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We have observed very sharp lines in magnetoluminescence spectra of a GaAs-Al,Gai_As single
heterostructure under resonant excitation of 10-70 meV above the GaAs direct energy gap. More
than 14 lines were observed in both o and o~ polarizations, at magnetic fields as low as 0.6 T.
The spectral positions of these lines and their dependence on the magnetic field allow us to attribute
the strongest lines to optical transitions between electron and light-hole Landau levels with indices
from n = 2 to 15. The nonparabolicity of the bands and effects of the resonant electron-phonon
interaction were directly observed in the luminescence spectra. The energies of optical transitions
obtained for large Landau indices at low magnetic fields allow an accurate determination of band
parameters in the classical limit. The effective mass and g factors of the light holes are found to be
m}, = (0.078 £ 0.002)mo and gy}, = 30.7 £ 0.7 for a magnetic field along the [001] direction.

I. INTRODUCTION

An external magnetic field applied to a semiconductor
strongly influences the energy spectrum of free carriers
in the conduction and valence bands, producing a set of
Landau subbands with a quasi-one-dimensional disper-
sion law E(k.) in the direction along the magnetic field,
separated by the cyclotron energies Aw". Since the op-
tical transitions occur between appropriate Landau levels
of conduction and valence bands, magneto-optical mea-
surements provide important information about the ef-
fective masses of carriers and allow a set of band param-
eters to be obtained. Magneto-optical studies over the
past 30 years have produced some of the most accurate
values of the band parameters of elemental and AyByv
semiconductors.

The valence-band parameters of GaAs have been stud-
ied by different methods, such as magnetoabsorption,!+2
magnetoreflectivity,® cyclotron-resonance absorption,*
and recently by resonant magneto-Raman scattering.® In
spite of numerous magneto-optical studies carried out on
GaAs, the parameters obtained differ considerably even
when measured by similar methods. (See, for example,
the discussion in Ref. 6.)

Progress in GaAs molecular-beam-epitaxy-growth
technology over the past decade has enabled high-quality
GaAs crystals to be grown. Samples now available ex-
hibit very sharp (full width at half maximum ~ 0.5 meV)
resonances in a magnetic field, which allows one to study
the fine structure of interband magneto-optical transi-
tions due to band admixing, as well as to study in detail
the effects of the Coulomb and electron-phonon interac-
tion on the energy spectrum of carriers in a magnetic
field.

Recently, a new type of magneto-optical resonance in
the spectra of hot photoluminescence resonantly excited
at energies a few meV above interband' transitions has
been observed for a GaAs-Al;_,GaAs heterostructure.”
In this paper we present the results of a systematic study
of this type of resonance. The sharpness of peaks ob-
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served allows us to determine with very good accuracy
the energies of transitions between Landau subbands for
different values of the magnetic field. More than 14 lines
have been observed in both o+ and o~ polarizations with
widths as narrow as 0.5 meV. Deviation from linearity
vs H due to band nonparabolicity and resonant electron-
phonon interaction has also been noticed. The light-hole
effective mass and g factor as well as nonparabolicity
terms have been obtained from the data analysis.

The paper is organized as follows: In Sec. II we discuss
the experimental method and the samples on which mea-
surements were performed. In Sec. III the experimental
results are presented. Section IV contains the analysis
of experimental data. In Sec. V we summarize our re-
sults and make suggestions for future investigations. The
paper includes Appendixes in which details of the calcu-
lations are presented.

II. EXPERIMENT

In the present study we used two types of GaAs sam-
ples, both grown on undoped [001] oriented substrates.
Sample 1 was a 20-um-thick epitaxial layer grown by
liquid-phase epitaxy with an electron mobility of the
order of p ~ 10° cm?/Vs and electron concentration
Ny — N, = 7 x 102 cm™3 at 77 K. The same sam-
ple was used in our previous experiments.® Sample 2
was a single heterojunction (SH) grown by molecular-
beam epitaxy. Two micrometers of GaAs were covered
with 1000-A Ga;_;Al;As (z = 0.33) selectively doped
with Si at 360 A from the interface, so that a two-
dimensional (2D) channel with a surface concentration
of about n, = 2.2 x 101! cm~2 existed in the interface
region. The high quality of the interface was confirmed
by the large mobility of the 2D electrons (~ 10% cm?/Vs)
measured in this structure at liquid-helium temperature.
We believe that the existence of such a high-quality in-
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terface is essential for magnetoluminescence studies since
luminescence properties of semiconductors are usually
very sensitive to the surface quality. Resonant excitation
above the fundamental absorption edge creates carriers
close to the sample surface. A large density of surface
states causes fast nonradiative recombination of the pho-
tocreated carriers, which decreases the lifetime of elec-
trons in the crystal and leads to broadening of the elec-
tron states. In our case, the high quality of the inter-
face seems to suppress surface recombination, with the
corresponding narrowing of the luminescence lines and
enhancement of their intensities.

The data obtained on sample 1 (bulk GaAs) and sam-
ple 2 (wide buffer SH) are rather similar. No differ-
ences in energy positions and relative intensities of the
peaks were observed within the experimental accuracy;
however, the absolute intensities of magnetoluminescence
peaks were found to be one order of magnitude stronger
in sample 2, which also exhibited features with an ap-
proximately 30% narrower linewidth, due to the suppres-
sion of surface recombination. For this reason most of
the data presented below were obtained with sample 2.
One should expect in the magnetoluminescence spectra
of sample 2 also some features related to Landau lev-
els arising from 2D electron states confined in the region
of the interface. The comparison of resonance profiles
measured on both samples shows that peaks from bulk
Landau levels dominate. We attribute this to the large
width of the GaAs layer in sample 2. The bulklike states
are much less perturbed by the interface than the rather
localized 2D states which therefore have shorter lifetimes
and are suppressed under resonant excitation. For these
reasons we shall refer to both samples studied as GaAs
samples in the following.

