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ABSTRACT

We present lesults of calculations for the density of vibrational modes for (001) and
(111) homopolar, as well as for (Oil) heteropolar free surfaces of CdTe and HgTe. A
rigid- ion model with a dynamical matrix parametrization including force constants up to
second neighbours is used. We report on the existence of highly localized surface resonant
modes at the top of the acoustic branch for CdTe and the bottom of the optical branch
for HgTe. A different behaviour in the three directions analysed is found. The interface
atomic planes show themselves as phonon gapless layers. The contribution of in-plane
and out-of-plane vibration is analysed for both the surface and interface cases.
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1 Introduction
The study of the physics of surfaces, interfaces and superlattices of 1I-VI semiconductors
is drawing new and increasing interest nowadays. At the origin of the deep understanding
of the experimental results on these systems is an accurate description of their electronic
structures and their phonon spectra. Vibrational properties of CdTe/HgTe heteroestruc-
tures just started to be considered [1,2], in spite of the paramount importance of phonons
to obtain a reliable theoretical description of the main optical and transport features of
this system, where the overlapping in energy of electronic intra- and inter-band transitions
with phonons must be taken into account. Bulk Phonons of some 11-VI semiconductors
have been only recently studied, from the theoretical side, by ab initio calculations by
Dal Corso et al. [3] The ab initio calculations are the most appropriate answer to this
problem but it is far from realistic now to apply it to heterostructures. Therefore, yet
another method of calculation, which allows an easy and quick test of models, hypothesis
and geometrical situations, has proven desirable. It is the purpose of this paper to illus-
trate the use of a very simple one that takes full advantage of the existing ingredients for
the calculations of the phonon spectra for surfaces and interfaces of semiconductors.

2 Method

We present an outline of the method used starting with the harmonic approximation of
the equation of motion:

~ (1)

where M is the mass matrix and tj> the constant force matrix. We choose a basis in
k-space that satisfies Bloch's Theorem:

where n is the position vector of one cell in any plane, k is the bidimensional vector, and
N es the number of units cells by plane and \n,b,j > represents the position of b-atom
in the n-unit cell in the j direction. Then projecting equation (1) on the above basis we
obtain the following secular equation:

(UJ2I + V)\u >= 0 (3)

In this expresion u> is the frequency of a normal mode, I is the unit matrix and "D is
Dynamical Matrix, which is the main subject to analyze and it is:

<kyb,j\T>\k,b',j'> =
1

(4)

The eigenvectors and eigenvalues of this matrix system determine the frequencies of differ-
ent normal modes and their polarization. In order to obtain the eigenmodes we calculate
the Green's Function of the system, which is defined by:

(5)



where a small imaginary part s is added to UJ1 to guarantee that the Green's Function is
well defined on the real axis. By a standard procedure [4,5] the density of states for the
m"1- so called 'main' layer is

=-—Im\gm
7T

(6)

where Im means the imaginary part and Qm represents the diagonal part of the Green's
Function for the same layer. In references [4,5] the details of this method applied to the
study of the electronic properties of some II VI low dimensional systems can be found.
We will concern ourselves with a rigid-ion model because of its simplicity. Here we consider
a 8 parameter phenomenlogical model for the description of the lattice dynamics of CdTe
and HgTe [6] which has proven to be useful in the study of the HgCdTe alloy. First and
second-nearest-neighbour force constants are included. The interfacial force constants are
taken to be equal to the geometric mean of the force constants for the materials which
form the interface. We shall consider ideal (no reconstruction, no rexalation, no disorder)
free surfaces, perpendicular to the (001), (Oil) and (111) directions. For these same
directions ideal lattice- matched interfaces are studied. The figure 1 shows the choice and
labeling of in-plane and out-of-plane axes.
Since the effects of the long-range Coulomb forces are significant only in the long-wavelength
limit and the direct effect on the global features of the densities of phonon spectra states
can be considered to be small, [7] we do not take them into account. Moreover we have
integrated over the whole Brillouin zone using the method of Cunningham [9] and we have
checked always that the total integral over the PDS gives the the proper number of normal
modes. We present our calculations separately for in-plane and out- of-plane directions
although for bulk zincblende crystals x, y and z directions are completely equivalent.

