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Cyclotron resonance of conduction electrons in GaAs at very high magnetic fields
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~Received 10 February 1997!

Cyclotron resonance of conduction electrons in GaAs was measured at a photon energy of 224 meV in
magnetic fields up to 500 T produced by an electromagnetic flux compression. Cyclotron resonance and the
corresponding transitions between donor states~magnetodonor transitions! were resolved at fields of about 190
T. The free-electron cyclotron resonance was successfully described by the five-levelP•p model of band
structure, which confirms the validity of the model up to 370 meV above the band edge. It was demonstrated
that the sping value goes through zero and changes sign as a function of magnetic field. Resonant and
nonresonant polarons were included in the theory and it was found that the Fro¨hlich polaron coupling constant
a50.085 gives the best fit to the data. The experimental results of the magnetodonor transitions were analyzed
and well accounted for by an effective two-levelP•p model.@S0163-1829~97!07120-8#
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I. INTRODUCTION

The structure of the conduction band in GaAs has b
investigated for many years.1–6Although GaAs is a medium
gap material, its conduction band exhibits pronounced n
parabolicity, which results in the energy dependence of
effective mass and the sping factor. Experiments at high
magnetic fields have revealed a spin doublet in the cyclo
resonance~CR! of conduction electrons. The doublet is du
to energy dependence of theg factor, so that the spin-up an
spin-down transitions do not have the same energy. The d
blet splitting is observed also for the corresponding tran
tions between donor states~magnetodonor transitions!. It has
been shown theoretically4–6 that the three-levelP•p model,
which is valid for narrow-gap materials InSb and InAs,7 is
not sufficient for GaAs. The reason is that the fundamen
gap in GaAs is not really small and, as a result, the inter
tion of the conduction level with higher conduction leve
may not be neglected. Thus, a five-level~5L! model is
required.8

In our previous work, we studied CR at the laser ene
of 130 meV~a magnetic field of about 80 T! and the electron
energies involved were around 185 meV.10 In this work, we
study CR spectra for the photon energy of 224 meV at a fi
of about 190 T. To analyze the very-high-field data we
clude theP•p interaction with far bands~up to the second-
order perturbation!, which provides an adequate descripti
not only for the conduction band of GaAs, but also for
valence bands.9 The very-high-field data presented in o
paper test the validity of the theoretical 5L model up to t
energies of 370 meV above the conduction-band edge~the
energy of the upper Landau level!, whereas transport exper
ments and the free-carrier reflection probe the energies
exceeding 200 meV above the edge.8

Another interesting aspect of our studies is the beha
of the sping value. At the band edge of GaAs the Lan´
factor is very small:g0*520.44. It is predicted theoretically
that it should go through zero and change sign as a func
550163-1829/97/55~20!/13598~7!/$10.00
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of magnetic field. Our experiments show that this is inde
the case.

It has been shown before that one cannot describe
conduction electrons in GaAs without including resonant a
nonresonant polaron effects, related to the interaction
electrons with optical phonons.8,11 Our paper addresses
somewhat controversial issue of the strength of this inter
tion in GaAs.

High magnetic fields are also of importance in the inve
tigations of donor states since they allow one to reach la
values of the parameterg5\vc/2 Ry* , which measures the
relative strength of magnetic and Coulomb interactions.12 In
our experimentsg has the value of 27.3, never before a
tained for GaAs.

The present experiments have become possible due to
recent advances in high magnetic-field technology.13 Our pa-
per begins with a description of the experimental techniq
using the electromagnetic flux compression, which gener
the fields up to 500 T. We then present experimental res
on CR in GaAs and their theoretical description. Finally t
results of the magnetodonor transitions are discussed.