The experiments were performed in magnetic fields of
H < 14 T with a sample temperature of about 5 K.
We used an Oxford Instruments 14/16T superconducting
magnet with a 52 mm bore diameter and field uniformity
better than 0.1% in the spherical volume of 1 cm®. Mag-
netoluminescence spectra in the range of 1520-1600 meV
were studied in backscattering geometry with the mag-
netic field applied perpendicular to the layer surface. To
realize resonant excitation conditions we used a tunable
Ti-sapphire laser pumped with a cw Art-ion laser. The
laser excitation power was restricted to less than 3 mW,
with a spot size of 0.5 mm? in order to decrease the ef-
fects of exciton-exciton interaction and prevent sample
heating. Most of the data were taken in Faraday geom-
etry in the z(cto)z and z(6~07)Z polarizations, i.e.,
the excitation and detection were performed in the same
circular polarization. For most of the measurements a
double monochromator was set as spectral band pass at
the energy of 2-5 meV below the laser energy. The lu-
minescence intensity was then measured as a function of
the magnetic field. A small hysteresis of about 20 mT
was found between scans with increasing and decreasing
magnetic fields at a rate of 0.6 T /min and this difference
was taken into account in the following data analysis.
To obtain the exciton ground-state energy, luminescence
spectra excited by the green lines of the Art-ion laser
were also studied in magnetic fields up to 14 T.
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III. EXPERIMENTAL RESULTS

Figure 1 gives the luminescence spectrum of sample 2
at zero magnetic field under excitation by the green lines
of an Ar™ laser. The bulk-exciton luminescence line at
the energy E;s = 1515.1 meV dominates the spectrum.
This assignment to the bulk exciton is in accord with the
literature value of E;5 =1515.01 meV (Ref. 8) and also
agrees with the results of our magnetoreflectivity study.
On the high-energy side of the 1S-exciton line an ad-
ditional feature at E,_, = 1518.2 meV was observed,
which corresponds to the exciton excited state (n = 2).
Some traces of bound-exciton complexes appear on the
low-energy side of the free-exciton line. The good reso-
lution of the n = 1 and n = 2 exciton lines and the low
intensity of the bound-exciton lines indicate the low con-
centration of structural defects and residual impurities in
our samples. The spectral positions of all luminescence
lines observed at H = 0 are consistent with those of the
bulk exciton recombination given in the literature.®

Figure 2 shows typical luminescence spectra taken at
magnetic fields between 6 and 6.8 T in small steps AH =
0.2 T under resonance excitation at E;, = 1583 meV. At
energies of a few meV below the laser energy a rather
narrow line is observed, with both its energy position
and intensity being strongly dependent on the magnetic
field. With increasing field, the line shifts rapidly towards
higher energies and its intensity increases by about two
orders of magnitude. The spectral position of such a lu-
minescence line has been found to depend only on the
magnetic field, while its intensity is mainly controlled
by its energy separation from the exciting laser energy
A = E; — Eg. With increasing A, the signal intensity
drops rapidly, and for A > 7 meV it is too low for reliable
measurements. When we set the monochromator at an
energy a few meV below the laser (in what follows, most
data were taken at A = E;, — Es = 2 meV) and measure
the luminescence intensity I(H) as a function of magnetic
field, a series of resonances is observed in the I(H) pro-
file. Figure 3 shows such profiles taken in the z(cto™)z
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FIG. 1. The spectrum of bulk luminescence of GaAs-
Gaj_5Al; As samples near the fundamental gap of GaAs taken
at H =0, T =5 K. Arrows show positions of the n = 1 and
n = 2 exciton terms and donor-acceptor pair recombination

(DAP).
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FIG. 2. Luminescence spectra of GaAs in z(o+ o)z con-

figuration for different values of magnetic field H for exciting
photons with E; = 1583 meV.

and z(c~o07)Z configurations at Eg = 1571 meV and
E; = 1573 meV. Sharp and narrow resonances start at
very low magnetic fields H < 1 T, with their intensi-
ties increasing up to 10* counts/s for H >5 T. These
peaks correspond to successive interband optical transi-
tions between Landau levels and occur whenever their
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FIG. 3. Magnetoluminescence profiles I(H) measured in
2(0~07)Z (dashed line) and z(c*o*)z (solid line) configura-
tions. Es =1571 meV, EL = 1573 meV, A = 2 meV. The
lower part (b) shows the low magnetic-field domain.
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energy matches with that of the spectrometer.

The large difference in peak positions for the two cir-
cular polarized configurations (large effective g factor)
indicates that light-hole levels are involved in the opti-
cal transitions observed.® To distinguish between reso-
nant luminescence and Raman-scattering contributions
we also performed measurements for different excita-
tion energies with the luminescence being detected at
a fixed energy (see Fig. 4). We found the positions of
the main peaks in magnetoluminescence spectra I(H)
to be independent of the laser energy and determined
only by the detection energy. The variation of the laser
energy only affects the intensity of the peaks observed
which decreases strongly with increasing energy differ-
ence A = E; — Eg between excitation and detection en-
ergies. On the high-field side of the magnetoluminescence
lines one can also see small peaks, which result from res-
onance in the excitation channel; these peaks occur when
the laser energy coincides with the energy of interband
transitions with a corresponding increase in the lumines-
cence background.

