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Raman resonance on Ei edges in superlattices
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Resonant Raman scattering is used to study the electronic structure of GaSb-AlSb superlattices
associated with E& transitions in GaSb. A new tight-binding approach is developed to analyze the
experimental information. The properties of the resonance detected indicate a type-I superlattice at
the L point that is consistent with a valence-band offset higher than 0.2 eV. Our results suggest
that in our samples the lattice constant of A1Sb is compressed to that of GaSb. The behavior of the
resonances with temperature has been analyzed and indicates the detection of an interference of the
allowed and forbidden mechanisms. We compare our results with previous experimental informa-

tion.

I. INTRODUCTION

The study of artificial superlattices (SL's) has become
one of the most active fields in the physics of semicon-
ductors. Extensive information exists on systems like
GaAs-Ga~ „Al„As. ' The interest is growing on more
complicated SL's such as GaSb-A1Sb where there is a
small but significant lattice-constant mismatch (0.65%%uo).

.In spite of the incommensurability of the lattices, GaSb-
A1Sb SL's have been grown by means of molecular-beam
epitaxy. The analysis of the samples by x-ray diffrac-
tion confirms both the periodicity of the structures and
the crystalline quality of these SL's. The main conse-
quence of the lattice mismatch is the existence of strains
in every component of the SL to make possible a perfect
network. From the point of view of the electronic states,
such strains perturb the bulk structure of the host materi-
als producing important effects on the properties of the
SL. The electronic structure of GaSb-A1Sb SL's has been
analyzed by electroreflectance, luminescence, '" and opti-
cal absorption, showing unambiguously the formation
of electronic subbands at the I point. However, it is not
so easy to get information on the electronic states away
from the center of the Brillouin zone. In this case, elec-
troreflectance is the most successful technique used in
other SL's. The only published electroreflectance spec-
trum of GaSb-A1Sb shows four features. In this work it
is proposed that two of these features are associated with
E& and E&+Aj, transitions in GaSb and the other two
with Eo and E~ transitions in A1Sb. However, there is
not any clear evidence in support of such a proposal.
Therefore, the aim of this paper is to perform a detailed
analysis of the electronic structure of a GaSb-A1Sb SL in
the region of the Brillouin zone surrounding the L point
of the zinc-blende structure. Due to practical reasons dis-
cussed below, we will concentrate on the feature that ap-
pears in the electroreAectance spectra at room tempera-
ture at 2.16 eV in order to examine its possible connection

with an Ei transition in GaSb, as was proposed in Ref. 3.
This requires an experimental technique able to detect
which is the host semiconductor where the transition
takes place. Resonant Raman scattering (RRS) fulfills
this requirement because one can study the resonance
s'pectra either of GaSb or A1Sb optical phonons as a func-
tion of the laser frequency cor. Such resonance is con-
nected with a transition between electronic states. More-
over, optical phonons are not significantly affected by the
periodicity of the SL and they remain localized in the spa-
tial region of the corresponding host semiconductor.
Therefore the analysis of the resonance of an optical pho-
non of one of the semiconductors (GaSb in our case) gives
us information about electronic transitions occurring in
the spatial region of that semiconductor. To our
knowledge this is the first time that RRS has been used in
the study of the electronic structure of a SL away from
the center of the Brillouin zone. The confidence in the
ability of that technique for such a purpose is derived
from the excellent results that it has given when applied
to the study of electronic states of bulk semiconductors as
well as those at the I point of GaAs-Gai „Al„As
SL's. ' On the other hand, since two different physical
mechanisms are responsible for RRS, we will analyze the
resonance for different configurations of the polarization
of the incoming and scattered light in order to separate
both contributions. We are working with E~-type transi-
tions well above the first optical gap. Then allowed
(deformation-potential plus electro-optic) and forbidden
(Frohlich) scatterings are comparable in intensity, allow-
ing us to detect the interference between them under suit-
able conditions. ' This is the first time that the interfer-
ence has been found in SL's. In previous cases' it was
not found because the measurements were done around
Eo-type transitions where forbidden scattering is clearly
dominant and the interference is too small. ' Moreover,
the existence of interference gives us insight about the ori-
gin of the Frohlich scattering in our samples.
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A simple Kronig-Penney model only gives a qualitative
understanding mainly due to complications produced by
the lattice mismatch and to the fact that we are not work-
ing with states at band edges. Therefore, in order to get
information from the experimental results, we have
developed a new tight-binding approach to the problem
which allows us to deal with those problems in a simple
way. So we get some interesting information on the ionic
redistribution necessary to accommodate the lattices, as
well as on the relative position of the bands of the two
semiconductors usually represented by the valence-band
offset b E„=E„(GaSb)—E„(A1Sb).

