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We study the dependence on laser frequency {wr) of the Raman spectra of GaAs/AlAs super-
lattices (SL’s) grown along the [311] direction. The observed phonon modes follow the polarization
selection rules predicted by the SL crystal symmetry and, at the highest wz, the intensities pre-
dicted by the bulk Raman tensor. For lower wz we observe a complex variation in the intensities of
the confined LO and TO modes which deviates sharply from these predictions. We interpret these
deviations as due to interference between a background associated with the E; and E; + A, gaps
and a resonant contribution arising from the hh2 — e2 transition of the SL, both induced by the
deformation potential interaction. For the latter, the electron-phonon coupling with the hole bands
is diagonal, in contrast to the off-diagonal (hh—1h) coupling of conventional (100) SL’s. Evidence
for a Fréhlich induced resonance at the Ep + Ag gap of the SL’s is also obtained.

IL. INTRODUCTION

Phonon vibrations in semiconductors scatter electrons
via the local change in the short range electronic potential
that they create, a phenomenon known as the deforma-
tion potential interaction (DPI). In polar semiconductors
there is an additional coupling for the longitudinal optic
(LO) modes due to the electric fields set up by the sepa-
ration ¢f charge caused by the vibration, i.e., the Fréhlich
interaction (FI). The FI with the electron and hole pho-
toexcited in the Raman process almost cancel, because
of their opposite charge, except for laser frequencies (wr,)
close to a transition between critical points in the band
structure. The residual FI effect results from the dif-
ferent curvature of the bands involved.! Hence the FI is
only significant for resonant photoexcitation. In GaAs,
for photon energies above the Ey + Ag gap, the domi-
nant coupling was found to be due to the DPI associated
with the E; and E; + A; gaps.! Close to resonance with
Eg+ Ag, the DPI and FI were found to be roughly equal
in strength, leading to interference between their contri-
butions to the LO scattering amplitude.?

In GaAs/AlAs superlattices (SL’s) the optic vibrations
are restricted to individual layers by the difference in the
cation masses. These confined optic phonons are labeled
by an integer called the mode order describing their quan-
tized k vector along the SL axis.? The symmetries of the
DPI and FI Hamiltonian about the center of the well
in GaAs/AlAs SL’s (grown along the [100] direction) re-
sult in finite coupling for odd and even order LO modes,
respectively.® This explains the observation of only even
order modes for wy, close to resonance with the band edge
exciton where the FI dominates, while at wy;,’s away from
any resonances the DPI results in only odd modes.*
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In this paper we study the wj dependence of the
phonon Raman spectra of GaAs/AlAs SL’s grown
along the [311] direction. Consistent with previous
measurements* we observe even order modes close to res-
onance with the hhl — el of the SL, indicating the FI
to be dominant for these wr. At the highest wy, away
from any electronic resonance, we observe odd-order LO

‘and TO modes with intensities in good agreement with

the DPI Raman tensor for backscattering from the bulk
(311) face. For intermediate wz’s we observe an intri-
guing and complex variation of the intensities of the LO
and TO confined modes. We explain this behavior as
due to interference between the resonant contribution of
the hh2 — e2 transition of the SL and a background asso-
ciated with higher energy gaps. The fact that we observe
the intensity of the odd order modes to resonate demon-
strates that the coupling with the hh2 — e2 transition is
due to DPI. We show that this resonant contribution to
the DPI in (311) SL’s involves intraband phonon scatter-
ing, in contrast to (100) SL’s where only different valence
bands can couple.

