eq. (5), and it contains in its poles all the dynamical
information on the substrate. These poles correspond to the acoustic bulk mode frequencies and to the Rayleigh
frequencies, which are obtained by applying the zero stress conditions at the substrate surface (z = 0). Indeed after
tedious analytical calculations, the components of the Green tensor G can be written as

G'p(~', q)
M(~2, q)

where G does not contain poles that only appear as the zeros of the M function defined as

M(cu, q) =
i q ——

i i q ——
i i

2q ——
i

—4g q2 — q2 —— (8)

The first two terms in the right-hand side of Eq. (8) correspond to the bulk frequencies, whereas the term in the
brackets gives the usual Rayleigh mode, since the static inHuence of the layer on the substrate has been neglected.

The solutions of Eq. (6) cannot be obtained from a conventional diagonalization of the dynamical matrix, since the
square frequency u appears in the diagonal as well as in the nondiagonal terms, through the G function occurring
in the coupling terms. When the couplings I' and 6 vanish, Eqs. (4) and (5) can be solved in a separate way and
they give, on one hand, the dispersion curves of the monolayer above the rigid substrate and, on the other hand,
the bulk and Rayleigh modes of the elastic continuum. Hybridizations and avoided crossings of the dispersion curves
between the substrate and adsorbate modes occur through the couplings I' g 0 and A g 0 in Eq. (6). Note again
that the displacements in this latter equation are associated to the monolayer only, those describing the motions of
the substrate volume element are determined from Eq. (5) as functions of the monolayer displacements, as

u' (z) = ) G~, (~,q)A, p(s, z, q)up(s).
8@K

B. Inelastic scattering cross section

Many theoretical calculations have been devoted to the determination of the collisional process between thermal
helium atoms and a surface. In this section, we do not calculate the matrix elements describing the interaction between
the probe projectile and the surface, but we limit our discussion to the analysis of the energy and intensity of the
resonance peaks in the TOF scattering spectrum transformed to energy transfer distribution spectra for the phonons-
librons of the monolayer. The differential cross section per scattered energy unit Ef and solid angle unit Of is usually
defined as

'(g ) [ ( ) ( )j
dEf dn

g)) + '(~ll + g &)+~ '(~ll g)) (10)

he'll characterizes the parallel momentum transfer be-
tween the probe and the adsorbate and g and C are
the two-dimensional (2D) reciprocal primitive translation
vectors connected to the (2 x 1) unit cell and defined by
(gi and gz integers)

j = 1, ..., 13 corresponds to the ten monolayer branches
and to the three (bulk + Rayleigh modes) substrate
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branches; R~~ defines the equilibrium position of the 8th
molecule in the cell.

The functions P„',, characterize the relative orienta-
tion of the 3D transfer momentum hQ (hQ~~, hQ~) with
respect to the adsorbate-substrate displacements defined
by the supervector W = (,) [cf. Eqs. (6) and (9)]. They
are expressed as

P„=Q W*(s', Q)~
—G —g, g)

x Q W(s, Q(( —G —g, j) (12)

The whole information on the collisional process be-
tween the probe He atom and the adsorbate i.s contained
in the functions P„',, which are generally determined by
close coupling, perturbation series or wave packet prop-
agation techniques. Two asymptotic situations Sz and
S2 are considered here, based on the results of the ap-
proxirnate corrugated hard wall model: (i) the first, Si,
consists in neglecting the parallel component P~~ in agree-
ment with the rule that He atoms are mostly sensitive
to perpendicular motions of the adsorbate and substrate
(P~~ = 0;P = 1); (ii) in the second situation, S2, we as-
sume an equal weight for the parallel and perpendicular
components (P~~ = P = 2). In every situation P~~ + are
assumed. to be independent of the wave vector.