This method has allowed us to obtain a wealth of ex-
perimental information about the energies of magneto-
optical transitions in the region of 1525 meV < E; <
1595 meV. Even with low excitation power, P < 3 mW,
the typical intensities of the magnetoluminescence peaks
are of the order of 10 counts/s. At energies lower
than 1525 meV a strong background due to the exci-
ton ground-state luminescence disturbs the magnetolu-
minescence profiles. At energies around E, = 1590 meV
we observed a threshold where the intensity of lumines-
cence peaks decreases drastically (see Fig. 5). This be-
havior is more pronounced in the 2(c*tot)z geometry,
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FIG. 4. Magnetoluminescence profiles I (H) measured at
the same energy F, = 1577 meV, but with different laser
excitation energies Er. The energy separation A = E;, — Eg
is given next to each plot.
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FIG. 5. Magnetoluminescence profiles I(H) taken in

2(cToT)z geometry (solid lines, b — [, transitions) and
in z(0~07)z geometry (dotted lines, a;},, — an transitions)
for different detection energies Es. The plots demonstrate the
washout of magnetoluminescence resonances, when the opti-
cal transition energy becomes close to the magnetopolaron
threshold.

where an increase of the energy by only 3 meV prac-
tically leads to the disappearance of the magnetolumi-
nescence signal. When FEg increases, the larger index
peaks disappear before those with the smaller indices. In
the z2(rTo*)z configuration the threshold occurs at en-
ergies nf about F; ~ 1585 meV and in z(c~ 0~ )z con-
figuraticn at E; =~ 1590 meV. It will be shown later
that these values correspond to carrier energies about
1 LO phonon above the bottom of the conduction pand.
Fast energy relaxation due to emission of optical phonons
becomes possible in this case, producing a strong de-
crease in “hot-electron” populations and a broadening of
the corresponding levels. The intensity of the magneto-
luminescence peaks I{H) drops then by more than two
orders of magnitude, which makes the study of resonant
luminescence problematic. In what follows, we shall fo-
cus our attention on resonance behavior in the energy
region Eg, E;, < 1590 meV, where intense and narrow
peaks are observed.

As we have already mentioned, the small width of the
resonance peaks (for numbers n > 7 it is less than 0.02 T)
allows an accurate measurement of the transition ener-
gies between Landau subbands with large indices n. Fig-
ures 6 and 7 give the positions of dominant peaks in the
magnetoluminescence spectra I(H) measured at differ-
ent energies in z(cto1)z and 2(0c~ 07 )z configurations;
transition energies form well defined sets as a function
of magnetic field H. The upper parts of these figures
display the behavior of these “fan plots” in the region of
low magnetic fields. The lines in these figures represent
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FIG. 6. Fan plots of magnetoluminescence resonances in
z(ctot)z () (b — PBn, optical transitions) configuration.
The lines are fits with an expression quadratic in H of the
points in the low-energy range 1530 meV < E; < 1570 meV.
The positions of exciton ground states measured from lumi-
nescence spectra are shown by squares. The upper part (b)
shows fan lines at low magnetic fields.

quadratic fits with for energies below 1570 meV (for de-
tails of the fitting procedure see the next section). The
same figures also give the exciton ground-state energies
measured from luminescence with Ar*-ion laser excita-
tion. One can see that when H — 0 the sets of peaks in
both the 2(670 %)z and z(c~ 0~ )Z polarizations converge
to the same energy Eo ~ 1518 meV, which is close to the
direct gap of GaAs. Fan lines F(H) in both circular po-
larization configurations exhibit pronounced deviations
from parabolic behavior at energies around 1590 meV,
where resonant electron-LO-phonon interaction (magne-
tophonon resonance) becomes possible.!%!! These devi-
ations will be discussed in more detail in Sec. IV.

IV. DISCUSSION
A. Theory

The fundamental gap of GaAs occurs at the Brillouin-
zone center (I" point), where the states transform accord-
ing to the point group symmetry Ty. Including spin-
orbit coupling, the s-like conduction band transforms as
rg (J = -21;), and the triply degenerate p-like valence
band splits into bands transforming as I'{ (J = 3) or
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FIG. 7. The same as Fig. 6 but for 2(c” 0~ )Z geometry
(a: 42 = Qn, optical transitions).

I'% (J = 1) with the energy splitting Ag. The wave func-
tions of the electron states at I' (k = 0) can be written
in the Kohn-Luttinger representation'? as

u§ = Sa,
us = SpB,
(m; =3/2) ui= 2-12 (X +iY) e,
(m; =1/2) uy=i6"Y2[(X +iY)B—2Za], (1)
(m; = —1/2) u§=6"Y2[(X —iY)a+ 220,
(m; = —3/2) u§=i2"Y2 (X —iY) B,
where S, X, Y, and Z transform under Ty like atomic
S, Pz, Py, and p, functions, and o and S indicate states
with spin up and down, respectively.
In a magnetic field the bands are quantized into Lan-
dau subbands. There are two sets of Landau subbands

in the conduction band corresponding to different spins
o = a, § with energies

€5 = €g + hw§ (n+1>+h2k§+u gsoH (2)
= e —_ . B
o9 2 2m} €
and wave functions
e = uﬁya(r)tbn(r), oc=a,f,
(3)
1 . -
Ba(r) = Foxp s (hez + ko)) 0 (22

where wg¢ = eH/m}c is the cyclotron frequency, Ay =

(ch/eH) /2 the magnetic length, n the Landau level in-
dex, and ¢, (r) a harmonic-oscillator wave function.