In a recent paper® we presented a study of the vi-
brational properties of GaAs/AlAs SL’s grown along the
[311] direction, comparing microscopic calculations to the
phonon frequencies measured by Raman spectroscopy. In
the Raman backscattering configuration a series of con-
fined LO-like and TO-like modes can be observed. The
LO modes, vibrating mainly along [311], are even with
respect to the only symmetry element of these structures,
namely, the (001) reflection plane (C, point group), and
thus mix with their TO counterparts of the same sym-
metry (A’), which nominally vibrate along [233]. The
odd TO modes, vibrating along [011], are unmixed (A"
symmetry). The low symmetry of these structures al-
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lows one to investigate in backscattering all three types
of modes mentioned, in contrast to the more conventional
[001}-grown systems where only LO modes can be ob-
served. We present here the resonance behavior of these
Raman modes in (311) SL’s over a wide wy, range. Reso-
nant Raman data near the lowest direct gap (hhl — el)
of (311) GaAs/AlAs SL’s of somewhat larger period
(2 30/30 monolayers) were reported earlier.® They
yielded evidence for the lateral periodicity associated
with these structures” in the form of a splitting of the
various confined phonon peaks. The present work empha-
sizes the dependence of the scattered intensities above the
hhl — el gap and covers the laser energy range from 1.9
to 2.7 eV. No evidence for the lateral periodicity was ob-
tained in the present work, probably due to the broader
phonon linewidth observed in these narrower layers, as
well as the weaker resonances, compared with the work
in Ref. 6.

II. SYMMETRY, SELECTION RULES, AND
ELECTRON-PHONON INTERACTION

Schematic projections of the Ga(Al)As layers onto the
(011) and (233) planes are shown in Figs. 1(a) and 1(b),
respectively. Here we have adopted the convention for the
(311) A surface, that the cation atom occupies the origin
of the bulk primitive unit cell, while the As atom is posi-
tioned at ao/4(111). [For the (311)B surface the cation
and anion must be interchanged.] A detailed knowledge
of the surface under study is essential when considering
interference effects between the various components of
the Raman tensor, in particular deformation potential
and Frohlich contributions.?® As already mentioned, a
(01I) mirror plane (o) is the only symmetry element,
apart from the identity, of the C; point group. Conse-
quently, there are only two symmetry classifications of
phonon modes, defining whether the vibration is pre-
served (labeled A’) or inverted (A”) upon reflection on

311] 311]
[011] [233] [233] 017
o Ga
e As
s 8 8 s 5 8
8 8 8 s 8 8
8 8 8 LI T
8 8 8 8 8.8
-8 8 8 g & 8
dmi= 8 8 8 s & 8
a s 8 8 8 8 8
o As LI 8 8 8
g 8 8 s 8 8
Oy
(b)

FIG. 1. Schematic diagram of the zinc-blende structure of
bulk GaAs or AlAs projected onto the (001) and (233) planes
and the coordinate axes used in this work. Notice the mirror

plane parallel to (011).
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plane o,/. The pure transverse modes (TO,/), vibrating
perpendicular to the reflection plane, belong to A", while
the in-plane transverse (TO,/) and longitudinal modes
have A’ symmetry and thus mix.

The Raman tensors describing the dipole-allowed scat-
tering by the optical modes in the parent bulk crystals,
expressed in the (2’ = [011],y’ = [233],2' = [311]) coor-
dinate system, are

. (0 —d d)
Ry=-=(-d 0 0],

V2\4g o0 o
1 (0 3d 3d)
—— 3¢ o -—2d), (1)
V22 \34 —24 o0

1 (0 d d)
Rzl:-_'_ d 0 3d .

VIl \g 34 o

Dipole allowed scattering is usually related to defor-
mation potential electron-phonon interaction (DPI), al-
though for LO modes it also contains three-band Fréhlich
interaction contributions.! For backscattering normal to
the (311) face, the R,s tensor describes DPI plus some
three-band Frohlich contributions of the LO mode, while
R, and R, represent DPI scattering by TO modes vi-
brating along the [011] and [233] directions, respectively.
The dipole forbidden FI scattering by LO phonouns is de-
scribed by the tensor

a 0 0
RFI=(0 a 0) . (2)

Ry =

0 0 a

The Raman-polarization selection rules for backscatter-
ing of the (311) surface resulting from these tensors are
summarized in Table I, where TO, and LO,: represent
the case k, — 0. Notice that for the LO modes the DPI
and two-band or intraband FI interfere additively and
subtractively in 2/ (y', ')z’ and #'(2',2')2’ polarizations,
respectively.?® The same selection rules can be applied
off-resonance to the (311) GaAs/AlAs SL’s, in princi-
ple with no additional symmetry conditions on the order
number (m) of the confined modes. Consequently, the
A’ modes are allowed regardless of whether m is odd or
even for backscattering with the incident and scattered
light polarized parallel to one another and either [011] or
[233] axes. Similarly, A” modes are, in principle, possible
in depolarized geometry for both m odd and even.

