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We present a theory for electronic and magneto-optical properties ofn-type In12xMnxAs magnetic alloy

semiconductors in a high magnetic fieldBi ẑ. We use an eight-band Pidgeon-Brown model generalized to
include the wave vector (kz) dependence of the electronic states as well ass-d andp-d exchange interactions
with localized Mn d electrons. Calculated conduction-band Landau levels exhibit effective masses andg
factors that are strongly dependent on temperature, magnetic field, Mn concentration (x), andkz . Cyclotron
resonance~CR! spectra are computed using Fermi’s golden rule and compared with ultrahigh-magnetic-field
(.50 T! CR experiments, which show that the electron CR peak position is sensitive tox. Detailed comparison
between theory and experiment allowed us to extract thes-d andp-d exchange parametersa andb. We find
that not onlya but alsob affects the electron mass because of the strong interband coupling in this narrow-gap
semiconductor. In addition, we derive analytical expressions for effective masses andg factors within the
eight-band model. Results indicates that (a2b) is the crucial parameter that determines the exchange inter-
action correction to the cyclotron masses. These findings should be useful for designing novel devices based on
ferromagnetic semiconductors.
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I. INTRODUCTION

Recently, there has been much interest in III-V magne
semiconductors such as InMnAs~Ref. 1! and GaMnAs~Ref.
2!. The ferromagnetic exchange coupling between Mn io
in these semiconductors is believed to be mediated by
holes that are provided by Mn acceptors. They become
romagnetic at low temperatures and high enough Mn c
centrations. Recent innovative experiments have dem
strated the feasibility of controlling ferromagnetism in the
systems by tuning the carrier density optically3 and
electrically.4 Understanding their electronic, transport, a
optical properties is crucial for designing novel ferroma
netic semiconductor devices with high Curie temperatu
However, basic band parameters such as effective ma
andg factors have not been accurately determined. InMn
alloys and their heterostructures with AlGaSb, the first gro
III-V magnetic semiconductor,1,5,6 serve as a prototype fo
implementing electron and hole spin degrees of freedom
semiconductor spintronic devices.

The localized Mn spins strongly influence the delocaliz
conduction and valence-band states through thes-d andp-d
exchange interactions. These interactions are usually pa
etrized asa andb, respectively.7 Determining these param
eters is important for understanding the nature of Mn el
tron states and their mixing with delocalized carrier states
narrow-gap semiconductors like InMnAs, due to strong
terband mixing,a andb can influenceboth the conduction
and valence bands. This is in contrast to wide-gap semic
0163-1829/2003/68~16!/165205~19!/$20.00 68 1652
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ductors wherea influences primarily the conduction ban
andb the valence band. In addition, in narrow-gap semico
ductors, due to the strong interband mixing, the coupling
the Mn spins does not affect all Landau levels by the sa
amount. As a result, the electron cyclotron resonance~CR!
peak can shift as a function of the Mn concentrationx. This
can be a sensitive method for estimating these exchange
rameters. For example, a recent CR study of Cd12xMnxTe
~Ref. 8! showed that the electron mass is strongly affected
sp-d hybridization.

In a recent Rapid Communication,9 we reported the first
observation of electron CR inn-type In12xMnxAs films and
described the dependence of cyclotron mass onx, ranging
from 0 to 12%. We observe that the electron CR peak sh
to lower field with increasingx. Midinfrared interband ab-
sorption spectroscopy revealed no significantx dependence
of the band gap. A detailed comparison of experimental
sults with calculations based on a modified Pidgeon-Bro
model allowed us to estimatea andb to be 0.5 eV and21.0
eV, respectively.

In this paper, we describe details of the theoretical mo
and comparison with the experiments. We use an eight-b
Pidgeon-Brown model, which is generalized to include t
wave vector (kz) dependence of the electronic states as w
as s-d and p-d exchange interactions with localized Mnd
electrons. Calculated conduction-band Landau levels exh
effective masses andg factors that are strongly dependent o
temperature, magnetic field, Mn dopingx, and kz . At low
©2003 The American Physical Society05-1
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TABLE I. Densities, mobilities, and cyclotron masses for the four samples studied. The densitie
mobilities are in units of cm23 and cm2/Vs, respectively. The masses were obtained at a photon energ
117 meV~or l510.6mm).