The degenerate valence band I'§ forms four series (lad-
ders) of nonequally spaced levels |a;') and |b}), which
correspond for large n to light holes, and |a;) and |b;),
which correspond to heavy holes. Because of degeneracy
of the I'§ band at k& = 0 the external magnetic field mixes
the valence states even to zeroth order in H. For nearly
spherical bands and k, = 0, the problem was solved
by Luttinger,!® who also formulated a perturbation ap-
proach to the anisotropic problem. In this approach, the
problem reduces to the diagonalization of two 2 x 2 matri-
ces and allows an analytical solution. The valence states
decouple into two sets with energies (in magnetic units
s = heH/mgc)

1/2
eE(n) =mn—Li. + [('y'n — L3a)? + 3v"n(n — 1)]
(4)
for set a and
1/2
() =mn— L+ [(’y'n + L) +3y"?n(n — 1)]
(5)
for set b, with
_1 , 1 _ 1,
Lla_'z"Yl + 7y 2"3, Lo =m n+27,
(6)
_1 r, 1 _ 1,
le—2’71—7 +2I€, Lop =71 K—z'y,

where 1, 7/, 7", k are the Luttinger parameters describ-
ing the valence band of a cubic semiconductor in a mag-
netic field. The parameters 4’ and v” depend on the
direction of the magnetic field with respect to the crystal-
lographic axes. In the case H || [001] they are connected
with the Luttinger parameters 2 and <3 through the re-
lations 7' = 2 and " = (72 + 3)/2. For the definition
of 41, 2, and s see Ref. 13 and Appendix A.

The wave functions designated here by the index n are
combinations of n and n — 2 harmonic-oscillator states:

Uo* =az) = afuf (r)Pn—a(r) + a5 u§(r)@n(r),

™
W = [b2) = bEu(r) Baa(r) + bEUY(r) Bn(r).

The cyclotron frequencies wy for the light and heavy
holes in the classical limit (large n) are the same for holes
from the a and b sets and are given by

eH
w4 X m_oé I:’)’]_ + ('7'2 + 3’)’”2)1/2] . (8)

The Luttinger solution is linear in the magnetic field,
with the cyclotron masses of holes for large n depend-
ing only on the direction of the field with respect to the
crystal axes. This is due to the fact that in the Lut-
tinger scheme only states from the I'§ multiplet are cou-
pled by the magnetic field, while explicit coupling with
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other bands is neglected. This coupling was taken into
account by Pidgeon and Brown (PB),!4 who treated the
', T§ and I'§ states in an 8 x 8 k- p scheme. This
approach was developed further in the papers of Suzuki
and Hensel,'® Aggarwal,'® Weiler, Aggarwal, and Lax'”
and Trebin, Rossler, and Ranvaud.!® The authors of Ref.
18 analyzed the terms in the Hamiltonian in accordance
with the different symmetry classes and introduced terms
which occur, because of inversion asymmetry, in zinc-
blende semiconductors. The coupling with conduction
and spin-orbit-split bands leads to an additional mixing
of wave functions as compared with that described by the
Luttinger solution. As a result, a deviation from a linear
behavior with H occurs for electron and hole energies
(nonparabolicity) and some otherwise dipole forbidden
transitions become allowed. Effects of nonparabolicity
on the effective masses of conduction and valence bands
will be discussed in more detail in the next section and
in Appendix B.

Selection rules for the interband magneto-optical tran-
sitions follow from the mixed cyclotron orbital character
of the valence-band wave functions. In contrast to simple
bands, where transitions are allowed only between levels
with the same Landau indices ne = np, An = 0, the de-
generate valence bands of GaAs allow, even in the spher-
ical approximation, optical transitions with An = 0, —2.
The optical transitions allowed in the o, ¢~, and =«
(e; || H) polarizations can be summarized as follows:!°

lax) — |am), [bE) — [Bn); (o)
laX) — lan—2), [bF) — |Bn-2); (07) (9)

IGJ:) - lﬂn)’ |b7ﬂ:> - |/6n——2)a (m)

respectively. In Faraday configuration only transitions in
circular polarization are possible with the selection rules
An =0in ot and An = —2 in o~ polarizations.

There is some confusion in the literature concerning
the indexing of the valence subbands. Two schemes are
found. One, proposed by Luttinger, is used in Refs. 19
and 1. In this scheme, which we also use in our pa-
per, the valence-band wave functions have the form (7)
and are a combination of two oscillator wave functions,
with an index referring to the largest oscillator quantum
number n. The second scheme has its origin in the PB
approach and was used in Refs. 16 and 20. The PB ap-
proach is based on the diagonalization of an 8 x 8 k- p
Hamiltonian with the I'§, I'§, and '} wave functions as
basis. The main coupling occurs between levels n in the
conduction band, and levels (n — 1) and (n + 1) of the
valence band. The eigenvectors in this scheme are a com-
bination of conduction- and valence-band wave functions
where n refers to the conduction band. This leads to the
selection rules An = n, — n, = *1. The apparent dif-
ference in the selection rules is fictious and is connected
with a different scheme of indexing Landau levels in the
valence band arising from the different perturbation the-
ory schemes used.
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B. Data analysis

The behavior of the discussed magnetoluminescence
peak energies as a function of the magnetic field directly
indicates that these peaks arise from interband magneto-
optical transitions between different Landau levels in con-
duction and valence bands. The energy of an optical
interband transition equals the sum of gap energy ¢,
and the magnetic energies of the electron and hole par-
ticipating in the recombination process, reduced by the
Coulomb interaction between electron and hole,

emn(H) = g+ b (H) + €5, ,(H) — Ry, (H), (10)

where A = a*,b%,a7,b7; 0 = a, 3; magnetic energies ¢,
eh of carriers are energies of Landau levels with respect
to the bottom of the conduction band and the top of
the valence band, respectively, both being positive for
conduction- and valence-band levels; and R)%, (H) is the
energy of Coulomb correlations between electron and hole
involved in the optical transition.

