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Theoretical and experimental studies of cyclotron resonance in p-type InAs
and InMnAs at ultrahigh magnetic fields
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We report theoretical and experimental ultrahigh magnetic field cyclotron resonance~CR! studies of
paramagneticp-type InAs and InMnAs. Experimental results are compared with an 8 band
Pidgeon–Brown model which includes~i! the wave vector dependence of the electronic states along
the magnetic field, and~ii ! s–d and p–d exchange interactions with Mn ions. CR spectra are
computed using Fermi’s golden rule. Results show two strong peaks associated with heavy and light
hole transitions. Line shapes of the transitions provide information on the carrier densities. ©2003
American Institute of Physics.@DOI: 10.1063/1.1556157#
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Magnetic semiconductors of In12xMnxAs have recently
attracted much attention both experimentally and theor
cally. Narrow gap materials involve conduction and valen
band mixing and Mn doping gives rise to enhancedg factors
for both electrons and holes. The electronic and optical pr
erties of In12xMnxAs are important for designing ferromag
netic heterostructures and spintronic devices.

We have performed cyclotron resonance experiments
p-doped InAs and InMnAs at ultrahigh magnetic fields up
150 T. In addition, we have developed a theory for electro
and magneto-optical properties of these dilute magn
semiconductors in ultrahigh magnetic fields,B, oriented
along @001#. Our theory builds on the 8 band effective ma
Pidgeon–Brown model1 which we have generalized to in
clude ~i! energies and electronic states as a function of
wave vector parallel toB, and ~ii ! s–d and p–d exchange
interactions with Mnd electrons. The exchange coupling
parametrized by exchange integralsa andb defined in Ref.
2. In the paramagnetic phase the magnetization is given
Brillouin function.3 We do not take into account changes
band gap or optical matrix element with Mn doping, sin
this is not well known for InMnAs systems. Magneto-optic
properties and cyclotron resonance are obtained using
mi’s golden rule to compute the dielectric function.4 Band
filling effects are explicitly considered and the Dirac de
functions appearing in the golden rule transition rates
replaced by Lorentzian line shapes with the full width at h
maximum~FWHM! being an input parameter.

a!Author to whom correspondence should be addressed; electronic
kono@rice.edu

b!Present address: Department of Physics, Okayama University, Okay
Japan.
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Results for n-type systems have been discuss
previously.5–7 In this article, we concentrate onp-type sys-
tems. In Fig. 1~a! experimental and theoretical cyclotro
resonance absorption curves~solid lines! are plotted as a
function of the applied magnetic field inp-doped InAs. The
radiation ish-active circularly polarized with photon energ

il:

a,

FIG. 1. ~a! Cyclotron absorption as a function ofB in p-type InAs for
h-active circularly polarized light with\v50.117 eV. The solid theory curve
is broadened with a minimal 4 meV linewidth while the dashed theory cu
is broadened with a 40 meV linewidth.~b! The k50 energies of Landau
subbands responsible for peaks 1 and 2.
7 © 2003 American Institute of Physics
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\v50.117 eV. In the theoretical cyclotron resonance,
FWHM linewidth is taken to beg54 meV which is narrower
than in the experimental situation. The dashed curve sh
the theoretical cyclotron resonance broadened withg540
meV which more closely approximates the experiment. T
carrier density in the theoretical calculation isp
51019cm23 so that forT530 K and B.30 T, the Fermi
energy is such that even at high magnetic fields~150 T! the
first two Landau subbands are still occupied. For calculati
with a density ofp5531018cm23 only the lowest transition
peak occurs indicating that the experimental carrier den
must be greater than this.

Holes optically excited from these two subbands g
rise to the two strong cyclotron absorption peaks labele
and 2. The zone center Landau subband energies involve
these two cyclotron resonance transitions are shown in
1~b!. The cyclotron absorption peak, 2, near 40 T, is due t
transition between the spin down ground state heavy h
Landau subband,H21,1, with energyE21,1(kz) and the Lan-
dau subband,H0,2, with energyE0,2(kz). Landau energies
are labeledEn,v(kz) where (n521,...,̀ ) labels the Landau
levels andv labels energies with the samen in ascending
order.2 Near the zone centerH0,2 is primarily spin down
heavy hole in character which accounts for our use of
‘‘ H’’ designation for this subband. The cyclotron absorpti
peak, 1, around 140 T, is a spin down light hole transit
between theL0,3 andL1,4 levels. While the theoretical pea
does not fit the experimental peak exactly, by varying
Luttinger parameterg1 , the peak position can be change
and brought into better agreement with the experiment. T
shows that ultrahigh magnetic field cyclotron resonance
periments can be used to accurately determine the band
rameters and effective masses. The peaks 1 and 2 are se
be asymmetric about their respective resonance fields.
B,30 T, higher Landau subbands become occupied and
citation of holes from these subbands is responsible for

FIG. 2. Theoretically computed cyclotron absorption only from theH21,1

2H0,2 andL0,32L1,4 transitions~with 40 meV broadening!. The experimen-
tal situation is the same as in Fig. 1. Comparing the results to Fig. 1, we
that all the cyclotron resonance above 30 T is accounted for by these
sitions. Below 30 T, higher Landau level transitions contribute to the ba
ground absorption.
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downward sloping plateau seen in the experimental cyclot
resonance absorption.