II. EXPERIMENTS

High magnetic fields were produced by an electrom
netic flux compression.13–15As shown in the inset of Fig. 1
we employ a single-turn primary coil and a liner, which a
set coaxially. When we supply a large pulse current of
order of 4 MA to the primary coil from a capacitor bank of
MJ ~40 kV!, a secondary current is induced in the liner in t
opposite direction and the repulsive force between the
currents rapidly squeezes the liner. By this squeezing mo
of the liner we compress the initial magnetic flux and obta
a very high magnetic-flux density when the diameter of
liner becomes sufficiently small. Figure 1 shows typical e
perimental traces for the primary current and the magn
field produced by this method. Using a liner with the initi
diameter of 150 mm, the thickness of 1.5 mm, and the len
13 598 © 1997 The American Physical Society
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55 13 599CYCLOTRON RESONANCE OF CONDUCTION ELECTRONS . . .
FIG. 1. Wave forms of the primary curren
and the magnetic field produced by the electr
magnetic flux compression method. The tim
scale is changed att550ms to demonstrate the
important part with an expanded scale. The ins
shows the coil system of the electromagnetic fl
compression.
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of 55 mm, high magnetic fields up to nearly 500 T are p
duced reproducibly. Although the rise time is rather short
the order of severalms, we can obtain clean data of th
cyclotron resonance, as shown below.

We employed a CO laser as a radiation source, wh
produces an infrared radiation at a wavelength 5.527mm
with a power of about 500 mW. To detect the change of
transmission through the sample during the very short p
field we used a HgxCd12xTe detector, operated at 77 K, to
gether with a fast preamplifier. The signal was transmitted
a recorder through a fiber optics after an electro-optic c
version.

Two GaAs samples were investigated. SampleA was
grown by molecular-beam epitaxy to a thickness of 2.5mm,
and it had a carrier concentration of 1.031017 cm23. Sample
B was grown by liquid-phase epitaxy, and its thickne
carrier concentration, and mobility were 10mm,
1.531016 cm23 and 1.03105 cm2/V s at 77 K, respectively.
Both samples have a growth direction in the@100# orienta-
tion and we applied magnetic field in this direction. T
sample temperature was controlled from room tempera
down to about 6 K using a disposal flow-type cryostat, and
was measured by a AuFe–Chromel thermocouple. The m
netic field was measured by a pick-up coil wound around
sample.

Figure 2 shows the time dependence of magnetic fi
during the pulse and the corresponding optical transmis
of GaAs ~sample A! for the laser wavelength 5.527mm
(\v5224 meV). Although the rise time of the field is rath
short, we can resolve three peaks at the fields of around
T. Plotting the transmission at different temperatures a
function of magnetic field we obtain the traces shown in F
3 for the two samples. At higher temperatures one can
three peaks. This is somewhat puzzling since at the lo
photon energy of \v5130.5 meV four peaks were
observed.10 As shown schematically in Fig. 4, the two pea
at higher magnetic fields~corresponding to lower energies
a constant magnetic field! are due to the free electron C
transitions 06→16, whereas the two peaks at lower field
-
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~higher energies! are related to transitions between the as
ciated donor levels: (0006)→(0106) ~in the atomic nota-
tion: 1s6→2p6!. At lower temperatures only the dono
transitions are usually observed because of the freeze
effect, at higher temperatures the free-electron transitions
the dominant absorption mechanism.

The traces shown in Fig. 3 exhibit only three peaks~in
spite of larger level separations at higher fields!, as compared
to the data of Ref. 10 due to an accidental coincidence of
free electron CR peak 01→11 and the donor peak
(0002)→(0102), which are schematically shown in Fig. 4
This conclusion is confirmed by the theoretical analysis p
sented below.

It should be noted that the spin-down transitions~for both
free electrons and donors! have stronger intensity than it
spin-up partners. This is because theg factor at very high
fields is positive for bothn50 andn51 Landau levels, as
shown in the theoretical section. This means that the 02 state
and the corresponding donor state (0002) are the lowest
ones.