The selection rules discussed in the preceding para-
graph allow transitions with n = m in ot polariza-
tion and n = m — 2 in o~ polarization. Using the re-
sults of magnetoabsorption studies,!*?2! the main peaks
in magnetoluminescence profiles have been attributed to
the transitions bf — (3, in the o% polarization and
at,, — ap in the o~ polarization. Between the main
peaks others with a much smaller intensity were also
seen, which probably correspond to optical transitions
bt,» — Bn and af — oy,. The position of these peaks
was measured with a much lower accuracy because their
shape is strongly disturbed by a background arising from
the main peaks. We will not discuss therefore their be-
havior, but rather focus our attention on the main peaks.

When analyzing the optical transition energies, correc-
tions to the electron-hole Coulomb interaction have to
be made. A general theory describing exciton states in
the intermediate range of magnetic fields is not available.
We estimated the exciton corrections using a quasiclas-
sical approach which was recently proposed to describe
Coulomb correlations for electron states with large Lan-
dau indices n (see Appendix C for details).

We are interested in the slope of the fan plots E,,, (H)
as a function of magnetic field H for different levels in-
volved in the optical transitions. We shall first use an
empirical description of the optical transitions and then
connect it with the band parameters of GaAs. We fit the
energies of optical transitions with the expansion

Emn =€ +€1H — 62H2. (11)

This description is based on Aggarwal’s analysis,'® who
considered the energies of magneto-optical transitions
within the framework of the 8 x 8 k- p model, and de-
rived expressions for the energies of the electron and light
holes by expanding the secular equation in powers of the
magnetic energies s = ieH/mgc. Except for corrections
due to Coulomb interaction, €; in expression (11) is the
gap energy at H = 0, ¢; is related to the reduced optical
mass, and € represents the sum of nonparabolic contri-
butions arising from valence and conduction bands.
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The energies of magneto-optical transitions were fitted
by the least-squares method in the 1530-1570 meV range.
To reduce the resonant polaron effects, only data below
1570 meV were taken into account. Parameters obtained
from the fit were found to be insensitive to the choice of
the high-energy limit up to £ =~ 1575 meV, where the
influence of magnetophonon resonance on the energies of
electron states becomes appreciable. The results of the
fitting procedure performed for the optical transitions in
o%t and o~ polarizations are displayed in Figs. 6 and 7 by
solid lines. From this fitting we obtained the coefficients
€0, €1, and ey for the transitions b} — 3, (2 < n < 10)
and for transitions a:: 2= an (1<n<09).

All the fan lines converge to the same energy ¢, within
1 meV for H — 0, (e increases monotonically from
1517.8 meV for transitions with low numbers n = 2 to
1518.5 meV for transitions with n > 5).

The linear coefficient €; = €5 + €' in (11) describes the
slope of fan lines for low magnetic fields (H — 0) and is
thus connected with the electron and light-hole masses
at k = 0. It can be expressed in terms of the electron
mass and Luttinger parameters, neglecting electron spin,
as follows:

1 1
€ = — (n + 5) + ex(m) ,

e

(12)

where m = n for the ot polarization and m = n + 2
for the o~ polarization and the ex(m) (A = a*,b%) are
given by Luttinger expressions (4) and (5).

The slopes €1(n) of the optical transitions bf — S,
and a; 42 — Qn are displayed in Fig. 8 as functions of
the index n. Their behavior is linear with n and, for the
optical transitions with indices n > 5, it can be described

OPTICAL TRANSITION SLOPE (meV/T)

T 717 7
8 9 10 11

3 4566 7
LANDAU INDEX n

o
N

FIG. 8. Slopes of the optical transitions 8e/0H at H — 0
as function of the Landau index n. The experimental data are
represented by o and e for % — 3, and o 4+2 — Qn optical
transitions, respectively. Lines are linear fits of the points
with n > 4.
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by the following expressions: for b, — @, transitions (o*
polarization)

€1(bn — Bn) = (3.242 n + 0.78) meV/T (13)
and for a,412 — oy, transitions (o~ polarization)
€1(ans2 — @n) = (3.246 1+ 2.54) meV/T .  (14)

The change of the slope €;(n) — €;(n — 1) in the limit of
large n is connected with the reduced cyclotron masses
of the electron and light hole

1 1

@in) —ein —1) =u =+ O
e

1
=_+71+(7/2+37//2)1/2_
Me

(15)

Equations (13) and (14) give us the value of the re-
duced mass ! = m7! + my! = 28.02mg!. Using
the electron effective-mass value m} = 0.0660mg, ob-
tained recently from cyclotron resonance with corrections
for nonparabolicity,?? we found for the light-hole mass
mn[H || (001)] = (0.078 & 0.002)mg, which is approxi-
mately 10% smaller than the previously reported values.®
We believe that the difference in band parameters in
comparison with other magneto-optical studies is mainly
due to our more accurate treatment of nonparabolicity
effects. The light-hole masses have been calculated re-
cently for GaAs using the five-level k - p model.?® These
calculations give the cyclotron mass of the light hole for
H | (001) as mp = 0.0755mg, which is in good agree-
ment with our result. The light-hole mass determined
in the present work is also more consistent with the pa-
rameters generally used in k - p calculations than other
data (see Appendix A). We have found that Coulomb
corrections to the interband transition energies decrease
rapidly with increasing Landau index n and with decreas-
ing magnetic field. For large numbers n > 4 and mag-
netic fields in the range of 1 T< H < 5 T these correc-
tions give a contribution to the slope OE/8H of less than
5%. We would like to note that neglecting exciton cor-
rections during the fitting procedure gives an even lower
value myp = 0.075my for the light-hole mass.