The function E~ in Eq. (10) describes the ternpera-
ture dependence and. time evolution of the monolayer-
substrate motions through the correlation functions
(W(t)W(0)). Within the efFective harmonic approxima-
tion for the adsorbate dynamics, the intrinsic broadening
of the resonance peaks is neglected and E~ is simply writ-
ten in terms of the Bose function nz, (T) associated with
the energy gain or loss, as

This homogeneous broadening is expected to be weak
for the monolayer modes below 10 meV, but it can signifi-
cantly increases in the case of a strong coupling with the
bulk substrate modes. The single cause of broadening,
which will be considered here, is due to the instrumen-
tal resolution (around 0.35 meV). The peak width will
therefore be obtained by convoluting Eq. (10) with a
triangular function.

IV. RESULTS AND DISCUSSION

A. Numerical results

Determination of the dynamical solutions

The solutions of the system of equations in Eq. (6) are
determined according to the following proced. ure. In a
first step, we multiply all the terms by M(w2, q) defined
in Eq. (8) and formally write the determinant to be
solved as

det~M(d —I~ ) —I' G K
~

= 0. (14)

When the couplings vanish (I', A = 0), the 13 solu-
tions of Eq. (14) are easily obtained as the three trivial
roots of M and the ten eigenvalues ~- of d for each q
value. The substrate modes are determined by using the
values cg ——5114 m s and cq ——2453 m s calcu-
lated from the elastic constants given in Ref. 18. The
density of matter of the continuum substrate is p = 2210
kg m . The eigenvalues u- are calculated from the
diagonalization of d. In the second step, we consider the
coupling terms, which depend on w . As a consequence,
the solutions of Eq. (14) cannot be determined &om a
diagonalization technique but by the calculation of the
13 roots of the determinant. When the coupling I" G 4
gets stronger compared to the d matrix, the solutions
u~(q) are shifted from wo.

Examination of the elements of this latter matrix shows
that the diagonal terms d are dominant and very simi-
lar for the two molecules, since the difFerence does not ex-
ceed 10%%uo, indicating that the adsorption sites give nearly
equal force constants, although the molecular orienta-
tions are difFerent. The high values of the diagonal force
constants, mainly for the z motion of the molecular cen-
ters of mass and for the 0 and P librations of the axes,
are consistent with sharp potential wells. The nondiag-
onal elements d p (n g P) are, in general, one order
of magnitude smaller than the diagonal terms. How-
ever, some couplings can be significantly larger; these
largest couplings imply either parallel modes x, y, and
P or perpendicular modes z and 0. Indeed, since the
equilibrium orientation of the monolayer molecules is
nearly Bat above the surface, the 0 motions contribute
mainly to perpendicular modes, whereas the P motions
rather to parallel modes. Moreover, the matrix elements
I and L of the monolayer-substrate couplings de-
crease when the depth z of the substrate volume ele-
ment increases. The maximum values for the couplings
are thus determined ' for the element at the surface
(z i 0), and they are, in general, smaller or similar
to the nondiagonal terms d p. The strongest couplings
are in fact obtained between the perpendicular modes
of the substrate surface and the perpendicular motions
z and 0 of the CO2 molecules. The nondiagonal terms
d p and the adsorbate-substrate couplings are responsi-
ble for the avoided crossing phenomena and hybridiza-
tion of the dispersion curves with polaritonlike behavior
at the resonances.

The corresponding solutions for the displacements u(s)
of the monolayer are then determined by replacing the
solutions of the general determinant w~(q) into Eq. (6).
For the substrate displacements u'(z), we use the calcu-
lated values of u(s) to solve Eq. (9). The final values
W = (,) can then be introduced into Eq. (12) to es-
timate P„Ior equivalently the spectral density function
for the phonon-libron pairs of the system.