Mn contentx 0 0.025 0.050 0.120

Density ~4.2 K! ;1.031017 1.031016 0.931016 1.031016

Density ~290 K! ;1.031017 2.131017 1.831017 7.031016

Mobility ~4.2 K! ;4000 1300 1200 450
Mobility ~290 K! ;4000 400 375 450
m/m0 ~30 K! 0.0342 0.0303 0.0274 0.0263
m/m0 ~290 K! 0.0341 0.0334 0.0325 0.0272
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temperatures and highx, the sign of theg factor is positive
and its magnitude exceeds 100. CR spectra are comp
using Fermi’s golden rule. We also derive analytical expr
sions for effective masses andg factors within the eight-band
model, which indicates that (a2b) is the crucial paramete
that determines the exchange interaction correction to
cyclotron masses. These findings should be useful for de
ing novel devices based on ferromagnetic semiconducto

II. EXPERIMENT

We studied four;2-mm-thick In12xMnxAs films with
manganese concentrationsx50, 0.025, 0.050, and 0.120 b
ultrahigh-field magnetoabsorption spectroscopy. The fi
were grown by low temperature molecular beam epitaxy
semi-insulating GaAs substrates at 200 °C. All the samp
weren type and did not show ferromagnetism down to 1.5
The electron densities and mobilities deduced from H
measurements are listed in Table I, together with the elec
cyclotron masses obtained at a photon energy of 117 meV~or
a wavelength of 10.6mm).

The single-turn coil technique10 was used to generate u
trahigh magnetic fields with a pulse duration of;7 ms. The
sample and pickup coil were placed in a liquid helium flo
cryostat. The single-turn coil breaks in the outward directi
leaving the sample, the pickup coil, and the cryostat inta
which allows us to repeat such destructive pulsed meas
ments on the same sample. We used the 10.6-mm line from a
CO2 laser and produced circular polarization using a C
quarter-wave plate. The transmitted radiation was dete
by a fast HgCdTe photovoltaic detector. Signals from
detector and pickup coil were transmitted via optical fiber
a multichannel digitizer located in a shielded measurem
room.

Typical measured CR spectra at 30 K and 290 K
shown in Figs. 1~a! and 1~b!, respectively. Note that to com
pare the transmission with absorption calculations, the tra
mission increases in the negativey direction. Each figure
shows spectra for all four samples labeled by the correspo
ing Mn compositions from 0 to 12%. All the samples sho
pronounced absorption peaks~or transmission dips! and the
resonance fielddecreaseswith increasingx. Increasingx
from 0 to 12 % results in a;25% decrease in cyclotro
mass~see Table I!. It is important to note that at resonanc
the densities and fields are such that only the lowest Lan
level for each spin type is occupied~see Fig. 3!. Thus, all the
16520
ted
-

e
ig-
.

s
n
s

.
ll
n

,
t,
e-

S
ed
e

nt

e

s-

d-

au

electrons were in the lowest Landau level for a given s
even at room temperature, precluding any density-depen
mass due to nonparabolicity~expected at zero or low mag
netic fields! as the cause of the observed trend.

At high temperatures@e.g., Fig. 1~b!# the x50 sample
clearly shows nonparabolicity-induced CR spin splitting w
the weaker~stronger! peak originating from the lowest spin
down ~spin-up! Landau level, while the other three sampl
do not show such splitting. The reason for the absence
splitting in the Mn-doped samples is a combination of~1!
their low mobilities ~which lead to substantial broadening!
and ~2! the large effectiveg factors due to the Mn ions
especially in samples with largex only the spin-down level is
substantially thermally populated~cf. Fig. 3!.