From the difference between the lines in Fig. 8 the opti-
cal effective g factor?* of the light hole can be determined
to be gin = 2(71 + 27 + 2k) = 30.7 + g*. This gives the
Luttinger parameter £ = (gin — 2/mun)/4 = 1.25 + 0.2,
which is consistent with the published value [x = 1.2+0.2
(Ref. 9)].

It can be seen in Figs. 6 and 7 that pronounced de-
viations from the fitted parabolic behavior occur at a
transition-energy threshold of around 1590 meV. This
bending of the fan lines is ascribed to resonant electron-
phonon interaction between the higher Landau levels n
and the n = 0 state. Whenever the energy difference be-
tween such electron levels equals the LO phonon energy,
an anticrossing occurs in the electronic structure with
the n state becoming clamped to the n = 0 ground-state
level for higher magnetic fields. Due to the small value of



1654

the Frohlich coupling constant ar in GaAs [ap = 0.065
(Ref. 9)], these anticrossings are usually hard to ob-
serve in interband magneto-optical experiments. Our
high-quality sample used allowed us to resolve resonant
magneto-polaron effects up to n = 9. Deviations of
the fan-plots from parabolic behavior in the vicinity of
magneto-phonon resonances are in good agreement with
a theory?® proposed recently for description of resonant
polaron corrections to the lower branch of Landau sub-
bands with arbitrary index n. We found that resonant
polaron corrections do not influence the slope of optical
transitions at H — 0, while they give a noticeable con-
tribution to the nonparabolic term €2 even at energies
lower than 1570 meV. Their contribution is about 20%
of the total nonparabolicity and was subtracted from ex-
perimental fan lines before fitting them with Eq. (11).
The corrections to the optical transition energies
quadratic in H can be written as (see Appendix B)

c\2 1h)2
= ) (16)
€z Elh

where €§ (el) is the contribution linear in H to the elec-
tron (hole) energy and €} and &, are effective parameters
with dimensions of energy.

Figure 9 displays the experimental values of e;/ ? and
those calculated with Eq. (16) for the a}, o, and b} 3,
transitions as function of the transition index n. The
electron mass m. = 0.0660mg was used to calculate
the conduction-band energy €. The hole energy e
was obtained from the experimentally measured value
€1 = €§ + €* by subtracting the conduction-band con-
tribution. The parameters €} = 1.31 eV and e};, = 0.47
eV were calculated with k - p theory (see Appendix B).
The theoretical values describe the observed band non-
parabolicity reasonably well. It follows from the k-p the-
ory (see Ref. 1 and Appendix) that the coefficients e5(n)
and €f(n) which describe the nonparabolicity increase

1.2
1.0
|
N\
S os
>
()]
£ 0.6
N
N
= 0.4
N
W

o
N}

0.0 1 1 | | 1
0 2 4 6 8 10

LANDAU INDEX n

FIG. 9. Nonparabolic coefficients e;/ % as a function of
Landau index n for 5% — B, (e) and a},, — an (o) opti-
cal transitions. The lines display results of calculations with
effective two level parameters ez = 1.31 eV and ¢f}, = 0.47 eV
(see text for details).
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quadratically with the transition index n. This leads
to an approximately linear increase of /% with n. Such

a behavior is consistent with experimental observations.
Expression (B7) also satisfactorily describes the larger
nonparabolicity observed for the a,4oc, set of transi-
tions with respect to the b,/3, set, arising from a larger
hole contribution to the transition energy €2,, > €.
However, the nonparabolicity observed is systematically
15-20 % stronger than the calculated one. A somewhat
better fit can be achieved with the parameters €} ~ 1 eV
and €}, = 0.41 eV. It is interesting to note that an em-
pirical fit of the cyclotron resonance data also gives a
value for €} lower than 1.31 eV (e} ~ 0.98 eV from Ref.
23), which is consistent with our findings. We also men-
tion that at energies 1.53 eV < Eg <1.57 eV, where most
data were taken, the nonparabolic corrections to the elec-
tron and hole magnetic energies are much smaller than
in typical magnetoabsorption experiments!:?! where the
energies up to 1.7 eV were used in determination of band
parameters. The influence of these corrections on the
transition energy is thus much lower in our case than in
previous studies.

Another advantage of the present measurements as
compared to previous magnetoabsorption studies of
GaAs (Refs. 1, 2, and 21) is that the main information is
obtained from optical transitions corresponding to large
Landau indices n > 5 where quantum-defect corrections
to the hole mass are small and the light-hole mass ap-
proaches its classical value. Under such conditions cor-
rections due to Coulomb interaction are strongly reduced.
This makes the uncertainty in the estimation of exciton
corrections smaller than in previous studies.