The absence of a selection rule regarding the mode or-
der (m) in (311) SL’s contrasts with the situation in the
most commonly studied (100) SL’s, where twofold axes
perpendicular to the growth direction exist. This symme-
try element forces the confined phonon modes to be odd
or even with respect to the twofold rotations, a fact which
imposes further selection rules upon the electron-phonon .
interaction. For intraband scattering there is zero cou-
pling to modes which have an antisymmetric interaction
potential with respect to such rotations. Hence the FI
and bulk DPI couple to only the m = even and m = odd

modes, respectively. These selection rules have been ob-
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TABLE 1. Raman-polarization selection rules for backscattering normal to the (311) surface of GaAs.

The values inside

the square brackets represent the scattering amplitude with their signs. d is the Raman tensor component for DPI while a

represents the Frohlich interaction induced component

Conﬁguratlon Polarization Raman cross section
in out A A"

- —— — ——— - . -
7 (', 2)2’ [011] [011] (+ %d) TO, + (—%d—{-a) LO,: 0
S o IN I 5 ryaa] " 54
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served in the Raman spectra of (100) GaAs/AlAs SL’s,
which show only even modes under resonant photon ex-
citation conditions and only odd modes when the photon
energy is far from any electronic transition, explained by
coupling due to the FI and DPI, respectively.® Note that
this mode order selection rule for the coupling prevents
interference between the DP] and FI contributions to the
scattering amplitude, like that reported for bulk GaAs for
resonance with Eg + Ag.2

This dependence of the electron-phonon coupling upon
the mode order can be readily argued using perturba-
tion theory. The matrix element describing the electron-
phonon interaction is given by

+oo

M(m) = Yatin (2)bm (2 )Pan(2)) d2' s (3)

where 94, (2") is the electron envelope function of the
nth subband associated with band a and ¢,,(2') rep-
resents the electron-phonon interaction potential which
contains components due to the FI and DPI. The bulk-
like DPI is related to the local change in the short range
electronic potential caused by the vibration and is con-
sequently proportional to the atomic displacement of the
mode ¢DF1(2') ~ u,,(2'). On the other hand, the FI is
caused by the long range electric fields created by the
separation of charge in LO vibrations of polar materi-
als. Since the induced polarization (i.e., electric field) is
proportional to the vibrational amplitude, its potential
is determined by ¢5}(2') ~ — [um(2')d2’.

In (100) SL’s u,,(2') is antisymmetric upon one of
the twofold rotations for m = odd and symmetric for
m = even. Since the Raman intensity is significant only
for scattering between the same subband number (i.e.,
n=n') (otherwise one of the electron-photon matrix el-
ements becomes negligible), the FI couples significantly
only to the even order modes. In contrast, the symmetry
of ¢PFI(2') means that the DPI couples only to m=odd
modes. In (311) SL’s the lack of a corresponding twofold
rotation axis strictly speaking removes this selection rule
concerning the coupling of the odd and even order modes.
We note, however, that even in the (311) SL case within
the macroscopic approximation of Ref. 9, and under the
assumption of isotropy to order q2 10 an approximate re-
flection plane exists perpendicular to the SL axis. The
asymmetry of the vibrational modes of (311) SL’s can be
modeled by assuming, as usual, that the phonon enve-
lope function dogs not vanish at the As boundary, but

at the first cation plane of the barrier. From Fig. 1 one
can deduce that the modes will penetrate farther into the
“upper” barrier than “lower” one. Using such a model of
the asymmetry we calculated its effect upon the DPT and
FI matrix elements to be negligible, provided the layers
are thicker than a few monolayers. Hence in (311) SL’s it
is still true that the DPI and FI favor the odd and even
order modes, respectwely