3 Results

We will discuss first the homopolar surfaces. The phonon density of states (PDS) is shown
in Fig. 2 for the (001) anion terminated surface (solid lines). The dashed curves show
the bulk PDS in all cases. In-plane vibrations are separated from the ones in z direction
(growth direction), so that their contribution and behaviour can be seen clearly. In CdTe,
Fig.2 (a), the in-plane vibrations remain practically unaffected by the free surface while
they show large modifications in the case of HgTe, Fig.2(c) although the maximunof the
PDS in the optical branch appears at the same frecuency as in bulk, the tail at highest
frequencies in this branch does not appear and instead of it, we notice an enhacement
of the acustical branch. For the contributions in the out-of -plane direction, a shift of
spectral weight from the optical region to the phonon gap is observed in both materials
CdTe Fig.2 (b) and HgTe Fig.2 (d). However, the HgTe-surface shows a stronger shifting
of spectral weight from the optical branch to the gap region filling the gap of the perfect
crystal. This fact makes the HgTe-surface (001) a phonon gapless layer. In the optical
branch we can ol serve two main peaks that correspond approximately to the Longitudinal
and Transverse modes according to the values reported by Landolt- Boernstein.
In the (111) direction CdTe homopolar surface behaves like the (001) cation terminated
surface as can be seen in Fig.3(a,b) The HgTe (111) free surface shows again a large
shifting of spectral weight in the case of out-of-plane vibrations, Fig 3(d).

Both homopolar surfaces of CdTe and of HgTe show a different behaviour mainly due the
mass difference between light Cd atoms and heavy Hg atoms. Therefore, for homopolar
free surfaces of HgTe the perturbation is so strong that an important modification of the
phonon spectra takes place, namely that the characteristic phonon gap vanishes.
The PDS for the heteropolar surface (011) is despicted in Fig. 4, for each material. The
CdTe surface, Fig. 4(a,b), shows in this case the presence of both in-plane and out-of-
plane polarized resonances at the top of the acoustical branch, a feature not present in
the homopolar surfaces. As before, the out-of-plane vibrations present a strong weight
shift from the optical to the acoustical region. In the same way, the HgTe surface, Fig.
4(c,d) has high localized modes at the phonon gap of the bulk material almost filling as in
homopolar surfaces, the phonon gap. In this direction HgTe shows a well defined phonon
structure in both cases in-plane and out-of-plane, one can see that the optical branch
in homopolar surfaces splits now into three well defined peaks, each one with internal
structure. Thus, the heteropolar HgTe surface (011) is richer in phonon structure than
the homopolar (001) and (111) surfaces.
It is interesting to study the effect of coupling the different cationic masses at the three
interfaces. We present in Fig.5 the (001) interface and compare it with the bulk spectra
for CdTe (Fig.5(a)) and for HgTe (Fig.5(d)). We separate again in-plane from the out-
of-plane vibrations. The interface is a common cation plane and we notice that again
the optical branch, which is located at higher frequencies splits in well defined peaks in
both cases in-plane and out-of-plane at frequencies slightly lower than those in bulk as it
was found in the surface case. In Fig.6 the homopolar interface (111) shows clearly this
splitting in the out-of-plane direction, where three main peaks are observed, two of them
clearly separated in energy (about 15% the optical phonon energy) and located exactly in
the gap of the bulk phonon spectrum of HgTe. The in-plane interface vibrations present
a very well defined-in-energy peak situated in the gap of CdTe.
Fig.7 shows the heteropolar interface grown in (011) direction Now we call 'interface' .two
atomic planes, one viewed from the HgTe side and the other from the CdTe side because
in this case we have on the (011) surfaces both cations and anions. In order to compare
with both CdTe and HgTe bulk behaviour we show the spectra of CdTe and HgTe at the
top and the bottom of the figure respectively.ln Fig.7(b) we show the in-plane spetrum
from the interface viewed from the CdTe side, it resembles the bulk of CdTe except in
the gap, which is not well defined in the interface and as in the homopolar surfaces the
optical branch splits and the acoustical branch becomes enhanced. The optical branch
splitting is easier to observe in the out-of-plane spectrum for the same interface plane,
where the peaks are better resolved. Now we observe that the phonon gap, existing in
bulk materials, vanishes at the interfaces. If we observe the interface from the HgTe side
we notice in Fig. 7(e) that the out-of-plane spetrum presents a splitted optical branch
with a very well defined new peak in the phonon gap of the bulk HgTe, which is still to
be seen in Fig.7(c), it means the interface plane from the CdTe side is influenced by the
effect coming from HgTe surface.
Thus, we found that the interface CdTe/HgTe develops a new phonon state, which comes
from the surface states in HgTe.