The method presented here has the potential to yield
similar high-precision results in other bulk and mi-
crostructured semiconductors. We have in fact ob-
served similar magnetoluminescence resonances in InP

and CdTe.
V. CONCLUSIONS

The energies of interband magneto-optical transitions
between different Landau subbands were investigated
by studying the magnetoluminescence spectra of GaAs
under resonance laser excitation. The luminescence
efficiency was increased through the use of a GaAs-
Al,Ga;_,As single heterojunction with a high-quality
interface which results in suppression of surface recombi-
nation. The observed resonances of the luminescence in-
tensity give very precise information on the energy spec-
trum of carriers in a magnetic field. The effects of elec-
tron and light-hole band nonparabolicity and resonant
electron-phonon interaction have been directly seen in
our measurements. As a result of the data analysis,
the light-hole mass and g factor have been obtained as
well as coefficients for the nonparabolicity of the light-
hole band. The light-hole mass has been found to be
my, = (0.078 £ 0.002)mg, 10% smaller than previously
measured values but in good agreement with recent cal-
culations and consistent with parameters used in k - p
calculations.
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APPENDIX A: COMPARISON
WITH k- p BAND CALCULATIONS

It is interesting to compare the results of our measure-
ments with band parameters used in k - p band calcula-
tions. The shape of the I'§ valence band of GaAs around
k = 0 is given by?6

B(k) = AR & [B?k* + C (k2K2 + k2K2 + k2k2)]/%

(A1)
where
A= %(F+2G+2M) -1,
1
B=z(F+2G-M), (A2)

C’2=%[(F—G+M)2—(F+2G—M)2].

Here F represents the interaction between I'Ys and I'§
bands separated by the energy gap €y = ¢, coupled with
the matrix element P:

E, 2P?
€ €

F= (A3)
M represents the interaction between I'Y5 and I'$; bands
coupled by the matrix element Q

2
mM=Fe___Q

& T 2By3 (A9

with € = € + 2A(/3 being an effective € gap.

G represents the interaction between I'Y; and I,
bands and is relatively small in GaAs because of the large
energy separation between these bands.

The values A, B, and C are connected with Luttinger
parameters through the relations!®

’)’3=%(F—G+M).
(A5)

The signs in the above expressions are taken to make the
parameters A, B, and the Luttinger parameters positive.

The equations above can be resolved with respect to
parameters F', G, and M expressed in terms of Luttinger
parameters 73, 2, and 73 as

1
71=A7 ’)’2=§B,

M=v-2y+1, (A6)
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3
G=§(’)’1+72—3’73+1), (A7)
F =~ +4v - 2G. (A8)

Term C in (Al) is responsible for the anisotropy of the
valence band C? = 12(v3 —+3). In the case of small
anisotropy |y3 — 72| < <2 the following expressions can

be derived for heavy- and light-hole cyclotron masses for
H || (100):

_ 3
mi=A- VB IO~ M+ 261, (A9)

- 2
mlh1=A+\/B2+C2/8=§F+ %M+ §G—1

(A10)
and for H || (111)

mih = A~ VBT O in sM+2G 1, (A1)

2 .5 7
my! = A++/B2+C%/4 = 3F+sM+5G-1
(A12)

It follows from the symmetry of the bands involved and
from Egs. (A9)-(A12) that F does not couple the con-
duction band with the heavy-hole states and the heavy-
hole mass is totally controlled by M and G.

The parameter F' appears only in the expression for the
light-hole mass and thus expression (A10) can be used to
estimate F and check the consistency of P2 with the value
determined from conduction-band parameters. This es-
timate can be made by fixing the heavy-hole mass to its
experimental value® and adjusting P to obtain agreement
with the determined-light hole mass.

From my, = 0.078mp, the matrix element P describ-
ing the coupling between I'{ conduction and I'{5 valence
band can be estimated (Ep = 2P% = 25 eV). This value
is much closer to estimates from conduction-band param-
eters [Ep = 26 eV (Ref. 27) and Ep = 27.9 eV (Ref. 23)]
than that obtained from a previous set of valence-band
parameters (the set of Luttinger parameters from Ref. 9
leads to Ep = 2P? = 22 eV).

APPENDIX B: BAND NONPARABOLICITY

The solution of the Luttinger 4 x 4 Hamiltonian is lin-
ear in the magnetic field with the wave functions of a*
and b* hole states dependent only on Landau quantum
number and the direction but not the magnitude of H. A
deviation from linear behavior on H occurs when higher-
order terms in the expansion of (k) are included. It is
convenient to describe band nonparabolicity by an effec-
tive two band expression

e=¢; (I—Z—i), (B1)
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where ¢; = h2k2 /2m* is the energy calculated in a
parabolic band approximation, with m* being the effec-
tive mass of the electron (hole) at the bottom of the band,
and €* a parameter with the dimension of energy. This
expression is connected with the conventional treatment
of band nonparabolicity:28

272
e(k):hk

2m*

+ apk? (B2)
through the relation e* = —h*/4(m*)2ay.

Nonparabolic corrections to the cyclotron masses of
electrons and holes have been considered in Refs. 19 and
16 within the framework of an 8 x 8 k - p matrix. For
the quadratic corrections in H the following expressions
were derived for conduction and light-hole bands:

2 2
* 3 4Ap +2A3% /¢
sg=<1_me) (ei)g[ eo + 400 + o/o],

mo (g0 + Ao)(3eo + 2A0)
(B3)
lh _ Eq + 2A0
= Ay @) (B4)

where €5 and €' are terms linear in H.

The expression for the conduction-band nonparabol-
icity was recently improved?® in order to include cou-
pling between I'f and I'{; conduction bands represented
by the matrix element P’. The following expression was
obtained for the term agk?:

P4 P2 Q2 PIZ
o (Fwom)
P/ZQZ
% / % 2
E§ (Eo* — Ep)

Qo =
(BS)

where E} and Eg* are average gaps, Ef = Eo + Ao/3 =
1.631 eV, and Ey* = E}y + 2A}/3 = 4.602 eV. With pa-
rameters for GaAs taken from Ref. 27 we find from Egs.
(B4) and (B5) e} = 1.31 €V and &, = 0.47 eV.