We also performed midinfrared interband absorption m
surements at various temperatures using Fourier-transf
infrared spectroscopy to determine how the band g
changes with Mn dopingx. In Fig. 2 we show transmission
spectra for the four samples at two temperatures~30 K and
300 K!. While a shift can be seen in the band gap in thex
50 samples, we attribute this to a pronounced Burste
Moss shift resulting from the large electron density of t
x50 sample.~As one increases the Mn doping, the electr
density diminishes rapidly since the Mn ions act as acc

FIG. 1. Experimental CR spectra for different Mn concent
tions x taken at 290~a! and 30 K~b!. The wavelength of the lase
was fixed at 10.6mm with electron-active circular polarization
while the magnetic fieldB was swept. The resonance position shi
to lower B with increasingx. The x values are 0%, 2.5%, 5%, an
12%.
5-2
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ELECTRONIC STATES AND CYCLOTRON RESONANCE . . . PHYSICAL REVIEW B 68, 165205 ~2003!
tors!. The Fermi energy for an electron density of
31018 cm23 with a mass of 0.023m0 is 135 meV~without
including the nonparabolicity!. This roughly accounts for the
observed large shift in the absorption edge. Thus, our exp
mental data indicates that band gap does not depend stro
on the Manganese concentrationx.

III. THEORY

In this section we describe our effective mass theory
the electronic and optical properties ofn-type In12xMnxAs
alloys. Our method is based on the Pidgeon-Brown11 effec-
tive mass model of narrow-gap semiconductors in a m
netic field which includes the conduction electrons, hea
holes, light holes, and split-off holes for a total of eig
bands when spin is taken into account. In the origi
Pidgeon-Brown paper, only the zone centerkz50 states
were considered and magnetic impurity effects were not
cluded.

The eight-band Pidgeon-Brown model can be generali
to include the wave vector (kz) dependence of the electron
states as well as thes-d andp-d exchange interactions with
localized Mnd electrons.12

The magneto-optical and cyclotron absorption can then
computed using electronic states obtained from the gene
ized Pidgeon-Brown model and Fermi’s golden rule. We w
describe this in detail below.

A. Effective mass Hamiltonian

Following Pigeon and Brown11 we find it convenient to
separate the eight Bloch basis states into an upper and l
set which decouple at the zone center, i.e.,kz50. The Bloch
basis states for the upper set are

u1&5U12 ,1
1

2L 5uS↑&, ~1a!

u2&5U32 ,1
3

2L 5
1

A2
u~X1 iY!↑&, ~1b!

FIG. 2. Midinfrared transmission spectra for the four samp
studied, taken at 30 K and 300 K. The shift in band gap for thx
50 sample can be attributed to a pronounced Burstein-Moss
resulting from the large electron density in thex50 sample.
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u3&5U32 ,2
1

2L 5
1

A6
u~X2 iY!↑12Z↓&, ~1c!

u4&5U12 ,2
1

2L 5
i

A3
u2~X2 iY!↑1Z↓&, ~1d!

which correspond to electron spin up, heavy hole spin
light hole spin down, and split-off hole spin down. Likewis
the Bloch basis states for the lower set are

u5&5U12 ,2
1

2L 5uS↓&, ~2a!

u6&5U32 ,2
3

2L 5
i

A2
u~X2 iY!↓&, ~2b!

u7&5U32 ,1
1

2L 5
i

A6
u~X1 iY!↓22Z↑&, ~2c!

u8&5U12 ,1
1

2L 5
1

A3
u~X1 iY!↓1Z↑&, ~2d!

corresponding to electron spin down, heavy hole spin do
light hole spin up, and split-off hole spin up.

The effective mass Hamiltonian in bulk zinc-blende m
terials is given explicitly in Ref. 13. In the presence of
uniform magnetic fieldB oriented along thez axis, the wave
vectorkW in the effective mass Hamiltonian is replaced by t
operator

kW5
1

\ S pW 1
e

c
AW D , ~3!

where pW 52 i\ ¹W is the momentum operator andAW is the
vector potential. For the vector potential, we choose the L
dau gauge

AW 52Byx̂, ~4!

from which we obtainBW 5¹W 3AW 5Bẑ.
We introduce the appropriate creation and destruction

erators

a†5
l

A2
~kx1 iky! ~5a!

and

a5
l

A2
~kx2 iky!. ~5b!

