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Resonant phonons, sometimes also called leaky waves, are phonons associated with a crystal defect, a surface, an adsorbed layer and whose frequencies fall inside the bulk crystal band. Such resonant phonons were studied
experimentally and theoretically before for clean surfaces and for adsorbed
monolayers. We present here a study of resonant phonons associated with the
adsorption of a slab of L monolayers on a substrate. With the help of a simple atomic model, we obtained a closed form expression giving the variation
of the transverse phonon density of states associated with the adsorption of
the slab. An application which qualitatively simulates the adsorption of L
monolayers of Ge on Si shows the existence of well-defined resonant phonons
within the bulk acoustic band of the substrate.
PACS numbers: 68.60.-p
In the last two decades there have been numerous measurements of localized
phonons on clean surfaces and on surfaces with adsorbed monolayers using inelastic
electron [1] and He [2] scattering. The long wavelength limit of these excitations is
studied also by using interdigital transducer techniques [3] and Brillouin scattering
[4] and is used for many applications [3]. Raman investigations of the vibration of
thin slabs adsorbed on a substrate just begins [5, 6].
Although resonant phonons were detected on clean surfaces and on surfaces
with one adsorbed monolayer, no such experimental nor theoretical study exists
yet to our knowledge for resonant phonons associated with several adsorbed mono
layers. .
We present here a simple lattice dynamical model which enables us to obtain
a closed form expreSsion for the variation of the phonon density of states associated
with the adsorption of a finite number L of monolayers of a given adsorbate on a
substrate. A numerical application of this result which simulates the case of a Ge
slab adsorbed on Si shows the existence of peaks within the acoustic bulk band of
Si, which are the signature of the resonant phonons.
The atomic model used here was fully described before [7] in connection
with a study of localized phonons within a slab sandwiched between two other
(85)
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semi-infinite crystals. Let us just stress here its main characteristics and define its
parameters.
We use a simple cubic lattice of atoms of mass mi to describe the semi-infinite
substrate, whose (001) atomic planes are labelled by the integer n 3 such that
n 3 < 0. The adsorbed slab has the same structure and lattice parameter α 0 as the
substrate and has L (001) planes of atoms of mass m 2 such that 1 < n 3 < L. The
phonon model takes into account only the first nearest neighbour atom interactions ,01 for the substrate, iβ2bfoertwhnslaudP orbate
atoms. As in this model there is no interaction between the three different components uα (n) (α = 1,2, 3) of the displacement of the atom situated at lattice
site x(n) = α0(n1x1 + n222 + n323), the phonons given by this model are three
times degenerate. Despite its simplicity this model well describes the transverse
phonons having a polarization perpendicular to the sagittal plane which contains
the propagation vector k || = k121 + k2x2 , parallel to the (001) surface and the
vector x 3 perpendicular to the surface.
From the expressions of the response function g(n 3 , n 3 ; k||, ω 2 ), where ω
stands for the frequency of these transverse phonos, given in Ref. [7], we calculate
the variation Δn(k||,ω 2 ) of the phonon density of states between the crystal with
the L adsorbed layers described before and a crystal where the L layers would
be replaced by L layers of the substrate. In both systems we have therefore the
same number of atoms and vibrational modes. We choose these two situations
to compare in view of light scattering experimental investigations, in which the
probe deeply penetrates into the crystals with and without the adsorbed layer. We
calculated therefore

where g s (n 3, n 3 ; k||, ω 2 ) is the response function of the semi-infinite substrate having the same number of atomic planes as the sample with the L adsorbed mono
layers. A closed form expression for Δn(k||, ω 2 ) was obtained as a function of the
following quantities:

where ε is an infinitesimal small number.
The above definitions enable us to give now the expression of
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In the application to the adsorption of a Ge slab on a Si substrate, we
assumed AA. = β1/β 1 = 1 and m 2 /m 1 = 2.58 and represented the variation Δn(k||,ω) of the phonon density of states per unit of ω, which is related
to Δn(k||, ω 2 ) by the following expression:
,

But let us first show on Fig. 1, for three adsorbed monolayers, the connection within the twodimensional Brillouin zone between the localized and resonant
modes. The figure presents Ω = ω/ωmax, where ωmax is the maximum frequency

of the substrate phonons, as a function of α0k||. Starting from the center r of
the twodimensional Brillouin zone, we go to the point M(π, 0) along the axis
LX (α 0 k i , 0), then to the point R(π, π) along the axis T(π, α 0 k 2 ) and finally back to
T through the axis Σ(α0k1 , α 0 k 2 ). The bulk phonon band of the substrate lies in
the shaded region. Below it there are three branches of phonons associated with
the three layers of the adsorbed Ge. The lowest of these three branches corresponds
to a localized mode in the whole twodimensional Brillouin zone. The two others
become resonant modes when they penetrate within the substrate bulk band. In
order to study if these resonances remain well-defined features and could be detected experimentally, we calculated the corresponding variation of the density
of states as defined above. Figures 2 and 3 present these results respectively for
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L = 5 and L = 10. In order to have quantities without dimension we represented
Δn(k ||, ω / ωmax)ωmax / fω√1o2rak/s|α0fu=ncgmt/i1o.Stxainfrom

low frequencies ; we see first a delta peak at the frequency of the localized mode
and then respectively 5 resonances (for L = 5) and 9 resonances (for L = 10). The
first resonance for L = 5 is not the continuation of a localized mode as discussed
before in Fig. 1. This resonance was found to exist in the region in Fig. 1 lying
between the bottom of the bulk band and the lowest resonance associated with a
localized mode. As the above defined region becomes smaller when L increases and
exists only for small values of k|1 Lα 0 , this resonance exists only for small values of
k=|rL/1α00.,TanhdeiostlreyowkfatuinFg.3or
resonances are well-defined features and exists for any value of L in the region
where the bulk bands of Ge and Si intersects. Let us notice that we obtained L-1
such resonances for all values of L and that their sharpness increases with L. We
observe also that the amplitude of the peaks increases with. ω/ω max •
The experimental observation of these resonances will have to be discussed
in the future in connection with the resolution of each experimental, technique.
Let us finally say that we also studied [8] these resonances within the frame of
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elasticity theory. This study confirms the present results and the corresponding
variation of the density of states is in agreement with the results given here for
the lowest frequency peaks. As there is no top for the bulk phonon band in the
elasticity model, such a model cannot give the increase in the amplitude of the
peaks and their separation for the highest frequencies.
We hope that these preliminary results will stimulate further theoretical and
experimental studies of resonances in thin adsorbed slabs.
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