There is, however, a more significant difference be-
tween the electron-phonon interaction in (100) and (311)
SL’s. In (100) SL’s it can easily be shown that the di-
agonal coupling of the electronic states [i.e., intraband
scattering, where a’=a in Eq. (3)] due to the DPI is
zero.  Hence Raman scattering in (100) SL’s via the DPI
involves the so-called three band terms,® with, for exam-
ple, the phonon being scattered between the light and
heavy hole bands. It is therefore relatively weak since
both energy denominators do not vanish simultaneously,
except, perhaps, in the so-called doubly resonant case,
in which the splitting between hh-lh for a given n equals
the phonon frequency.!?

SL’s without a twofold axis or a reflection plane per-
pendicular to the direction of growth (e.g., [111],[311])
have different symmetry behavior for the electron-
phonon interaction. The LO phonons, for instance, are
completely symmetric with respect to all operations of
the point group, a fact which leads to diagonal electron-
phonon matrix elements at the Brillouin zone center. The
resonant scattering becomes of the two-band type, and
this can lead to stronger resonances than those observed
in the three-band, nondoubly resonant case. We shall
show here that such effects, involving the hh2 — e2 tran-
sitions at the I’ pomt, play an important role in resonant
Raman scattering in the (311) (17/17) SL under consid-
eration.

The macroscopic selection rules of Table I are expected
to apply to the (311) SL’s only for wr, away from any res-
onances. The effect of the lowered symmetry is in this
case not important. It can be represented by small split-
tings of transition energies which will not be significant
provided wy, is away from those gaps. This is expected to-
be the case for the contribution to the scattering ampli-
tude of the E; and E; + A, gaps (at ~3 eV for GaAs) in
our wr, region, which is known to be large for GaAs.! For
wy, in resonance with excitations between confined states
related to the Ey gap, however, one should see the effects
of broken symmetry and the selection rules of Table I
should not apply. As an example we mention that for



(100) SL’s, and also for GaAs under stress, antisymmet-
ric components of the Raman tensor, forbidden in bulk,
can be observed.'1:'2 We discuss below the DPI resonant
contribution to the Raman tensor of a hhn — en transi-
tion which will be later used to interpret our data around
the hh2 — e2 gap.

We assume that the Luttinger parameters of the va--

lence bands 2 and <3 are equal. This is a reasonable
approximation for GaAs since (y2 —v3)/(v2 +s) = 0.16.
This assumption leads to isotropy of the valence bands
around I' and thus to the result that the SL wave func-
tions are angular-momentum-like even for the (311) case
[for heavy hole (hh) and light hole (lh) bands, respec-
tively]:

()

3 1 1 P 2,
(+§,+§).%(X +zY)¢—\/;Z T,
3 1 1 r e 2,
(+§,—§):%(_X —zY)T+\/;Z J

where the 1 (1} indicates spin up (down) and

S-Sl

(X' —iY") | ;
(4)

, 1
X'==2(¥-2),

’ 1 _

Y'= o (-2X +3Y +32) , (5)

Z'=\/%(3X+Y+Z).

X,Y, Z represent the orbital wave functions of the bulk
with the symmetries of the Cartesian axes.

The optical phonons of the bulk have z, y, 2 symmetry.
It is easy to see from Eq. (4) with (X',Y”, Z’) replaced
by (X,Y,Z) that such phonons do not couple the hh
bands with themselves in the case of (100) SL’s (i.e., no
diagonal matrix elements of the electron-phonon interac-
tion). This follows from the fact that the only nonzero
matrix elements of the electron-phonon interaction have
the form

D =(X10,|2) (6)

plus circular permutations, where O, represents the
electron-phonon Hamiltonian for the phonon polarized
along y.