In Sec. II the experiments are presented. Section III is
devoted to the theoretical model. Finally, in Sec. IV we
discuss our experimental and theoretical results in order
to obtain physical information which can be compared
with that obtained in previous works.

II. EXPERIMENT

We have analyzed two GaSb-A1Sb SL's of high purity
(N~ ND =10' c—m ) grown on GaSb(001) substrates.
The first SL, labeled 26-20, has 65 periods, each contain-
ing 26 monolayers of GaSb (=80 A) and 20 of A1Sb (=60
A). The second SL, labeled 52-20, has 45 periods, each
with 52 monolayers of GaSb (=160 A) and 20 of A1Sb
(=60 A). Periodicity and crystalline quality were con-
firmed by x-ray diffraction. For comparison, a third
sample of (001)-oriented bulk GaSb was studied as well.
Measurements were performed between 4 and 300 K in a
continuous-flux cryostat. All the Raman spectra were
taken in the backscattering configuration on the (001) ep-
itaxial surface. A tunable cw dye laser pumped by an
Ar-ion laser was the source of excitation. Available dyes
were rhodamine-110 and -66, allowing us to get coL in the
range between 2.12 and 2.30 eV. This restricted, us to the
study of the electronic structure connected with E& in
GaSb, as mentioned in Sec. I. In order to study the possi-
ble scattering mechanisms, spectra were taken in different
polarization configurations. So, in the z(xy)z configura-
tion, with z

~ ~
(001) perpendicular to the layers, and

x~~(100) and y~~(010), only allowed (a), deformation-
potential plus electrooptic scattering appeared, while for
z(xx)z only the forbidden Frohlich interaction (RF) was
present. When the interference of both mechanisms was
the aim of the measurement, the configurations
z(y'y')z [y'~~(110)] and z(x'x')z [x'~~(110)] were used to
get information on

I
&a+a

I
and I+F a I." In our-

backscattering configuration the spectrum shows only two
features of interest: the peak corresponding to the I,D
phonon of GaSb and that corresponding to the LO pho-
non of A1Sb. We have measured the intensity of these
peaks as a function of col. The data were normalized to
the Raman intensity of a CaF2 standard in order to
correct them for the response function of the optical sys-
tem and for the co law of the Raman cross section.

In the range of frequencies we used, the LO phonon of
AlSb does not show any clear resonance, in contrast with
the phonon of GaSb, where a resonance is observed. This
indicates that for those energies there are electronic transi-
tions localized in the spatial region of GaSb. Figure 1

Ga Sb
pot�o

o 0
0

~ 0 1
o

~ AI I ow.
For b.

(Ga Sb) )AI S b),o

0

OO
0 ~0e &

e
0 0

00

0~ee

1 0

I ~10
I~~

~ gQ8 dt

.:~ ~ (Ga S b)2s(AI Sb)„

shows the resonant Raman profiles at 4 K for the LO
phonon of GaSb in the three samples under study. In all
cases there are clear resonances both for the allowed and
forbidden mechanisms. They are much wider than the
ones detected at the I point of the GaAs-Ga& „Al„A1
SL."' This was expected because very narrow reso-
nances are commonly associated with excitonic behavior
typical of the band edges at the I point. The peaks
shown in Fig. 1 are rather wide, being a mixture of both
the incoming and outgoing resonances. This is supported
by the fact, shown in Fig. 1, that in GaSb the resonance is
shifted upwards by one-half of the phonon frequency
(cogo) with respect to the E

&
transition measured by elec-

troreAectance. A similar behavior can be expected in
SI.'s as will be checked later by comparing our Raman
measurements at (RT) room temperature with the pub-
lished electroreflectance data. Then RRS gives direct in-
formation of the SL band structure. In our case the tran-
sition detected is associated with the E~-type gap of
GaSb, both by continuity of the peak position as a func-
tion of the SL period and because only the phonon of
CxaSb shows a resonance in this frequency region. The
dependence of the resonance position on the SL period is