Before discussing the results, it may be interesting to
analyze the implication of the approximations on the dy-
namical solutions. A numerical fit based on a mean-
square procedure is used to determine the force constants
occurring in the d matrix. The cutofF of the range of
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radial and angular displacements in the fit is chosen in
order to ensure an accuracy in the force constant val-
ues of better than 5%. By assuming that the substrate
is an isotropic continuum, we disregard the inHuence of
the surface on the bulk frequency distribution, which
could be easily taken into account in the slab model
technique. However, as we are mainly concerned with
the coupled dynamics of the monolayer and substrate
Rayleigh modes, such an assumption appears to be quite
licit. A third approximation concerns the modification
of the substrate vibrations due to the monolayer adsorp-
tion; such an eKect has been discussed elsewhere, and
it is shown to remain negligible for a physisorbed system,
excepted in the close neighborhood of the I' point in the
Brillouin zone. Let us finally mention that the mean force
constants describing the adsorbate-substrate dynamical
coupling can be overestimated when compared to a quite
discrete model. This inaccuracy, which can reach 20% on
some terms, could significantly increase the splitting of
the hybridized dispersion curves due to avoided crossings,
but it does not change the whole aspect of the curves.
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2. Diapers aion t'elation8

0.0 0.5 1.0
Figure 2 displays the dispersion curves calculated from

Eq. (14) when the wave vector q is along the (110) di-
rection chosen for the experimental measurements. This
direction is not equivalent for the two domains A and
B rotated by 90 (cf. Fig. l), and as a consequence
the Brillouin zone (BZ) associated with domain A is
half the BZ for the domain B. Ten dispersion curves
labeled Aq, ...,Aqo (Bq, ...,Bqo) correspond to the mono-
layer modes disturbed by the substrate dynamics. The
three curves with increasing slope characterize succes-
sively the Rayleigh, transverse, and longitudinal bulk
acoustic branches of the substrate.

The dispersion curves A, and B; for each value i are
degenerated at the I' point of the BZ; then the degen-
eracy is removed for q g 0 due to the anisotropy pro-
vided by the two types of domains. The ten curves A,.

(B;) are the result of a splitting by two of the motions
of each molecule due, on one hand, to the fact that the
adsorption sites 8 = 1 and 2 are not strictly equivalent
and, on the other hand, to the coupling between the two
molecules in the unit cell. Such a splitting is thus present
even at q = 0. Two branches Aq and A2 (Bq and B2)
have a quasiacoustic behavior with an energy gap at the
I' point, which characterizes the substrate corrugation
viewed by the monolayer dynamics. They are assigned
to parallel (x, y) translations of the molecular centers of
mass with nevertheless a significant hybridization with
the perpendicular modes z of the layer and of the sub-
strate. The optical branches As, ...,Aqo (Bs,...,B]p) are
more or less dispersive and range between 5 and. 14 meV.
They exhibit strong avoided crossing behavior, indicat-
ing that the nondiagonal elements of the d matrix play a
significant role in the shape of the branches. The 10 dis-
persion curves A (B) are, furthermore, hybridized with
the substrate branches and additional avoided crossings,
although weak because of the small coupling tensors I'
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and A, are clearly evidenced in Figs. 2(a) and 2(b). The
optical branches can be classified according to the fol-
lowing scheme. The As and A4 (Bs and B4) curves with
energies around 6 meV are the result of the hybridization
between y, z, and 0 motions. The curves As and As (Bs
and Bs) around 8 meV are mainly assigned to z and 0

Reduced phonon wave vector 2al~ q

FIG. 2. Dispersion curves of the CO2 monolayer ~ vs
q' = —q (a) for domain A and (b) for domain B Full curves.
correspond to the calculations, while empty circles are exper-
imental data.
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8. Spect7al density function

In order to study the relative importance of the var-
ious modes in the scattering spectrum, we have drawn
a modified version of Eq. (10), which retains only the
weighted spectral density function, i.e. , the terms in the
brackets and the Dirac function occurring in the func-
tion E~. Figure 3 displays the results connected to the

Domain A

S2

-14 -10 -8

nionolayer motions. The remaining branches A7, ...,Aip
(B7 ... B]o) for energies larger than 10 meV correspond
rather to x and P monolayer vibrations.