FIG. 2. Time dependence of magnetic field produced by the
compression~the left scale! and of the optical transmission of GaA
~the right scale, arbitrary units! for sample A.
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13 600 55N. MIURA, H. NOJIRI, P. PFEFFER, AND W. ZAWADZKI
III. THEORETICAL DESCRIPTION

We describe the conduction band of GaAs using a fi
levelP•p theory and incorporating all other bands within t
P2 approximation.9 Compared to the ‘‘bare’’ five-leve
model18 this procedure amounts mainly to adding t
valence-band contributions, as described by the Luttinger
rametersg1 ,g2 ,g3 ,k. TheP•p theory generalizes thek•p
scheme for the case of an electron in a periodic crystal
tential subjected to an external magnetic fieldB. One should
then replace in the multiband Hamiltonian the wave vec
\k by P5p1eA, whereA is the vector potential of the
magnetic field. The resultingP•p equations for the envelop
functions f l(r ) are

(
l

F S P2

2m0
1E~ l !2ED d l 8 l1

pl 8 l•P

m0
1mBB•sl 8 l1Hl 8 l

s.o.G f l
50, ~1!

where indicesl and l 8 run over the above bands,m0 is the
free-electron mass,E( l ) are the band-edge energies,mB is the
Bohr magneton,s is the Pauli spin operator, andHl 8 l

s.o are the
interband matrix elements of the spin-orbit interaction. F
levels:G8

c ,G7
c ,G6

c ,G8
v ,G7

v , are included explicitly, while far

FIG. 3. Transmission traces for two GaAs samples versus m
netic field at the photon energy 224 meV (l59.51mm). The tem-
peratures are indicated. Lower field data of Ref. 10 are include
a inset.
-
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levels are incorporated similarly to the procedure of Kane16

Pidgeon, and Brown,7 and Weiler, Aggarwal, and Lax.17

The basis functions for the five levels in question a
given in Ref. 8. They diagonalize the spin-orbit interacti
within the (G8

c ,G7
c) and (G8

v ,G7
v) sets. Since the zinc-blend

structure does not have inversion symmetry, an off-diago
matrix element of the spin-orbit interaction between t
above sets has to be included,D2;^Xvu@“V,p#yuZc&. A
value of this term,D2520.061 eV, has been determine
from pseudopotential calculations by Gorczyca, Pfeffer, a
Zawadzki.18 Three other interband momentum matrix el
ments appear in the five-level model:P0;^SupxuXv&, P1
;^SupxuXc&, andQ;^XvupyuZc&. The elementsP0 andP1
correspond to mixing ofp-type valence-band and highe
lying conduction-band states, respectively, withs-type G6
states, and they are mainly responsible for the band non
rabolicity. TheQ matrix element gives rise to anisotropy o
theG6 band. In addition, the remote levels influence theG6
band anisotropy by the terms proportional tog22g3 . The
experimental energy gaps used in the calculations areE0
51.519 eV, E152.969 eV, D050.34 eV, and D1
50.171 eV.9 The following values of the interband matri
elements are used in the five-level model:EP0

527.8 eV,

EP1
52.361 eV, andEQ515.56 eV ~in standard unitsEP

52P2/m0), the far-band contributions to the effective ma
areF521.055~corresponding toC/2 in Ref. 8!, and to the
band-edgeg value:N1520.010 55~corresponding toC8/2
Ref. 8!. These values result in a conduction-band-edge m
m0*50.066m0 ~including the nonresonant polaron contrib
tion, see below!, and g0*520.44. The far-band contribu
tions to the valence bands, as described by the Luttin
parameters, areg1

L57.80, g2
L52.46, g3

L53.30, kL52.03.
Quantitiesg i andk used in the calculations represent mod
fied Luttinger parameters, in which thek•p interaction of
vbgbG8

v level with the G6
c ,G8

c ,G7
c , levels has been sub

tracted, since it is included explicitly in the matrix. Thus w
have

FIG. 4. Cyclotron resonance and impurity-shifted cyclotr
resonance transitions for both spin orientations, as observe
GaAs at megagauss fields~schematically!.
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55 13 601CYCLOTRON RESONANCE OF CONDUCTION ELECTRONS . . .
g15g1
L2

EPO

3E0
2

EQ

3~E11E0!
2

EQ

3~E11D11E0!
,

g25g2
L2

EPO

6E0
1

EQ

6~E11E0!
,

g35g3
L2

EPO

6E0
2

EQ

~6E11E0!
,

k5kL2
EPO

6E0
1

EQ

18~E11E0!
1

EQ

9~E11D !1E0!
. ~2!