2Q 228
~L(ev )

FIG. 1. Resonant Raman profiles for the LO phonon of
GaSb in perfect GaSb and two different GaSb-A1Sb SL's at 4 K.
The results for allowed {O) and forbidden ( o ) scatterings are
shown. The arrow in the upper part of the figure shows the po-
sition of the E& transition in GaSb measured by electroreflec-
tance. Its shift with respect to the resonance is depicted by giv-
ing the LO-phonon frequency coLo. The inset shows the two
possibilities for the SL transitions involved in the resonance (see
text).
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taken from Fig. 1, giving

M52 2p=coo~sb+0. 015 eV,

Q)26 2p =COG sb +0.055 eV

77 K (GaSb)5, (Al Sb)~o

00
There is an important consequence derived not just

from the existence and the intensity of the resonance but
mainly from the dependence of its position on the well
width. The transition connected with the resonance is lo-
calized in the GaSb region as mentioned before, but there
are two reasonable possibilities, depicted in the inset of
Fig. 1, for the states involved in that transition. Due to
the differences in the band structures of both host semi-
conductors, the state at the conduction band is localized
at GaSb and, as we shall see below, it does not shift signi-
ficantly by changing the width of GaSb. However, the
tops of the two valence bands at the L point are close
enough to allow two possibilities for the SL valence state
that is involved in the transition we are interested in.
First, we could be seeing a type-I SL at the I. point with a
valence state localized in the GaSb region at energies that
would depend on the width of the well. The second possi-
bility is a type-II SL at the I, point. In this case the state
should leak into AlSb, considerably reducing the transi-
tion probability. ' Even if this leak were small and the
state remained essentially localized in GaSb, its energy
should not depend significantly on the width of the well.
The theoretical results shown in the next sections support
these points. There, we have computed the SL eigenstates
for different values of the valence-band offset ranging
from type-II to type-I SL's at the i. point. We have
found that the upper valence states have a wave function
with an extent which significantly depends on the type of
SL. They are localized in GaSb for type-I SL's and very
extended to AlSb for type-II SL's. Since our experimental
results show a significant shift of the resonances as a
function of the well width consistent with localization in
GaSb, we claim that we are working with systems that are
of type I at the L point.

Let us now analyze the temperature d'ependence of RRS
in SL's, cosz. Figures 2 and 3 show resonant Raman pro-
files for the two SL's at 77 and 300 K, respectively. The
77-K case is rather similar to that of 4 K shown in Fig. 1,
but the resonances are shifted to lower energies as it corre-
sponds to a decrease of the gaps with increasing tempera-
ture. At RT two different behaviors are observed in Fig.
3. The allowed mechanism does not resonate any more,
while forbidden scattering shows a resonance shifted to
lower energies with respect to those found at low tempera-
tures. The arrow included in the figure for the
(GaSb)26(AISb)zp SL shows the position of the electrore-
flectance feature attributed to a GaSb Ei transition for
that SL. Gnce again the Raman resonance appears at a
position roughly piLo/2 higher than the electroreflectance
value as it was observed in GaSb in Fig. 1. This confirms
the assignment made in Ref. 3 as well as the ability of
RRS to analyze the band structure of the SL. Figure 4
compiles all of our results. In order to clarify the depen-
dence on temperature, the resonance of GaSb at RT (Ref.
15) is included to show that the variation of the cosL with
temperature is slightly higher in CxaSb than in our SL
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FIG. 2. Resonant Raman profiles for the LO phonon of
GaSb in two different GaSb-A1Sb SL's at 77 K. The results for
allowed (4) and forbidden (0) scatterings are shown.

where desi /d'r= —3.2X 10 eV K. This seems reason-
able because the SL's have barriers of A1Sb that always
present temperature dependences smaller than those of
GaSb.
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FIG. 3. Resonant Raman profiles for the LO phonon of

GaSb-A1Sb SL's at room temperature. The results for allowed
{0)and forbidden (0) scatterings are shown. The arrow shows
the position of the same feature measured by electroreflectance
(Ref. 3).
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FIG. 4. Raman resonance peak position as a function of tem-
perature for perfect GaSb and two different GaSb-A1Sb SL's.
The result for GaSb at RT (0) is taken from Ref. 15.