When the picture of the dispersion curves given in
Fig. 2 is compared to that obtained within the rigid sub-
strate approximation, we can note two main differences.
The first is connected to the modification of the shape of
the branches at the resonances with the substrate modes;
this eA'ect remains weak because the coupling terms with
the bulk modes of the substrate are themselves weak.
The second arises from an overall change of the quasia-
coustical branches due to the privileged coupling of these
monolayer modes with the substrate surface motions; the
corresponding effect is a change of the zero wave-vector
gap and an increased dispersion of the monolayer modes.

two domains and for the two asymptotic situations Si
and S2. Let us note that we consider only the energy
loss side to be consistent with experimental results and
disregard the broadening; the apparent width of the reso-
nance peaks corresponds to the numerical energy resolu-
tion in the calculation of the density function. We clearly
see three energy regions in the spectral density function
for both domains and both situations. In region I, in
the upper —5 meV range, the density function exhibits
either resonance peaks or, on the contrary, wider struc-
tures depending on the domain type and probe analysis.
These signals are assigned from Fig. 2 to quasiacoustic
branches Ai, A2, Bi and B2, which are more or less dis-
persive depending on the q values. Region II, for energies
ranging between —5.5 and —9.5 meV, corresponds to the
weakly dispersive optical branches A, , B; (i = 3—6), and
it displays sharp resonance peaks reHecting this small dis-
persion along the BZ. The signals in region III, beyond
—10 meV, appear to be less resolved, and they can be
assimilated to a more or less structured and wide band
resulting from the more intricate shape of the dispersion
curves A, , B; (i = 7—10).

Comparison of the spectral density function for do-
mains A and B shows that peaks associated with the
first domain are, in general, wider, as a consequence of
the largest q dispersion of the branches in the smallest
BZ. Examination of the signals analyzed within the two
asymptotic situations S» and S2 evidences clearly signif-
icant differences regarding the peak behavior, since some
peaks are not modified, while other resonances can dis-
appear. To interpret such a behavior, let us consider, for
instance, the peaks labeled from Pi to P4 in domain B
(Fig. 3) and analyze them in the light of the polarization
factor E~, defined as

S„ Re Q„,W,*(s')W, (s)
Re Q„,W*(s') W'(s)

-14 -10
Energy transfer h, E (meV)

Domain B

P P P, S2

CO

Ch
0

-12 -10

S„

-10
Energy transfer h, E (meV)

FIG. 3. Spectral density function (arbitrary unit) vs energy
transfer for the CO2 monolayer. Top: for domain A; bottom:
for domain B. The two situations Sq and Sq are drawn.

This factor describes the ratio of the perpendicular com-
ponent of the displacement W [Eq. (12)] to the total
displacement; Re defines the real part of the products
occurring in the sum. Its behavior with q* = —q is pre-
sented in Fig. 4 for the dispersion curves B; (i = 1, . . . , 4)
of domain B. Peak P& around —3.5 meV appears for the
Si situation only, and it is assigned to the Bi branch,
which corresponds to a small dispersive perpendicular
mode for q* & 0.8, as shown by the value of the polar-
ization factor. In the second situation S~, peak Pi is
replaced by peak Pq, slightly less energetic (around —3
meV). Pz can be assigned to the part of the acoustical
B'i branch that is more dispersive and clearly parallel,
i.e. , for q* ( 0.8 (Fig. 4). Since the intensity of P~ is
reduced by a factor 2 in situation S2, as shown by the
value of E~ for Bq (Fig. 4), it then occurs as a shoulder
of Pi. A nearly similar phenomenon can interpret the
strong decrease of the P2 peak from situations Si to S2
and the concomitant increase of the P2 peak. Peak P2
in situation S2 is assigned to the B'2 branch, which is
clearly parallel for q* & 0.8, whereas the relative weights
of parallel and perpendicular polarizations for the same
branch are similar at larger q* values, and they give rise
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to the P& peak for the Si situation.
The behavior of peaks P3 and P4, respectively, con-