The above parameters describe very well all known mag
tooptical data at magnetic fields up to 24 T.9

One finally deals with 14 coupled differential equation9

for the envelope functionsf l . Since the conduction band i
anisotropic, solutions are found by looking for the envelo
functionsf l in the form of sums of harmonic-oscillator func
tions. An infinite-dimensional matrix is then obtained,
which different Landau states are coupled withQ and g l
matrix elements. This matrix is subsequently truncated
diagonalized numerically. The direction of magnetic fie
with respect to the crystal axes is chosen by taking the
propriate gauge. A 35335 matrix is diagonalized for
Bi@001#, and 63363 matrix forBi@110# field directions.

Although GaAs is a weakly polar material and the expe
ments are performed at energies well beyond
longitudinal-optic-phonon energy (\v l536.2 meV), reso-
nant and nonresonant polaron effects are included in the
oretical description. The nonresonant polaron contributio
important for theP•p theory since atB50 the polaron mass
is given by11

mpol*

m0*
5
11a/2

11a/3
, ~3!

wherem0* is the ‘‘bare’’ effective mass. This effect must b
accounted for when determining the bare mass from the
perimental one, i.e.,mpol* . TheP•p calculation is first per-
formed with the ‘‘bare’’ parameters and then the polar
contributions are included to obtain the experimental valu
The five-level model is fitted to the low-field data9 and sub-
sequently extrapolated to high fields.

The widely accepted value of the polar constant for Ga
is a50.065.19 However, we find that we can obtain a
equally good description of the low-field data and a distinc
better description of the megagauss data by taking the v
of a50.085, as first suggested by Lindemannet al.19 and
discussed by Pfeffer and Zawadzki.9

In order to compare the theory with experiment one ha
define the observable quantities. The cyclotron massm* is
defined by relationE1

62E0
65\eB/m*5\v, whereEn

6 is
the energy of thenth Landau state with the correspondin
projection of the spin-angular momentum on the magne
field direction. The effective Lande´ ~spin! g factor for the
Landau level n is defined by the relationEn

12En
2

5gn*mBB.
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IV. RESULTS AND DISCUSSION

The calculatedg value for the zeroth and the first Landa
level versus magnetic field for two field orientations
shown in Fig. 5. For the experiments atB'80 T, theg value
for the zeroth Landau level is negative and that for the fi
Landau level is positive.10 On the other hand, for the exper
ments atB'190 T theg value for the initial and final Lan-
dau levels is positive. The level scheme for both situation
shown in Figs. 6~a! and 6~b!. It can be seen that atB
'80 T the ground state is involved in the transition wi
higher energy~which occurs at a lower magnetic field for
fixed source energy!, while atB'190 T the ground state is
involved in the lower-energy transition~occurring at a higher
field for a fixed source energy!. This theoretical result is

FIG. 5. The Lande´ factor of conduction electrons in GaAs fo
the two lowest Landau levels versus magnetic field, as calcula
for two field orientations.

FIG. 6. ~a! Schematic diagram of spin-conserving CR transitio
in GaAs atB'80 T. The transition originating from the lowes
state has a higher energy than its spin partner.~b! The same as in~a!
but for B'190 T. The transition originating from the lowest sta
has a lower energy than its spin partner.
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13 602 55N. MIURA, H. NOJIRI, P. PFEFFER, AND W. ZAWADZKI
confirmed by the observed transition intensities at low te
peratures: atB'80 T the lower field transition is more
intense,10 while at B'190 T the higher field transition is
more intense. This effect would be more pronounced at
lower temperatures, but it is already visible in our data
both samples~cf. experimental traces forT5100 and 87 K in
Fig. 3!.