200 K (GaSb)» (Al Sb)QQ

RF +a
—a

3
C5

0
1 0

o /

~ ~

o', 0 ~ p. ';
o ~ o

.s.
0

~0+
~ ~ o

2.1 2.2
~L(eV)

2.3

FIG. 5. Interference between (a) allowed and forbidden (RF)
scatterings in a (GaSb)~2(A1Sb)20 SL at 200 K. The lines are
drawn as a guide to the eye.

The comparison of the different behaviors of the al-
lowed and forbidden scatterings with temperature is very
suggestive. Let us concentrate on the (GaSb)&2(AISb)pp
SL, where better profiles are obtained. At RT only the
forbidden scattering resonates, being smaller in intensity
over the whole frequency range than the allowed scatter-
ing. In contrast, at low temperatures both mechanisms do
resonate, but now forbidden scattering has a higher inten-
sity. The evident conclusion is that at intermediate tem-
peratures it is possible to get a crossing of both mecha-
nisms, i.e., the existence of interference at the appropriate
configuration. Figure 5 shows clearly such interference

displayed by the difference between the profiles of
~
Rz+a

~

and
~
Rz —a

~

obtained in z(y'y')z and
z(x'x')z configurations. Two ingredients have contribut-
ed to the detection of the interference. The first is the
tuning of temperature to get the desired relative values of
the two mechanisms. The second is that we are working
with transitions connected with the L point at frequencies
significantly higher than the first optical transition.
Therefore there is an important imaginary part of the al-
lowed Raman tensor making possible the interference of
both mechanisms. That is not the case for transitions
close to Eo, where the interference becomes negligible. '

The main consequence of the detection of the interference
is that it implies the existence of coherence between al-
lowed and forbidden scatterings. ' This is a clear indica-
tion that Frohlich scattering is not produced by impuri-
ties. '3 Instead it gives direct information of the band
structure as, for instance, the value of d~sz/dT given
above.

We have mentioned above the importance of tempera-
ture in the an&lysis of resonances. This temperature
dependence could be used in a different way. Hitherto,
temperature has been fixed so that the band structure of
the system is determined. This band structure is analyzed
by changing the frequency of the light. Another alterna-
tive should be to maintain the frequency of the light con-
stant and vary the temperature so that the gaps could be
tuned to the laser frequency. The results obtained by this
procedure are shown in Fig. 6. They seem to be satisfac-
tory mainly because of the interference shown in part (b)
of the figure. However, when the results of part (a) of the
figure are compared with those obtained for T fixed and
coL variable, the agreement is rather poor. This is ob-
served in Fig. 4, where the data for T variable are present-
ed with the corresponding horizontal error bars. The data
points deviate from the linear behavior of the previous ex-
periment probably because the variation of temperature
affects not only to the gap values, but also the electron-
phonon interaction responsible for the resonance. There-
fore this experiment does not seem to be a very good way
to get information from RRS.

III. THEORETICAL MODEL

The analysis of the experimental results reported above
requires the calculation of the SL band structure away
from band edges at the center of the Brillouin zone. The
use of a simple Kronig-Penney model is rather question-
able, mainly when the existence of a lattice mismatch can
distort the host semiconductors with respect to the perfect
bulk ones. Then, two possibilities remain: the envelope-
function approximation' ' or a tight-binding ap-
proach. ' ' We think that the tight-binding approach is
more appropriate because-the small atomic displacements
are very simply taken into account by scaling the Hamil-
tonian matrix elements as a function of the distance. The
ingredients required are the following:

(i) Hamiltonian matrix elements in a localized basis:
We used a nearest-neighbor approach in an sp s* basis,
which gives satisfactory results for the band structure of
III-V semiconductors. ' Spin-orbit interaction is included
in this model Hamiltonian, so that 20&20 matrices are
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FIG. 6. Raman intensity of the LO mode of GaSb as a func-
tion of temperature for a given laser frequency coL, . In part {a)
we include the results for perfect GaSb and two different
GaSb-A1Sb SL's in a polarization where both allowed and for-
bidden scatterings are present. In part (b) we give the results for
a (GaSb)52(A1Sb)20 SL in three different configurations of the
polarization in order to detect allowed {), forbidden (0), or an
interference (0) of these mechanisms, respectively.

