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Resonant Raman Scattering by Phonons in a Strong Magnetic Field: GaAs
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We have measured Raman scattering by LO phonons in GaAs in a magnetic field (< 12.8 T) at 10 K.
The intensity displays Landau-level oscillations. This effect shows promise as a modulation technique for
the investigation of interband magnetoabsorption. As an application we have studied the nonparabolici-
ty of the I'y conduction band of GaAs for energies up to 0.4 eV above its bottom. Standard k-p expan-
sions, including the I'; and I'ys conduction and the I'js valence bands, cannot explain the observed disper-
sion. It can be explained by inclusion of interactions with higher bands.

PACS numbers: 71.25.Tn, 78.20.Ls, 78.30.Fs

Resonant Raman scattering by phonons near the
lowest direct edge of zinc-blende-type semiconductors
(E¢) has been profusely studied in the past twenty
years.! These studies include GaAs % and GaAs-based
superlattices.** Here we investigate this phenomenon
for GaAs in the presence of a magnetic field. Strong os-
cillations are seen which correspond to interband transi-
tions between Landau subbands, a fact which em-
phasizes the modulation-spectroscopy aspects of resonant
Raman scattering.® We can follow these transitions to
energies higher than in any previous experiments.”®
This fact enables us to perform a precise study of the
nonparabolicity of the I'y conduction band. The ob-
served peaks cannot be fitted with a five-band k- p model.
However, this deficiency can be easily corrected by the
introduction of a diagonal term in the Hamiltonian pro-
portional to k 2 which should correspond to the sum of all
interactions between I'j and remote higher bands. This
term is related to the constant C= —2 introduced by
Hermann and Weisbuch® and also in more recent publi-
cations. '-13 By lumping this constant C together with
the interaction with the I'js conduction band, we obtain a
new diagonal constant C* which must be made equal to
—3.2%0.2 in order to fit the observed magneto-Raman
resonances.

The measurements were performed on high-purity
(100) surfaces of GaAs prepared by liquid-phase epi-
taxy. The samples are n-type with N, =7x10'2 ¢cm ~3
and mobility =103 cm?/V-s (T'=77 K). As incident
light we used several lines of the Art and Kr ion lasers
and a DCM (4-dicyanomethylene-2-methyl-6-p-dimeth-
ylaminostyryl-4 H-pyran) dye laser (Coherent Radiation
Inc. model No. 590) pumped with a cw Ar™t laser. A
SPEX Industries Inc. double monochromator was set at
a fixed frequency corresponding to the light scattered by
the LO phonon (Stokes shift of 294 cm ~!) for each in-
cident laser line. The slits were kept wide open, with a
spectral slit width of 9 cm ~'. The detector was an RCA
photomultiplier model No. C31034A with photon count-
ing electronics. The maximum field provided by our
split-coil superconducting magnet (Intermagnetics, mod-

el No. SO-9068) is 12.8 T. For each laser frequency the
scattered intensity was measured in the Faraday
configuration with B along the [001] crystal direction
and é;, és (incident and scattered polarizations) parallel
to [100] and also with é.11[100] and é51I[010]. Measure-
ments with circularly polarized light are planned for the
future.

Typical data are shown in Fig. 1 for the laser photon
energy hw; =1.769 eV. The values of n, the Landau
quantum number of the conduction electrons associated
with each maximum, were determined as discussed
below. We note that integer values of n usually corre-
spond to maxima although n» =18 has been assigned to a
minimum. The Landau oscillations of Fig. 1 are super-
imposed on a rising background. This effect is possibly
related to the magnetic-field-enhanced scattering by LO
modes reported by Gammon, Merlin, and Morkog'* for
superlattices. Whether an integer value of n corresponds
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FIG. 1. Magneto-Raman resonances for scattering by LO

phonons in GaAs with the magnetic field in Faraday
configuration. The n’s indicate the Landau quantum number
of the corresponding conduction subband.
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to a maximum or minimum of the oscillations depends
on the phase of the resonant part of the Raman suscepti-
bility relative to the background. A detailed study of
these interference effects, which requires the separation
of the Raman susceptibility into Frohlich and deforma-
tion-potential contributions,' will be published at a later
date.

The maxima observed for eight different laser frequen-
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where the gap Eq=1.520 eV, E§ =Eo+Ao/3=1.631¢V,
my is the free-electron mass, mJy the effective mass of
the electrons at the bottom of the I'; band, C* a dimen-
sionless constant to be discussed below, and mf} the
nearly n-independent mass of the heavy holes. We took
for the plot of Fig. 2 m¥ =0.0665n¢ and mpy, =0.48my
(from Landolt-Bornstein Tables'’) and also C* = —3.2
as representing the best fit to the experimental data.

