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with

cos(qd) = cos(ntkta) cos(n2k2a)
—n sin(ntkta) sin(n2k2a)

1 —cos(kta) cos(k2a)
sin(kta) sin(k2a)

k& being the wave vector, eventually complex-, 'at frequency
in medium i. To evaluate the Raman activities R

[z(x,x)z configuration] and R~ [z(x,y)z], we use the
same method as in Ref. 6. We do not fit the values of the
polarizabilities o, and o,~ in each material and rather use
equal values for n~ (and n ) in both materials, which is a
good approximation. As an illustration, we present in Figs.
2 and 3 some results on a typical superlattice consisting of

z(x,x)z configuration, we have observed a flat spectrum.
Let us first recall that Ga~ „Al„As exhibits a two-mode
behavior. For x=0.3, the GaAs-type LO frequency (cu2)
lies about 10 cm ' below the one of GaAS (tot), whereas
the less intense A1As-type one lies 80 cm ' above. We will
no more consider the latter one. Regarding the superlattice
as the stacking of two bulk materials, we would predict the
emergence in the (cot, toz) energy range in the z(x,y)z con-
figuration of one GaAs LO line and one less intense GaAs-
type LO line of Ga~ „Al„As. Our more complicated experi-
mental results give evidence of the effect of confinement on
the optical phonons. The frequency shift of line 1 is very
close to the LO-frequency shift in GaAs but displays the
same effect, but smaller, as do the shifts in lines 2 and 3
(see Fig. 1): it decreases as nt decreases. The frequency
shift of line 3 essentially depends on the slightly varying
aluminum contents in the Ga~ „Al„As layers.

To interpret these results, we will first recall some qualita-
tive results from Ref. 4. In contradistinction with the
acoustical frequency bands which almost coincide in GaAs
and Ga~ „Al„As, giving rise to propagative folded modes,
the GaAs LO band and the GaAs-type LO band in
Ga~ „Al„As are only partially overlapping. Between co~ and
m2, the vibrations are localized in GaAs and display thereby
no dispersion: the superlattice behaves like a phonon "mul-
tiquantum well. " The phonon "quantum level" frequen-
cies depend on the GaAs layer thickness and weakly on the
well depth co~ —co2. We assign lines 1-4 to such optical-
phonon quantum levels. Below co2, dispersive propagative
vibrations appear. We assign line 3 to the higher energy
one.

In order to analyze more quantitatively our experimental
results, we used a Kronig-Penney-type model of the disper-
sion curves along the superlattice axis. We describe the LO
vibrations in both materials AB and AC by a linear chain
model. The eigenmodes of the superlattice are taken, in
each layer, as a linear combination of a backward and a for-
ward propagating eigenmodes of the related bulk material.
As it. actually holds for GaAs and Ga~ „Al„As, we assume
the common atom A to be the heaviest one. As well, the
force constant K and the lattice parameter a are taken equal
in both materials. Writing the superperiodicity and the
hereinafter described boundary conditions, we obtain the
optical-phonon dispersion curves and eigendisplacements.
The interface being located on an 3 atom, we express the
continuity of the eigenmodes at the interface by identifying
the displacement of the interface atom 3 with the ones it
would have, if embedded in AB or in AC. The dispersion
curves are then the solutions of
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FIG. 2. Frequency shifts of the zone-center (thick line) and
zone-boundary (thin line) eigenmodes as a function of the well
width n. The hatched regions contain the allowed energies. The
sample is described in the text as well as eo&, co2 and the labels.
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FIG. 3. Raman activity R~ as a function of the well width n for
four eigenrnodes already labeled in Fig. 2. The calculated values are
represented by crosses (circles) if the related mode is in the well
(above the barrier}.
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alternating n unit cells of medium 1 (masses Mt=70 amu,
mt=40 amu) and 5 unit cells of medium 2 (Mq=Mt,
mq=47 amu). We have chosen it. =1.5x 106 cm ~amu, a
typical value for III-V compounds. Medium 1 acts as a pho-
non well and medium 2 as a phonon barrier. The barrier
height is equal to 16.7 cm '. Figure 2 shows the allowed
energy bands as a function of the well width n. In the well,
the phonon levels are almost undispersive and their fre-
quency shifts decrease as the well width decreases. Their
zone-center components display alternating Bq (modes
1, 2, . . .) and At (1', 2', . . .) symmetry of the Dqd point
group. As they reach the top of the well (co&), they con-
tinuously transform in dispersive energy bands. In Fig. 3
we show the variation of the Raman tensor R~ (calculated
per unit cell) as a function of the well width for the four
first Bq modes. R is zero because of symmetry, as R~ is
for AI modes. The value of R for AI modes vanishes
only if we take n equal in both materials, but stays always
small. This explains the absence of Raman signal, due to
the A t modes, in the z (x,x)z configuration. Let us come
back to the B~ modes: the higher energy mode 1 is always
well localized in the well and R~ is large owing mainly to
the contribution of the well atoms. Concerning the other
modes (2, 3, . . .) their localization in the well becomes
weak as they approach the top of the well (coq). Their Ra-
man activity R~ then increases and the contribution of the
barrier atoms is already dominant before the modes merge
in the propagation energy range. A further decrease of n

gives rise to a decrease both in frequency and Raman activi-
ty of the now propagative modes. In conclusion, if we ex-
cept mode 1 which is clearly associated with well vibrations,
all other modes display complicated behaviors: particularly,
it is difficult to define any barrier related vibration.

To fit the experimental results, we have benefited from
the following property of the Kroning-Penney dispersion re-
lation: the dispersion properties of both bulk materials only
appear through the expressions of cos(kta) and cos(kza)
as a function of co. We have, therefore, used the experi-
mentally determined dispersion curve7 of the LO phonon of
GaAs in the (100) direction through a fairly good fitted ex-
pression:

OJcos(ka) =1+ [ta —ra~(k=0)]
B

where B depends on the curvature of the branch. For the
GaAs-type mode of Gal „Al„As, we have checked the
small influence of its curvature on the phonon quantum-
level frequencies and taken the same value as in GaAs.
The resulting frequencies strongly depend on the well width,
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FIG. 4. Experimental frequency shifts (circles) compared with
two calculations: solid line: co&'=280 cm ', dashed line: co~=286
cm (see the text).
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slightly on the barrier height, and unsignificantly on the bar-
rier width. We have obtained a good fit of experimental
results using the constant value of 294.6 cm ' for the GaAs
LO frequency. The zone-center GaAs-type LO frequency in
Gal „Al„As has been fitted for each sample, taking into ac-
count the compositional variations. The quality of the fit
can be appreciated on Fig. 4 where the experimental results
are represented as a function of the GaAs layer width and
compared with two calculations using two extreme values of

280 and 286 cm '. The experimental points should lie
between the curves. The fit is rather good despite a slight
tendency of the model to overestimate the confinement.
Concerning the Raman intensity, our phenomenological ap-
proach does not provide the eigenmodes and, therefore, the
Raman intensities. We only perform a qualitative compar-
ison with the calculations shown in Fig. 3. We obtain a
good description of the spectra (Sl,S2 similar to n =5;
S3,S4,n = 8;S7,SS,n = 11).

In summary, we have observed and analyzed the emer-
gence of new Raman lines in the GaAs/GaI „Al„As super-
lattice, assigned to LO-phonon quantum levels.
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