required for zinc-blende semiconductors.
(ii} A scaling law for the Hamiltonian matrix elements:

We use a d law d being the interionic distance.
(iii) The relative position of the band structure of the

two host semiconductors: This is usually represented by
the valence-band offset b,E„. We perform calculations for
different values of this magnitude in order to get the op-
timum agreement with experimental results. In this way
the experiments give information on the magnitude of this
very important quantity. We will discuss this point more
carefully later.

Once all these ingredients are chosen, the theoretical
problem is completely determined. The practical difficul-
ty remains the size of the matrices. In the case of a SI.
with I monolayers of one semiconductor and n of the
other per unit cell, 20( I +n) &(20(m +n) matrices are re-
quired. In actual problems like ours, this results in overly
large matrices requiring highly-time-consuming computa-
tions with results that are difficult to interpret. Therefore
we introduce a new method where only states in a given
range of energies are included by means of a perturbative

procedure. The advantages so obtained are the use of
rather manageable matrices and the simple interpretation
of the results in terms of the band structure of the host
materials. The method is detailed in the Appendix, so
that here we just sketch the idea. A (GaSb) (AlSb)„SL
(or any other SL) can be considered as built up from a
perfect GaSb (or A1Sb} crystal with a supercell of size
m +n where n particular Ga ions are replaced by Al ions.
The idea is to treat such replacement as a perturbation.
The first step, a supercell with m +n GaSb pairs of ions,
is very easy to solve by the simple folding of eigenvalues
and eigenvectors of the perfect semiconductors where only
small matrices (20X20 in our case) must be solved. The
second step of replacing n Ga ions by n Al ions is treated
as a perturbation because of the similarity of the matrix
Hamiltonians for perfect GaSb and AlSb. It is straight-
forward (see Appendix) to represent such a perturbation in
the basis of the known folded eigenstates of GaSb. Since
we are only interested in the states in a reduced range of
energies, i.e., 3 or 4 eV, we can work only with a subbasis
of the total basis of functions. In practical terms this
means that typically we get any eigenstate of the SL as a
combination of m +n, or less, eigenstates of one of the
host semiconductors. In fact, we find that the SL states
at the gap edges are a combination of only a few (=5}
states of the perfect semiconductor. As a test of the ade-
quacy of this scheme we check that the results are quanti-
tatively the same when starting either with GaSb or with
AlSb in spite of the rather different gaps they have. The
method has been tested by computing band structures of
(GaAs)(A1As) SL's where a lot of experimental' and
theoretical information exists. There the method yields
results correct to the order of meV, which gives us confi-
dence for using it in our present problem.