nected to the B3 and B4 modes is somewhat different
from that of the previous peaks. Indeed, they occur
in both situations with roughly similar intensities. The
branches Bs and B4 are weakly dispersive (Fig. 4), and
they give two intense signals around 6.5 and 7 meV in
both situations. These branches have polarization fac-
tors, which vary in an opposite way, since E~ decreases
for B3 and increases for B4 when q* increases. However,
the variations with q of the polarization factor for B3
have less incidence on the spectral density than for B4,
since B3 remains mainly a perpendicular branch, while
B4 changes &om a half perpendicular and half parallel
nature to a nearly perpendicular one as q* increases. As
a result, the two peaks Pq and P4 appear in Si and S2 at
the same &equency. The intensity of peak P3 is nearly the
same for the two situations, whereas the intensity of peak
P4 is more sensitive to the polarization change. Similar
arguments can be invoked to interpret the behavior of
the other peaks in both domains.

Such an analysis of the spectral density function illus-
trates in a pertinent way the degree of accuracy we can
hope for regarding the assignment of the frequencies of
the vibrational modes of the layer and the interpretation
of their dispersive behavior. It shows that hybridization
of phonon-libron modes is particularly eKcient to pro-
duce significant changes in the mode polarization. It is
also a valuable test on the right sensitivity of the He scat-
tering technique in probing selectively perpendicular or
parallel polarized modes.

0
[ I I I I I I I

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Reduced phonon wave vector 2a/~ q

FIG. 4. Polarization factor E~ [Eq.(15)] for the first four
dispersion curves B~—B4 of domain B. A value E~ ——1 corre-
sponds to a purely perpendicular polarization, while E& ——0.5
defines an equally distributed parallel and perpendicular po-
larization.

B. Comparison with experiments

The experimental data points corresponding to the
pairs (Ru, Q~~) are presented in Figs. 2(a) and 2(b). The
points are deduced from the TOF spectra recorded ' for
various angles of incidence of the He beam with momen-
tum transfer transformed to wave vector in the first BZ ir-
respective of the intensity modification due to BZ change.
Moreover, experiments are unable to discriminate points
that belong to domains A or B; therefore we have drawn
the empty circles twice, in Figs. 2(a) and 2(b), although
they each belong to a well-defined domain.

The agreement between data points and the quasi-
acoustic curve Bi is quite good for q* ) 1. At smaller
q* values, the hybridization between the Aq, Bq, and
Rayleigh modes is well explained. Whereas the A2 and
B2 modes at q* & 1 are quite well taken into account by
the experimental values, it seems that the B2 mode at
a larger q* value is not dispersive enough, since an inac-
curacy by 1 meV is observed at the X point of the BZ.
Data points around 6 meV are clearly due to modes A3
and Bs up to the X' point and at the HZ limit (A point).
The consistency is quite good for the undispersive A5 and
B5 modes inside all the BZ. Data points around 9 meV
are not interpreted but could be assigned to the A6 and
B6 modes. It may be noted that the hybridization with
the Rayleigh mode of both the acoustic and optic mono-
layer branches is well interpreted, since most of the points
occurring outside the monolayer modes result from the
coupling with the Rayleigh and bulk substrate modes.
The main discrepancies are thus due to the too large en-

ergy of the B2 and B3 modes for q* ) 1, and they can
be attributed to a weakness in the interaction potential
accuracy.