A plot of the cyclotron masses for the two spin directio
versus magnetic field is shown in Fig. 7. The discontinuity
due to the resonant polaron effect at fields of about 23 T.
experimental mass anisotropy atB'80 T is somewhat
higher than that predicted theoretically. On the other ha
the experimental mass value atB'190 T agrees very wel
with the theory. ForB'186 T we calculateE1

25367 meV
above the conduction-band edge. The agreement betwee
experiment and the theory at this field indicates that our
scription of the conduction band of GaAs is valid at su
high energies. At cyclotron energies\vc@\v i , which is the
case in our experiments, one deals with almost bare elec
mass~the latter increases at higher fields due to band’s n
parabolicity!. When the bare band-edge effective mass is c
culated using the polar constanta50.065, the theoretica
masses at megagauss fields are somewhat higher tha
experimental ones.9

The experimental CR energies forBi@100# are relatively
well described by the simple two-level~2L! model of the
band structure. This is illustrated in Fig. 8, where the das
lines are calculated for the experimental band-edge m
m0*50.066m0 , the Lande´ factor g0*520.44, and the rea
energy gap 1.519 eV, using the two-level formula~5! with
^V&50 and ^K&52g(n1 1

2). However, the coincidence o
CR energies calculated according to the 2L formula w
those given by the full 5L description~including the polaron
effects! for Bi@100# is fortuitous. As follows from Fig. 7, for
Bi@110# the CR masses are higher than those forBi@100#,
which would correspond to lower CR energies for that fie
direction in Fig. 8. On the other hand, the 2L model giv
spherical CR energies. It has been unambiguously dem

FIG. 7. Experimental and theoretical cyclotron masses of c
duction electrons in GaAs~spin-up and spin-down transitions! ver-
sus magnetic field for two-field orientations. The points atB
<20 T are after Sigg, Perenboom, and Wyder~Ref. 3! and Hopkins
et al. ~Ref. 5!, the points atB'80 T are after Najdaet al. ~Ref. 10!,
those atB'190 T are from the data shown in Fig. 3.
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strated in experiments on GaAs quantum wells~cf. Zawadzki
et al.,20 and the references therein! that the nonparabolicity
of the conduction band in GaAs is considerably stronger t
that given by the 2L model.

In Fig. 9 we plot the experimental and theoretical diffe
ences of resonant magnetic fields for spin-up and spin-do
CR transitions~spin-doublet splittings!. These differences
are directly related to the fact that theg values forn50 and
n51 Landau levels are different as shown in Fig. 6. It can
seen that the description of the spin-doublet splittings is
cellent up to the highest fields, testifying again the validity
the theory at high-electron energies. It should be noted
the spin-doublet splittings obey very well the dependen
DB;B2 up to the highest fields.6 We cannot offer any
simple explanation of this behavior.

-

FIG. 8. Cyclotron energies in GaAs versus magnetic fie
Dashed lines, two-level model without polaron contributions; so
lines, five-level model with polaron contributions. The experimen
data are also indicated.

FIG. 9. Experimental and theoretical spin-doublet splittings
the cyclotron resonance in GaAs versus magnetic field for two fi
orientations. The points atB<20 T are after Hopkinset al. ~Ref. 5!,
the points atB'80 T are after Najdaet al. ~Ref. 10!, those atB
'190 T are from the data shown in Fig. 3.
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We now turn to the description of the magnetodon
~MD! data. As follows from our analysis of the free-electr
properties, the conduction band of GaAs exhibits a p
nounced nonparabolicity. This has to be accounted for in
analysis of impurity states. However, there exists at pres
no MD theory within the framework of the five-level mode
Such a calculation would be laborious and would requ
numerous approximations. There exists a description of
energies for narrow-gap semiconductors within a three-le
model,21,22 but it is not directly applicable to medium-ga
materials. In view of this we treat the problem using an
fective two-level model.22 This is done by fitting the calcu
lated and experimentally confirmed dispersion relat
E(k) for the conduction band of GaAs into an effective tw
level k•p formula,

\2k2

2m0*
5ES 11

E

«g*
D , ~4!

in which the gap takes an adjusted value«g*50.98 eV.8 We
want to solve the MD problem variationally. Formula~4!
must then be generalized in order to account for the prese
of magnetic field and the Coulomb potential. It is convenie
to take the symmetric gauge for the vector potential of m
netic field,A5@2By/2,1Bx/2,0# and to express the ene
gies in the effective Rydbergs, Ry*5m* e4/2k2\2, and the
lengths in the effective Bohr radiiaB*5k\2/m* e2, wherek
is the dielectric constant. The variational MD energies ar