4 Conclusions
In summary, we have studied the main phonon properties of homopolar (001), (111),
and heteropolar (Oil) free surfaces and lattice-matched interfaces of CdTe and HgTe
semiconductors. We have shown how using a simple dynamical matrix parametrization.
in the framework of the rigid-ion model a great deal of information can be obtained
about the vibrational properties of these important materials. In-plane and out-of-plane
polarizations have been systematically analysed for each orientation of the surfaces and
interfaces. Of the two materials studied, HgTe presents the more dramatic variations in
its vibrational features as a surface or interface is developed.
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FIGURE CAPTIONS

Figure 1. The choice and labeling of in-plane and out-of-plane axis for each main direction.

Figure 2. Phonon density-of-states (PDS) of anion terminated (001) surface: (a)CdTe,
in-ptane vibrations; (b) CdTe, out-of-plane vibrations; (c) HgTe, in-plane vibrations; (d)
HgTe, out-of-plane vibrations. Solid line: surface plane and broken line: bulk anion plane.

Figure 3. Phonon density-of-states (PDS) of anion terminated (111) surface: (a) CdTe,
in-plane vibrations; (b) CdTe, out-of-plane vibrations: (c) HgTe, in-p!ane vibrations; (d)
HgTe, out-of-plane vibrations. Solid line: surface plane and broken line: buik anion plane.

Figure 4. Phonon density-of-states (PDS) of heteropolar (011) surface: (a) CdTe, in-plane
vibrations; (b) CdTe, out-of-plane vibrations; (c) HgTe, in-plane vibrations; (d) HgTe,
out-of-plane vibrations. Solid line: surface plane and broken line: bulk plane.

Figure 5. Phonon density-of-states (PDS) of anion planes for the (001) CdTe/HgTe in-
terface, (a) CdTe bulk plane; (b) in-plane vibrations at interface plane; (c) out-of-plane
vibration at interface plane; (d) HgTe bulk plane.

Figure 6. Phonon density-of-states (PDS) of anion planes for the (111) CdTe/HgTe in-
terface, (a) CdTe bulk plane; (b) in-plane vibration at interface plane; (c) out-of-plane
vibration at interface plane; (d) HgTe bulk plane. Solid lines denote out-of-plane polar-
ization and broken lines in-plane polarization for the bulk planes.

Figure 7. Phonon density-of-states (PDS) of heteropolar planes for the (011) CdTe/HgTe
interface, (a) CdTe bulk plane; (b) in-plane vibration at the CdTe interface plane; (c) out-
of-plane vibration at the CdTe interface plane; (d) in-plane vibration at the HgTe interface
plane; (e) out-of-plane vibration at the HgTe interface plane; (f) HgTe bulk plane. Solid
lines denote out-of-plane polarization and broken lines denote in-plane vibrations for the
bulk planes.
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