The total nonparabolicity for the optical transitions
can be written as

c )2 lh )2
mn __ (elm) (el,m B6
° 2 - eh (B6)
In the classical limit of large n > 1 (B6) can be written
as

2
EPn = (n + %) (huwe)?

2 2
1+ (—m—e) Ze (———m+1/2) } (B7)
Mih Eh \n+1 / 2
with m = n for An =0 and m =n + 2 for An = —2 op-
tical transitions. This approximate expression describes
quite reasonably the observed dependence of experimen-
tally measured nonparabolic coefficients e2(n) on the
transition index n and also the difference in nonparabol-
icity between b, — B, and an4+2 — an sets of transi-
tions (see Fig. 9); the observed nonparabolicity, however,

X
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is 15-20 % stronger than that calculated with equations
and parameters above.

APPENDIX C: COULOMB CORRECTIONS

The Coulomb interaction between electrons and holes
decreases the energy of interband optical transitions and
has to be taken into account. The calculations of the ex-
citon binding energy are based on the adiabatic approx-
imation which assumes that motion along the direction
of magnetic field is slow compared with that in the zy
plane perpendicular to the magnetic field. For the exci-
ton ground state this requires that 3 >> 1,39 where 24 is
the ratio of the cyclotron hQ = heH/uc to the Coulomb
binding energy R = ue/2h2ky, i.e.,

koh*H
pu2edc

B = ) (C1)

where u = memy/(me +my,) is the exciton reduced mass
and ko the dielectric permittivity. Using for the relative
motion a wave function of the form

U(p, 2) = (2m)"/2eM9R(p, )W (2) , (C2)

one can obtain after separation of variables two differen-
tial equations

h_2 _12 3+M2+ o’ +M
2u popap PP ANy Y

2

—’%(71:2)1—/2] R(p,z) = V(2)R(p, 2),

(C3)

( LA V(z) - sy) W(z) =0. (C4)

2u dz?
Here V(z) is a one-dimensional potential describing the
relative motion of the electron and hole along the mag-
netic field direction, with ¢, being the exciton binding en-
ergy, and W (z) the wave function of this relative motion.
V(2) can be found from perturbation theory by using the
Landau wave functions of free carriers as zeroth-order ap-
proximation. Perturbation theory gives satisfactory ac-
curacy only for very high magnetic fields 8 > 1, while
the adiabatic approximation itself is already valid for not
very large 8 > 1.31
For excitons formed from higher Landau levels the
binding energy depends on the magnetic field and Lan-
dau quantum number mainly through the effective Lar-
mor radius of the exciton L} = A% (n,+|M|+1).2! Here
the radial quantum number n,, is related to the Landau
level number n and exciton magnetic number M through

M|+ M
+ 3 .
This allows one to estimate the binding energy of an exci-

n=n,

(C5)
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ton with a large quantum number 7 through the binding
energy of the n = 0 state by means of the expression

5ex(n, /6) = Eex(oy ﬂ*) s (CG)
where
s H
7= rE Y ()

We have to note here that expression (C7) was deduced
for parabolic bands. In semiconductors with degenerate
bands one has to deal with a system of hole subbands
which are characterized by different values of magnetic
momentum and different longitudinal effective masses.
The one-dimensional potential obtained from Eqgs.
(C3) and (C4) will be strongly dependent on the wave
function admixture and will be different for a* and b*
states even with the same Landau number.3! To use ex-
pression (C7) in such a situation, we have to use dif-
ferent dependencies for the lower (n = 0) transition for
a*, b% hole ladders with corrections for the change of the
longitudinal hole mass in each set. All this makes the
procedure very complicated.

The situation simplifies drastically for the exciton
states with large Landau indices n > 1. Gantmakher
et al.32 have shown that in this case the quasiclassical
approach is valid, so that the problem can be solved ana-
lytically even for intermediate magnetic fields. They have
also shown that the criterion for using the adiabatic ap-
proximation in this case is less strict, namely Gn > 1.

The asymptotic potential V(2) describing the one-
dimensional motion was found to be in the quasiclassical
approximation
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2e2 p2_p2 1/2
V(z) = — — WK[( g_z;) ;
Ko (p3 + 22) P2

(C8)

where K is the elliptical integral of first kind and the
turning points p; and py are given by

o=k {on-M+1F[@n+1)Cn-M+ 12}

(C9)
For n > M the ground-state energy of an exciton with
quantum numbers n and M was found to be32

€ = hQn — (|M| +vM)/2]

B2 ( Tak
In—2- +1-— c) ,
pagpem \© 2562

where o = h2k/p*e? is the exciton radius, v = (m} —
m},)/(mi+m}), and C = 0.5772... is the Euler constant.

Using for large m the longitudinal light-hole mass
min = 71 + 272 (Ref. 33), the estimate of Coulomb cor-
rections to the energy of magneto-optical transitions can
be made in a straightforward manner.

Coulomb corrections decrease rapidly with increasing
Landau index n and with decreasing magnetic field. For
large numbers n > 4 and magnetic fields in the range
of 1 T< H <5 T these corrections give a contribution
to the slope OE/OH of less than 0.7 meV/T. This is
small in comparison with the values 0E/0H ~ 15 — 35
meV /T typical for transitions with n = 4 — 10. We note
that neglecting exciton corrections during the fitting pro-
cedure gives for the light-hole mass even a lower value
min = 0.075my.

(C10)
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