IV. DISCUSSION

Before discussing the results for the SL, some impor-
tant information can be drawn from the band structure of
the host semiconductors. The position of the conduction
band at I. with respect to the top of the valence band at I
(E, E„) is 0.88 eV—in GaSb and 2.33 eV in A1Sb. Since
b, F„ is of the order of a few tenths of an eV, that means
that at the I.-point electrons are localized in GaSb. It is
not so clear for holes in the upper valence state at L. The
difference between this level and the top of the valence
band at I" (E„" E„) is, in our —calculation, 1.058 eV in
GaSb and 0.791 eV in A1Sb. Therefore for b,E„&0.267
eV we should have the holes at I. in the A1Sb region, i.e.,
a type-II SL, while for hE„&0.267 eV we should have the
holes at L, in the GaSb, i.e., a type-I SI.. By applying the
theoretical method described in the preceding section we
compute the wave functions of the SL states. We find
that, for b,E„&0.267 eV, i.e., a type-I SL at I., both the
lower conduction and the upper valence states are local-
ized in GaSb. However, when AE„~0.267 eV, i.e., a
type-II SL at I., the upper valence states delocahze, leak-
ing considerably into A1Sb. Since our experimental re-
sults are consistent with localization on GaSb, it must be
that AE, ~0.267 eV. This value is significantly higher
than the EE„=Odeduced from optical absorption in other
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GaSb-A1Sb SL's. ' It must be pointed out that we have
given the energy levels for perfect semiconductors. The
appearance of strains to get a good lattice match tends to
reduce energy differences in GaSb and increase them in
A1Sb. ' This lowers the difference between GaSb and
A1Sb, requiring a smaller value of hE, to get a type-I SL
at L. Nevertheless, this effect is of the order of hun-
dredths of an eV and b.E, must remain higher than 0.2 eV
to get a type-I SL at L. Before comparing this conclusion
with the different one of Voisin et al. , ' it is convenient
to present some of our other results. In our calculations
the gaps at L do not change significantly if we vary b,E„
from the minimum mentioned above up to 0.4 eV. They
are more dependent on the rearrangement of the lattices at
the SL. In general, our calculations give a difference be-
tween the gap at L, in the SL and in GaSb which is small-
er than the experimental shifts shown in Fig. 1. Therefore
we get the best agreement by increasing the gaps in the SL
as much as possible. The only way to do that is to in-
crease the gaps of A1Sb by compressing it to the GaSb lat-
tice constant. There is one more argument supporting the
compression of A1Sb. If the lattice mismatch is accom-
modated by an expansion of GaSb, the position of the Ra-
man resonance of GaSb would have an extra decrease in
energy' and the difference between perfect GaSb and the
SL should not be as big as the one shown in Fig. 1. Once
again this conclusion is opposed to the GaSb strain pro-
posed by Voisin et a/. ' However, we think that both re-
sults are not contradictory. The difference could be pro-
duced by the fact that in their samples both the substrate
and the most abundant component of the SL is A1Sb, so
that it dominates in the determination of the lattice con-
stant. However, in our samples, GaSb is the substrate and
the most abundant component of the SL, so that the con-
trary should happen. This seems to be a reasonable ex-
planation of the difference in lattice rearrangements. As
far as the difference in b,E, is concerned, it is a conse-
quence of the charge transfer between both semiconduct-
ors at each interface of the SL. This charge transfer is ob-
viously affected by ionic positions. These are different
in our samples then in the ones used by Voisin et al. , so
that it is possible that the values of bE„are different too.
In summary, the lattice mismatch is accommodated in
different ways depending on the characteristics of the
samples and causes of differences in the electronic struc-
ture.

Let us now proceed with a more detailed comparison
between Raman resonances and theoretical results. Figure
7 shows experimental transitions at 4 K and SL eigen-
states around band edges at I.. Since our calculation gives
the eigenfunctions, we have checked that the states
presented in Fig. 7 are localized in the region of GaSb.
The increase in the gap predicted by the theory is smaller
than the shift of the resonance. A possible cause of
disagreement could be that the tight-binding parameters
are fitted to bands at 1 and X points, giving —at L
effective masses higher than the experimental ones. With
smaller effective masses some improvement in the in-
creases of the gaps could be obtained, but it should be too
small to invoke it as the main source of disagreement.
The disagreement is higher in the case of the 26-20 SL

(~sL-~Gasb} x10' (t.'V j

5 2-20 26 —20

E', (Ga SbI

EX PT.

EL (Ga Sb)

EX PT.

FIG. 7. Eigenstates around band edges at I. for two different
GaSb-A1Sb. SI.'s. Theoretical results are given with respect to
the L-band edges of perfect GaSb because only relative energies
are of interest. The experimental transitions detected by RRS
are shown for comparison. Their location in the energy scale is
arbitrary because only energy differences are experimentally
available.

where the resonance has worse experimental resolution
than the 52-20 SL. The width and asymmetry of the ex-
perimental resonances seem to indicate that several transi-
tions can contribute to the resonance. This should signifi-
cantly improve the agreement between theory and experi-
ment. To check this point would require the computation
of matrix elements and transition probabilities, which is
beyond the scope of this paper.