If the orbital functions appropriate to the (311) SL are
used [Egs. (4) and (5)], however, it is straightforward
to show that intraband terms appear for the (3/2,1+3/2)
and the (3/2,£1/2) bands. For the (3/2,%3/2) bands
[quantization axis along (311)] the diagonal electron-
phonon matrix elements are

33 33
<2’ 2|

LO 5:5

> B %KX’ [Oro] X') + (¥'|OLo] Y')]

9D

R

= —0.25D . (7)
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This expression can be either calculated directly, as in-
dicated above, or simply obtained by considering that
(X"|OLo| X') and (Y'|Oro|Y") are isomorphic to the
scattering amplitudes of Table I for the (z/,z') and
(¥',y') scattering configurations, respectively. Adding
these amplitudes, taken from Table I, we recover indeed
Eq. (7) provided we replace d by D. The same proce-
dure can be used to obtain the scattering amplitudes for
TO-like phonons. By adding the scattering amplitudes
given in Table I for TO, phonons in (z',2') and (¥',y’)
configuration we find
16 D

3 3o 33\ _ _ _
2’2 2’2/ 11,92

The corresponding Raman tensor component is obtained
by multiplying by the electron-photon matrix elements
which connect these (3/2,43/2) valence bands with the
conduction bands. These matrix elements are the same
for (z/,2') and (v',y') scattering configurations. Hence
the scattering amplitudes for the resonant contribution
of bh—+ e transitions are proportional to Eqs. (7) and
(8) for LO and TO, phonons, respectively, the same in
both scattering configurations and very different indeed
from the results of Table I. As shown above the diagonal
electron-phonon matrix element for the intraband cou-
pling to the hh bands can be simply obtained by aver-
aging the scattering amplitudes of Table I for the (z’, z')
and (y¥',y’) configurations and replacing d by D. This
applies to either the LO or the TO, phonons. The TO,
phonon does not couple the hh band to itself.

We notice that Egs. (7) and (8) yield the electron-
phonon matrix elements, and corresponding contribu-
tions to the Raman tensor, of the same sign for LO and
TO scattering and also equal for (z',z’), and (v',y’) po-
larizations. The nonresonant contributions of Table I
reverse sign from LO to TO, and from (z',z') to (v',y')
configuration. Hence constructive and destructive inter-
ferences must result. The observation of these interfer-
ences is the main result of this paper.

TO,, —0.31D.  (8)

IIT. RAMAN SCATTERING SPECTRA

The (311) GaAs/AlAs SL’s studied here have periods
of (14/13), (17/17), and (25/28) monolayers, as deter-
mined by x-ray characterization.® We shall present in
detail only the results for the (17/17) sample, since the
interference effects to be discussed occur in the middle
of our photon energy range for this structure. The re-
sults obtained for the other SL’s are fully consistent with
those for the (17/17) sample and with the interpretation
presented here.

Figure 2 displays the GaAs-like optical modes mea-
sured for the (311) (GaAs)y7/(AlAs);7 SL with the
4579 A laser line and the three principal polarization
configurations. Comparison with Table I reveals that the
spectra follow the selection rules derived from the sym-
metry analysis, assuming bulklike Raman tensors and
that the DPI dominates over the FI. This is expected

for this photon energy which lies well above the Ey gap
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FIG. 2. Raman spectra of the GaAs optical phonon region
measured on the (311) (GaAs)i7/(AlAs)ir SL, at 80 K, with
the 4579 A laser line, away from all resonances, for different
polarization geometries. The three spectra are scaled to have
the same maximum height. The intensities of the 1.O and TO
modes follow the selection rules outlined in Table I.