In Fig. 2, we plot contributions to the total cyclotro
resonance in Fig. 1 due to the two dominant transitio
H21,12H0,2 andL0,32L1,4. Comparing Fig. 1 and Fig. 2, we
see that forB.30 T the cyclotron resonance~CR! signal can
be accounted for by these two transitions. At low magne
fields, higher Landau levels are occupied~cf. Fig. 1! giving
rise to the low field background.

In Fig. 3 we set the magnetic field toB540 T which is
close to the resonance field for theH21,12H0,2 cyclotron
resonance peak~peak 2! in Fig. 1 and scan the laser absor
tion frequencyv. Figure 3~a! shows theh-circularly polar-
ized absorption spectrum inp-type InAs for p51019cm23

andT530 K. We find that the six lowest Landau levels a
occupied giving rise to the six peaks seen in the absorp
spectrum. The most pronounced absorption peaks are the
lowest ones labeled 1 and 2 in Fig. 3~a!. As expected, peak 2
in the absorption spectrum occurs at a photon energy of\v
50.117 eV. In Fig. 3~b!, the valence subband levels respo
sible for these two main peaks are shown as functions of
wave vectorkz in the direction of the magnetic field. Th
asymmetry of the line shapes of peaks 1 and 2 in Fig. 3~a! is
primarily due to the joint density of states of the subban
involved in the two transitions. As the laser frequencyv is
increased, the optical transition occurs further away from
zone center along thekz direction and owing to the differen

ee
n-
-

FIG. 3. ~a! The h-active circularly polarized absorption forp-InAs in an
external fieldB540 T at T530 K. The hole concentrationp51019 cm23.
Two main absorption peaks 1 and 2 are indicated. Other peaks correspo
transitions between higher occupied Landau levels.~b! The valence sub-
bands responsible for the absorption peaks 1 and 2.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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curvatures of the subbands, the joint density of sta
changes.

CR absorption measurements were also performed o
In12xMnxAs sample withx52.5%. The CR measuremen
were made at temperatures of 17, 46, and 70 K inh-active
circularly polarized light with\v50.224 eV. In Fig. 4~a!, the
experimental CR is shown as a function of the magnetic fi
for the three temperatures and the corresponding theore
CR absorption spectra are shown as dotted lines. In
theory curves in Fig. 4~a!, the FWHM linewidths are taken to
be 120 meV and the hole concentration is taken to bep55
31018cm23. In Fig. 4~b!, we reduce the FWHM linewidths
to 4 meV and plot the theoretical CR for hole concentratio
of p5331018cm23 and p5531018cm23. A heavy hole

FIG. 4. ~a! Experimental~solid lines! and theoretical~dotted lines! h-active
CR absorption for\v50.224 eV vs magnetic field inp-In0.975Mn0.025As at
17, 46 and 70 K. The theoretical curves have FWHM linewidths of 120 m
and p5531018 cm23. ~b! Theoretical absorption spectra as in~a! with
FWHM linewidths of 4 meV andp5331018 cm23 andp5531018 cm23.
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CR transition is seen at a resonance field around 80 T. T
corresponds to transition 2 seen in Fig. 1 near 40 T. T
transition occurs at a higher magnetic field since the ene
of the probe laser has changed from 0.117 to 0.224 eV.
resonance field is insensitive to temperature and the
shape is strongly asymmetric with a broad tail at low field
Note, however, that the width of the low field tail depends
the free hole concentration as seen in Fig. 4~b!. Again, the
width of the low field tail results from higher order Landa
levels being populated. The low field tail is thus a sensit
measurement of the carrier density. In addition, the sharpn
of the low field cutoff is seen to depend on temperature a
can be attributed to the sharpness of the Fermi distributio
low temperatures. The results show that the cyclotron re
nance for the InMnAs case is made up of one strong he
hole transition together with background absorption due
higher populated Landau levels at low values of the magn
field.

In summary, we have performed ultrahigh magnetic fie
cyclotron resonance experiments onp-type InAs and InM-
nAs. Theoretical calculations based on a Pidgeon–Bro
model with ansp–d Mn exchange interaction predict tw
strong transitions in the absorption spectra. These are a
ciated with the heavy holeH21,12H0,2 and light holeL0,3

2L1,4 transitions. At low magnetic fields, there are addition
transitions associated with the population of higher lyi
Landau levels. The density dependence of the cyclot
resonance line shape can help one to determine the ca
densities.
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