An interesting fact to be noticed is that the lowest state
of the SL conduction band does not shift practically from
the one in GaSb. In fact, as can be seen in Fig. 7, for the
52-20 SL this state is even lower in energy than the one in
GaSb. The reason is that since we are including spin-orbit
interaction in the III-V compounds where no inversion
center exists, the spin or Kramers degeneracy is broken,
mainly along nonsymmetry directions as the one here
analyzed, ( —, —,

'
—, ) +A,(001). Therefore when moving

away from the I point the lowest conduction band moves
down in energy. This becomes very important in the fold-
ing process induced by the SL formation, giving a
conduction-band state at L that practically does not shift
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for different widths of the well. A consequence of the sta-
bility of this L state is the possibility of having a I L-
crossover because the conduction-band state at I' of the
Sl. moves up with respect to that of GaSb. In our model
the shift of 70 meV of the I state required to get the
crossover is obtained for well widths around 50 A, in ex-
cellent agreement with experimental evidence. ' This
supports the conclusion that the shift of the resonance
with the SL period indicates a type-I SL, because such a
shift must be mainly due to the valence-band state at the
GaSb region and this does not occur in a type-II SL, as
was discussed before. Finally, it must be pointed out that
the E~ transition, and the corresponding Raman reso-
nance of Fig. 1, comes not only from the L point, but
from a region of the Brillouin zone around that point
mainly along the A direction. We have applied our
scheme to several of these points, obtaining results quali-
tatively similar to those presented here for L, thus rein-
forcing all our arguments.

In summary, by using RRS we have found resonances
at the I. point of CzaSb-A1Sb SL's. The behavior of the

resonances with temperature has been analyzed, allowing
the detection of an interference between allowed and for-
bidden scatterings which gives information about these
mechanisms. The characteristics of the resonances indi-
cate a type-I SL at I that would be consistent with a
valence-band offset higher than 0.2 eV. Resonance posi-
tion as a function of the well width indicates that A1Sb is
compressed in our samples to the lattice constant of
GaSb. That is in contradiction to previous evidence,
probably because of the different characteristics of the
samples.
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APPENDIX
1

The tight-binding Hamiltonian Hsr. for a (GaSb)~(A1Sb)„SL can be organized in blocks, each corresponding an
atomic layer:

(GaSb)

B+
C D+

A B+
B C D+

D A

B
B+

D+

A b+
c
d

(A 1)

(AlSb)„.

d+g
d a b+

b c

where we have made use of the fact that both host semiconductors have the same anion. Each block has k-dependent
matrix elements between orbitals centered on anions [A,a, A =(A +a)/2j, cations (C,c), or adjacent layers (B,D, b, d).
Since we use an sp s basis including spin-orbit interaction, each block is a 10& 10 matrix. ' The wave vector also ap-
pears in the phase g =exp[in(m +n)(k, +k~ )] with the SL grown in the z direction. In order to get the eigenvalues and
eigenvectors of HsL, we decompose it as follows,

HsL ——Hp+Hi,
where

(A2)
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g+
C D+
D A 8+

m +n rows (A3)

and

D+g

8 C D+
D A 8+

B

b+ —B+
b -8 c —C d+ —D+

(d D)ri—

(n) rows . (A4)

(d+ D+)~—
d —D a —A 5+—9+

Equation (A2) between operators can be represented in the
basis of eigenvectors of Hp[ I

i,k) J, where i is a band in-
dex. These states can be easily built up from the eigen-
states of the 20X20 matrix describing the perfect GaSb
crystal by the simple use of the Bloch theorem. In this
way, only small matrices must be numerically solved.
Then Hsi is a 20(m+n)X20(m+n) matrix with ele-
ments

& t k IHsi. I

i'k') =Et'&ti &«—k')+ &tk
I
Hi

I

t'k')

where e;k is given by diagonalization of the 20X20 ma-
trix. The second term on the right-hand side of (A5) is
straightforwardly obtained because Hi is a sparse matrix.
Moreover, this term is small because of the differences of

matrices appearing in H&. Therefore the secular equation
for (A5) can be solved perturbatively. In other words, one
can select a range of energies around the gap where the
eigenstates of (A5) only have significant weight in a sub-
basis of I I

i,k) J with a dimension much smaller than
20(m +n)

The convergence of the method as a function of the di-
mension of the subbasis is easily tested by changing the
whole procedure to make perturbation on A1Sb instead of
making it on GaSb. In general, good convergence is ob-
tained when the dimension of the subbasis is of the order
of m +n, which means a reduction of a factor of 20 with
respect to the initial one. In this way one can manage ac-
tual SL's with a large number of atoms per unit cell.
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