[n =1 (~1.8 eV) and n = 2 (2.5 eV)] and below the
E; gap (3 eV). In particular, for Z'(y’,y")2’ polariza-
tions the TO mode is much stronger than LO, while
this ordering is reversed for 2'(z’,2')2’. Crossed polar-
izations, z'(z’,y')#/, show a strong TO contribution, al-
though there is also a rather insignificant LO feature,
forbidden within the selection rules of the C, group. Dis-
tinct features due to several mode orders are observable:
m = 1-4 for LO and m = 1,3 for TO. The frequencies of
these modes plotted against their effective k& vector due
to confinement map the bulk dispersions closely.5

Notice that in the LO region of the spectrum, the even
order modes appear more clearly for z/(y',3')2' than for
7'(z',2')2' polarizations. This is explained by the FI
being stronger, relative to DPI, for the LO modes in
#'(y',y')2’ than in #'(z',2')z’. As discussed in Sec. II,
the approximate symmetry about the center plane of the
well results in the even LO modes being favored by the
FI and odd L.O modes by the DPI of intrasubband scat-
tering.

Figure 3 plots the two parallel polarization configura-
tions measured for the AlAs-like optical phonons of the
(311) (GaAs)17/(AlAs).7 SL with different lines of an Ar
laser. Comparison with Table I reveals that-the AlAs-
like modes also follow the selection rules predicted for
the DPI, with the TO modes being stronger than LO for
Z'(y',y')z' and LO dominating for z'(a',z")z' throughout
the whole frequency range. There is also a broad feature
between the bulk LO and TO frequencies attributable to
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the so-called “interface mode,”® the intensity of which
increases with decreasing wy..

Raman spectra similar to those plotted in Figs. 2 and
3 were measured for the other (311) SL’s studied [(14/13)
and (25/28)], with several LO and TO peaks being ob-
served in both the GaAs and AlAs regions, due to dif-
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FIG. 3. Raman spectra of the AlAs region of the (311)
(GaAs)i1r/(AlAs), 7 SL, measured with the different lines of an
Ar* laser for the (3, ¥')2' and #'(z’,2')2’ polarization ge-
ometries. The spectra are scaled to have the same maximum
height. There is again good agreement with the predicted
selection rules of Table I.
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ferent confinement orders m. The results were rather
similar to those represented in Figs. 2 and 3.

IV. RESONANT BEHAVIOR

We have observed a peculiar dependence of the GaAs-
like optical Raman spectra upon the laser energy, cen-
tered in our wro range for the (GaAs)17/(AlAs)i7 SL but
also present for the other samples. Figure 4 displays the
Raman spectra measured with different lines of argom,
krypton-ion, and dye lasers for ' (y', ¥’ )z' and Z'(z',2")2'
polarizations. At the highest laser energy (2.707 eV,
4579 A) the spectra for the two polarizations follow the
selection rules outlined in Table I: the TO and LO modes
dominate for #'(v',y')7' and Z(2',2')2/, respectively, as
discussed in connection with Fig. 2. The LOz mode is
stronger than LO; for z/(y',3')2’ due to the FI dominat-
ing for this polarization, where the DPI is weaker (see
Table I). At the lowest laser energy in Fig. 4 (1.915 eV,
6471 A) the spectra in both polarizations are dominated
by the even-order LO modes. The TO modes are weaker
than the LO modes in both polarization geometries. This
is explained by the intrasubband FI dominating (a>>d)
close to resonance with the el—hhl band edge transition
and is consistent with previous measurements on (311)
(Ref. 6) and (100) (Ref. 4) SL’s. Both effective-mass
Kronig-Penney calculations and microscopic linear com-
bination of atomic orbitals'® yield an el-hhl transition
energy around 1.8 eV for this (GaAs)i7/ (AlAs)17 SL (see
Table II).

It can be seen that there is a complex distortion of
the Raman line shape at the intermediate laser energies
in Fig. 4. In general, with decreasing laser energy from
the highest value 2.707 eV, the LO modes strengthen
relative to TO in #'(y',y’)2’, while the opposite trend is
observed for #'(z',z')2'. Figure 5 shows a plot of the in-
tensities of LO; and LO; modes normalized to that of
the TO mode for the two polarization configurations, as
a function of laser energy. Notice that there is a max-
imum in the strength of LO; in 2/(y’,%')2’ polarization
near 2.5 ¢V and a corresponding minimum in 2’ (z',z")z’.
This is a clear indication of interference between differ-

ent contributions to the Raman scattering amplitude of -
the LO mode, possibly of the type described in Sec. IT..