However, as already mentioned, the data points can
originate from different BZ's, and therefore we have to
duplicate the BZ of domain A to describe the whole BZ
of domain B. In that case, the A2 and A3 curves should
be folded around L' in order to interpret the data points
at q* ) 1. It is thus interesting to draw the scattering
spectrum from the expression given by Eq. (10). The im-
provements with respect to Fig. 3 are the consideration
of both the broadening due to instrumental resolution
and the presence of two types of domains. The energy
transfer spectra calculated with a resolution of 0.35 meV
are presented in Fig. 5 for three different molar fractions
of domains and compared to the experimental scattering
spectrum at 30 K for an angle of incidence 0; equal to
43.5 . For this value of 0;, most of the signals lie inside
a single BZ, and no correction for scan curves must be
considered. The consistency seems to be better when
the molar fraction of domains B is large, around 0.7 and
0.8, since most of the peaks are reproduced for energy
values below 10 meV. All these peaks broadened by the
experimental resolution can be easily assigned to the vi-
brational modes of the monolayer by examining Fig. 3.
This clearly shows that the scattering spectrum depends
on the domain presence. In contrast, this spectrum is
poorly dependent on the He probe selectivity (situations
Si and S2) because the experimental broadening tends to
mask the accurate frequency values of the peaks. Thus,
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CO2 adsorbed on NaC1(100). In this work, we use the
same interaction potential to assign the infrared signals
of the layer as in the present paper; the main difference is
that the polarization infrared spectrum is characterized
by the vibrational dependence of the potential instead of
the translational and orientational dependences for the
inelastic He scattering spectrum. The fact that the same
potential form can be successful in interpreting results on
the CO2 monolayer adsorbed on NaCl issued &om differ-
ent experiments is a somewhat crucial argument of the
Inodel adequacy.

Expe ment
V. CONCLUSION

-10

Energy transfer h, E (meV)

FIG. 5. Scattering spectrum (arbitrary unit) for the CO2
monolayer. The three upper spectra are calculated with three
diferent molar fractions of domains A and B. The experimen-
tal spectrum is issued from Ref. 7.

while it appears that the analysis of the spectral density
functions can be extremely &uitful for the understanding
of the probe selectivity vs mode polarization, the peak
broadening prevents such an analysis using the energy
trans formed spectrum.

To our knowledge, this is the Grst time that such a
detailed analysis of the low-&equency phonon-libron vi-
brational modes of a molecular monolayer physisorbed on
a ionic substrate is performed. The present approach is
obviously perfectible, since we have shown that improve-
ments could be brought, on one hand, to a better descrip-
tion of the substrate and mainly of the couplings between
the adsorbate and the substrate and, on the other hand,
to the accuracy of the potential coefBcients and to the
consideration of correcting contributions. However, the
overall agreement between experiments and calculations
regarding the dispersion curves and the scattering spec-
trum is a test of the pertinency of the model. Indeed, it
can be remarked that the molar fraction of domains A
and B (2:A = 0.2 for A) used to bring the optimum con-
sistency with the scattering spectrum is very close to that
experimentally deduced &om polarization infrared mea-
surements for CO2 on MgO(100) by Heidberg, Meine,
and Redlich. It agrees also with the value x~ ——0.26 de-
duced from our theoretical study of the high-frequency
vibrational modes (internal modes) for the same layer

The dynamical properties of the CO2 monolayer have
been studied by developing semi —classical calculations up
to the determination of the energy distribution spectrum,
which can be compared to the experimental TOF scat-
tering data. An extension of this study could be the
analysis of the adsorbate-substrate dynamics for other
He beam angles of incidence. Indeed, choosing a direction
for Q~~, which is along a domain direction and perpendic-
ular to the other domain type, naturally introduces the
monolayer anisotropy. But probing with a 45 rotated
He beam would partly restore the monolayer isotropy,
and it could be interesting to verify such a property in
experiments.

Moreover, the consideration of other adsorbates with
different adsorption characteristics could provide addi-
tional understanding of the layer dynamics. In this way
the phonons and librons of the stable (2 x 1) phase have
been analyzed for the particular equilibrium con6gura-
tion of the CO2 molecule. Another system for which
one has rich information on the equilibrium structure is
the CO monolayer. ' In that case, the molecular axes
are rather perpendicular to the surface, still with libra-
tional motions. The mode polarizations associated with
the angular motions would appear very different &om
the CO2 situation for which the molecules are rather flat
above the surface, and they should give rise to a different
shape for the spectrum. The interaction potentials for
CO adsorbed on NaC1(100) are at least as well known as
those for CO2, and calculations for this system would be
straightforward when experiments are available.
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