E652
«g*

2
1H S «g*

2 D 21«g* S ^K&6g
m0*

2m0
~g0*22! D J 1/2

6g
m0*

m0
1^U&, ~5!

where

K52¹22 ig
]

]w
1

g2r2

4
, ~6!

and

g5
\vc

2 Ry*
5S a* BL D 2 ~7!

is the characteristic parameter for the MD problem23 andL
5(\/eB)1/2 is the magnetic radius. The brackets^K& and
^U& denote the variational averages of the kinetic energy~6!
and the potential energyU522/(r21z2)1/2. Expression~5!
follows from Eq. ~11! of Ref. 22 in the limit ofE2U!«g*
1 2

3D, whereD is the spin-orbit energy. In addition, the fre
electron Pauli term withg52 is explicitly retained~in Ry*
units!. This term is not negligible in the medium-gap mat
rials, in contrast to the narrow-gap case. It can be ea
checked that expanding the square root~in the limit of K
!«g* ! one obtains from Eq.~5! the standard expression fo
the orbital and spin quantization.

Thus, the calculation of MD energies amounts to sepa
evaluations of the trial averages^K& and^U& and a minimi-
zation of the energy~5!. This is done with the use of atomic
magnetic trial functions, first introduced by Pokatilov a
Rusanov24 and described in some detail by Zawadzkiet al.12
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The corresponding free-electron energies are calcula
within the same model by putting in Eq.~5! the energies
^U&50 and^K&52g(n1 1

2).
In Fig. 10 we show the observed differencesDB between

the resonance fields for the free-electron and MD-shifted
clotron resonances, plotted as a function of the resona
~source! energy. The binding energy of the ground MD sta
~belonging to the zeroth Landau level! is larger than that of
the excited state~belonging to the first Landau level!, so that
the MD-shifted transition has a higher energy. Consequen
for a fixed transition energy the MD-shifted resonance occ
at a lower magnetic field. The solid lines are theoretic
calculated for spin-up and spin-down CR transitions~as il-
lustrated in Fig. 4!. Taking into account the uncertainties o
the experimental readings and the approximations of
theory, the overall agreement between the two should
considered good. The theory employs the effective two-le
model, neglecting thereby the nonsphericity of the band.
perimentally, as can be seen in Fig. 3, the free-elect
01→11 CR transition coincides with the MD-shifte
02→12 transition, so that their readings are not precise a
they differ somewhat for the two investigated samples. T
discrepancy between the experiment and the theory at
highest field is within the uncertainty of the effective Ry
berg value 5.8 meV, which does not exceed 10%. The va
of transition energies plotted on the abscissa of Fig. 10 in
cate explicitly that our experiments reach quite high into
conduction band of GaAs.

V. SUMMARY

Our experiments confirm the theoretical prediction th
the g value of conduction electrons in GaAs changes s

FIG. 10. Experimental and theoretical differences of resona
fields between the donor-shifted and free-electron cyclotron re
nances in GaAs~spin-up and spin-down transitions! versus reso-
nance energy. The data aroundDE'125 meV are after Najdaet al.
~Ref. 10!. The points atDE5224 meV are from the present wor
~Fig. 3!. The theory neglects band nonsphericity.
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from negative to positive in the megagauss range of m
netic fields. The problem of the electrong value in GaAs
going through zero has recently acquired a great significa
in relation to the fractional quantum Hall effect25 and
skyrmions.26 The theory, based on the five-levelP•p model
complemented by far-level contributions, describes well
free-electron properties at energies of up to 370 meV ab
the band edge, if the polar constanta50.085 is used. The
band parameters used in this model also describe quite
the light- and heavy-hole bands of GaAs.9 An effective two-
level P•p model successfully accounts for the observed
ve
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nor shift of the cyclotron resonance at magnetic fields up
2 MG.
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