We ascribe the interfering amplitudes to a nonresonant
background and a resonantly enhanced contribution for
photon energies close to that of the hh2 — €2 transitions.

TABLE II. Calculated energies of several gaps at the
T point of (GaAs)i7/(AlAs)i7 and (GaAs)14/(AlAs)1s SL’s
grown along [311].

(17/17) (14/13)
el-hhl 1.84° 1.78P 1.92° 1.83P
el-l1hl 1.89% 1.85P 1.98* 1.91°
e2-hh2 2.60* 2.69° 2.83% 2.79°
el-sol 2.21° 2.16° 2.30%

228"

>Effective mass Kronig-Penney model.

®Pight binding model (Ref. 13).
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We calculate (see Table II) the hh2 — €2 transition of
the (GaAs)17/(AlAs)i7 SL to lie at 2.60 eV.
Interference effects in the Raman intensities were also
observed for the (GaAs)14/(AlAs)1s SL within our laser
energy range but the resonant contribution is shifted to
~2.7 €V, which is at the limit of the frequency range
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FIG. 4. The laser wavelength dependence of the
GaAs-like optical phonon Raman spectra of the (311)
(GaAs)ir/(AlAs)ir SL for 2'(y',y')2' and z'(z',z')2’ polar-

_ization geometries. The spectra taken with the highest and

lowest laser energy are dominated by the DPI and FI, respec-
tively.
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FIG. 5. The ratio of the intensity of (a) LO; to TO and
(b) LO2 to TO as a function of laser energy for the (311)
(GaAs) 17/(A1AS)17 SL.

we used. As for the previously discussed sample, this
behavior is consistent with interference between a back-
ground and a hh2 — €2 resonant contribution which the
calculation yields to lie at the energy of ~2.8 eV for the
(GaAs)14/(AlAs);3 SL (see Table II).

Interesting resonance effects appear also for the FI-
induced LO2; modes when normalized to their deforma-
tion potential counterpart [Fig. 5(b)]. Note that the
LO;/TO ratios exhibit a peak at ~2.2 eV. Subject to fur-
ther confirmation, we attribute this peak to transitions
between the spin-orbit split (1/2,+1/2) valence bands
and the el conduction band (see Table II). Another in-
teresting feature of Fig. 5(b) is the peak in the LO;/LO,
ratio at 2.5 eV, i.e., at the hh2 — e2 transition energy.

V. DISCUSSION

The ingredients required for the understanding of the
interesting resonance interference phenomena displayed
in Figs. 4 and 5 have been presented in Sec. II. We first
note that such effects are absent in the AlAs-like con-
fined modes (Fig. 3) in agreement with their assignment
to constructive and destructive interferences between a
background and a resonant interband transition of the
GaAs layer. The AlAs-like modes are not expected to
couple to the latter and hence no interference should ap-
pear. However, we do observe some change in the AlAs-
like interface mode with wy, explained by the penetration
of its interaction potential into the GaAs layers.

The striking nature of the phenomenon displayed in
Fig. 5 compels us to predict the sign (constructive vs de-
structive) expected for the interferences, i.e., the relative
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sign of the background and resonant contributions. The
background is known to be due mainly to the Eq, By +A,
transitions which have their critical point at ~3 eV in
the bulk.! This critical point is not expected to be signif-
icantly modified in the SL’s.}* In the wipo region of our
work, below the E; gap, the DPI E;, E; + Ay contribu-
tion to the Raman tensor d is supposed to be real.!® For
the standard definition of the corresponding deformation
potentials and phonon displacements, this real contribu-
tion to d can be shown to be positive (this means that
the &,(w) increases along [111] for a positive sublattice
displacement along [111]). The sign of the displacement
of the hh states upon a positive sublattice displacement
corresponding to the LO and TO, phonons of the (311)
SL under consideration can be inferred from Egs. (7)
and (8), where D is to be taken as positive.! We assume
that the contributions to the susceptibility of hh2 — e2
transitions are excitonlike and thus can be represented
by a Lorentzian function L(w). Only its real part L, (w)
will interfere with real and positive background of the
E,, E; + A, transitions. We approximate the resonant
contribution to the scattering amplitude in the standard
way by