It is apparent in Fig. 2 that the theoretical lines ex-
plain most of the observed peaks. Those which do not
fall on one of the lines usually fall halfway between
them, a fact which suggests that in this case the frequen-
cies of Eq. (1) correspond to a resonance minimum. Ina
few cases, especially at high fields (see peaks 11-13 in
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FIG. 2. Position of the maxima observed in spectra such as
that of Fig. 1. The lines were calculated with Eq. (1) for
C*=-3.2

cies are plotted in Fig. 2 versus magnetic field. We have
also plotted in this figure (solid lines) the energies of the
transitions between the heavy-hole Landau subbands and
the conduction bands for the same value of n (note, how-
ever, that the selection rules require'® either An =0 or
An =2; separation of these two cases should be possible
with circular polarizations). The energies of these tran-
sitions were calculated with the expression '®
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Fig. 1), the peaks split into several components most of
which can be identified as related to An =2. One should
also keep in mind that structures in the Raman suscepti-
bility are also expected if we replace w; by the scattered
frequency ws in Eq. (1) [outgoing resonances; those of
Eq. (1) are incoming resonances]. The outgoing reso-
nances should be out of phase with the incoming ones
and one of the latter for a given n should occur close to
one of the former with a 2 to 4 units smaller n. Thus,
beatings between incoming and outgoing resonances may
result. They are probably responsible for the weakness
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FIG. 3. Landau number of experimental peaks as deter-

mined from Fig. 2 plotted vs B ! for the eight experimental
laser frequencies. The lines were calculated with Eq. (1) for
C*=-32
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of the structures 18, 12, and 13 in Fig. 1.
study of these effects in on the way.

Figure 3 displays the values of B ™! (x axis) vs n (y
axis) as calculated with Eq. (1) for eight values of Aw,
used in our experiments. It follows from Eq. (1) that
these plots must be linear and converge to n=— %+ for
B— oo. The experimental points plotted in Fig. 3 fall on
the calculated lines for integer values of n, with the ex-
ception of a few which had to be assigned to half-integer
n’s as already pointed out above. In order to obtain the
good correspondence between the experimental points

A detailed

and the calculations it is necessary to take C*=—3.2
+0.2 in Eq. (1). We note that similar values of C* are
required to explain the peaks observed with piezore-
flectance in Ref. 8 for n> 6 (no detailed calculations
were given in Ref. 8 for GaAs, probably because of this
difficulty).

The need to include C* in Eq. (1) in order to explain
our data, especially those for large A w; is best illustrat-
ed in Fig. 4 where we have plotted m.* versus the energy
above the bottom of the conduction band Ef found by

| simultaneously solving the equations
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The effective mass m* =mJ (E¢) was obtained with the
equation '

1 _ ¢ dor _ 1 dEr

mX eB dn hk dk’ 3

with use of Eq. (1) for the dependence of hw; on n.

Two such plots are given, one for C* = — 3.2 (the value
of Figs. 2 and 3) and the other for C* =0. The plot for
C* = —3.2 can be considered as an experimental deter-

mination of m. for the eight values of Ef corresponding
to the Aw;’s used in our measurements (see vertical ar-
rows in Fig. 4 and also Fig. 3). Deviations can be seen
for values of C* which differ from —3.2 by more than
+0.2. Hence we take this to be the error bars of our ex-
perimental determination (C*=-—3.2%0.2). The
dashed line in Fig. 4, obtained for C* =0, shows a non-
parabolic increase in m. which is nearly half that found
in the present work. We have also included in Fig. 4
several other experimental values (points) of mS ob-
tained in doped materials for different Eg’s.!® They
scatter around the solid line calculated for C* = —3.2
and deviate considerably from that for C* =0.

It is not a priori obvious that the effect of C* on the
Landau levels can be treated as in Eq. (1). Actually C*
must be first included as a diagonal term in k2 in the
4x4 Hamiltonian for B=0 [Eq. (2)] and then the effect
of the magnetic field must be treated by our solving eight
coupled differential equations. It is easy to show, howev-
er, that C* can be included as in Eq. (1) for large values
of the Landau quantum number n. C* contains a contri-
bution from the lowest I'js conduction bands, which is
often treated separately,® '"!3 plus another, labeled C,
from all other bands. The I'}5s contribution has been es-
timated to be equal to —1.9,°"!2 and —1.'%!L13 Egti-
mates for the C contribution are —2,%!01213 4pd
—1.9.'" This leads to values of C* between —3 and —4
which are in agreement with our result.

We note that a nonparabolicity above that predicted
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by the standard k-p two- or four-band model has been
also observed for the L; conduction band of germanium
in magneto-piezotransmission experiments near the in-
direct edge.'” The observed effect can be explained by
the introduction of a constant C* = — 2.6, rather similar
to the one discussed here.

In GaAs there is a second direct gap labeled E¢+Ag at
1.86 eV (4 K). Magneto-optical oscillations associated
with this edge have been observed in piezoreflectance ex-
periments. % They have not been seen in our work, a for-
tunate fact which enables us to observe the E oscilla-
tions to higher frequencies than in previous works. The
failure to see Eo+Ap can be explained by the absence of
diagonal matrix elements of the deformation potential at
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FIG. 4. The solid line depicts the electron mass obtained
with Eq. (1) for C* = —3.2 vs energy Ef above the bottom of
the conduction band. Because of the excellent fit in Fig. 3 this
curve represents experimental values at the eight Ef’s given by
the vertical arrows. The dashed curve was obtained with Eq.
(1) for C*=0. The data points correspond to other deter-
minations of m* from Ref. 18,
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the Eo+A¢ gap.! For the Frohlich coupling the explana-
tion can be sought in the fact that the scattering
efficiency is proportional to'

[1/mX —1/m}13, 4)

where mS =0.0665m¢ (Eg=0) and mj; =0.48m, for
heavy holes and 0.15m¢ for the split-off hole band
(Eo+A gap). Equation (4) gives for the E, edge a
scattering efficiency 2.5 times larger than for the split-off
band.
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