_ desz
T dw du ©)

where wp 2 represents the hh2 — €2 gap and u the pos-
itive sublattice displacement. The diagonal electron-
phonon matrix element dwp/du can be obtained from
Egs. (7) and (8) by reversing its sign (so as to take into
account that wp y is the conduction state energy minus
that of the valence state): the constant D is proportional
to the well-known electron phonon coupling constant dj
(see Ref. 1) and is thus to be taken as positive. Hence the
contribution W of Eq. (9) should have a sign opposite to
that of dL/dw, for either LO or TOy, (z,2'), or (v, ')
polarizations. The scattering amplitudes resulting from
the interference between the two mechanisms, with the
signs determined above, are shown schematically in Fig.
6. They represent remarkably well the phenomena shown
in Pigs. 4 and 5.

While the main features of these phenomena are ac-
counted for by this theory, some other details are worth
mentioning. First of all the possible resonance in the
LO3/TO; ratio observed near the spin-orbit split gap
sol — el (~2.2 eV, see Table II). In the bulk the DPI
resonance at this gap is barely noticeable,? a fact which
should also apply to GaAs since diagonal electron-phonon
matrix elements vanish at the sol band [this can be
shown for the split-off band, ie., (1/2,4+1/2) band in
the way followed in Sec. II]. The FI, however, has strong
diagonal matrix elements at any state for LO,,, with even
m {e.g., LO2). Hence the peak in the ratio LO3/TO; at
the sol — el gap.

Another striking fact is the large strength of the LO3
and TO3z modes relative to their m = 1 counterparts
close to resonance with the hh2 — e2 transition. This is
simply because the m=3 mode couples more strongly to
the n=2 envelope function than n=1. A similar phe-
nomenon has been observed for the Raman intensity
of acoustic phonons: in resonance with the hh2 — e2
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FIG. 6. Schematic diagram of the amplitudes' for Raman
scattering by IO and TO,s phonons in a GaAs/AlAs SL
grown along [311]. The scattering efficiencies obtained by
squaring these amplitudes represent rather well the results of
Figs. 4 and 5.

gap the folded LA3 modes are even stronger than their
LA, counterparts.'® Assuming perfect confinement to the
GaAs layers of both the phonon and electron envelope
functions, the electron-phonon matrix element of Eq. (3)
due to the DPI is given by*®

4n? sin T2
4n? —m? I LU S

.

M(m,n,n' =n)= ——— 2§, (10) 7

where § is a deformation potential constant. The scat-
tered intensities are proportional to the square of Eq.
(10), i.e., to

n=1n=2 )
m=1 0.72 0.46 ) . (11)
m=3 0.03 0.23

Equation (11) indicates that while the m = 3 mode is
20 times weaker than m = 1 at the n = 1 resonance, it
has as much as half the strength of m = 1 for the n =2
resonance. In the nonresonant case the ratio of intensities
is expected to be 12/3% ~ 0.11. The ratio of strengths of
the m = 1 and m = 3 modes (both LO and TO), shown
in Fig. 4 in the resonant region, is in excellent agreement
with these considerations.

VI. CONCLUSIONS

We have studied Raman resonance effects for GaAs-
like phonons in (311) GaAs/AlAs SL’s in the 1.9 — 2.7 eV
region which include the Eg + Ap gap and the hh2 — €2
transitions. Strong deviations from the selection rules de-
rived from the bulk Raman tensor are observed around
the hh2 — e2 transitions. They result from interferences
between a background scattering amplitude (stemming
from the E;, E1 + A; transitions) and the resonant con-
tribution of the hh2 — €2 gap confined to the GaAs lay-
ers. The relative sign of the interfering contributions has
been calculated and found to agree with the experimen-
tal results for both LO and TO,s phonons in the (z/,2')
and (y',y’) scattering configurations.
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