The magnetic lengthl is

l5A\c

eB
5A \2

2m0

1

mBB
, ~6!

wheremB55.78931025 eV/T is the Bohr magneton andm0
is the free electron mass. Using Eqs.~5a! and ~5b! to elimi-

s
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nate the operatorskx and ky in the effective mass Hamil
tonian, we arrive at the Landau Hamiltonian

HL5FLa Lc

Lc
† Lb

G , ~7!

with the submatricesLa , Lb , andLc given by

La53
Eg1A i

V

l
a† iA1

3

V

l
a A2

3

V

l
a

2 i
V

l
a 2P2Q 2M iA2M

2 iA1

3

V

l
a† 2M† 2P1Q iA2Q

A2

3

V

l
a† 2 iA2M† 2 iA2Q 2P2D

4 ,

~8!

Lb53
Eg1A 2

V

l
a 2A1

3

V

l
a† iA2

3

V

l
a†

2
V

l
a† 2P2Q 2M† iA2M†

2A1

3

V

l
a 2M 2P1Q iA2Q

2 iA2

3

V

l
a 2 iA2M 2 iA2Q 2P2D

4 ,

~9!

Lc53
0 0 A2

3
Vkz iA1

3
Vkz

0 0 2L 2 iA1

2
L

2 iA2

3
Vkz L 0 iA3

2
L†

2A1

3
Vkz 2 iA1

2
L iA3

2
L† 0

4 .

~10!

In Eq. ~7!, Eg is the bulk band gap, andD is the spin-orbit
splitting. The Kane momentum matrix elementV5(2 i /\)
3^SupxuX& is related to the optical matrix parameterEp by14

V5A\2

m0

Ep

2
. ~11!

The operatorsA, P, Q, L, andM are

A5
\2

m0

g4

2 S 2N11

l2
1kz

2D , ~12a!

P5
\2

m0

g1

2 S 2N11

l2
1kz

2D , ~12b!
16520
Q5
\2

m0

g2

2 S 2N11

l2
22kz

2D , ~12c!

L5
\2

m0
g3S 2 iA6kza

l D , ~12d!

and

M5
\2

m0
S g21g3

2 D S A3

l2
a2D . ~12e!

In Eq. ~12e!, we have neglected a second term inM propor-
tional to (g22g3)(a†)2. We do this for two reasons:~1!
(g22g3) is small and~2! this term will couple different
Landau manifolds, making it more difficult to diagonaliz
the Hamiltonian. The effect of this term can be accounted
later by perturbation theory.

In Eq. ~12!, the number operatorN5a†a. The parameters
g1 , g2, andg3 used here are not the usual Luttinger para
eters since this is an eight-band model, but instead are rel
to the usual Luttinger parametersg1

L , g2
L , and g3

L through
the relations15

g15g1
L2

Ep

3Eg
, ~13!

g25g2
L2

Ep

6Eg
, ~14!

and

g35g3
L2

Ep

6Eg
. ~15!

This takes into account the additional coupling of the valen
bands to the conduction band not present in the six-b
Luttinger model.

The parameterg4 is related to the conduction-band ele
tron effective massme* through the relation13

g45
1

me*
2

Ep

3 S 2

Eg
1

1

Eg1D D . ~16!

Note thatg4 can be related to the Kane paramaterF,

F5
1

m0
(

r

u^Supxuur&u2

~Ec2Er !
, ~17!

by g45112F. In Eq. ~17!, ^Supxuur& is the momentum ma-
trix element between thes-like conduction bands with ener
gies nearEc and remote bandsr with characteristic energie
Er . The Kane parameterF takes into account the highe
remote-band contributions to the conduction band throu
second-order perturbation theory.14

The Zeeman Hamiltonian is

HZ5
\2

m0

1

l2 FZa 0

0 2Za
G , ~18!
5-4
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where the 434 submatrixZa is given by

Za53
1

2
0 0 0

0 2
3

2
k 0 0

0 0
1

2
k 2 iA1

2
~k11!

0 0 iA1

2
~k11! k1

1

2

4 .

~19!

The value ofk used in Eq.~19! is related tokL as defined by
Luttinger through the relation15

k5kL2
Ep

6Eg
. ~20!

For the Luttinger parameter kL, we use the
approximation11,16,17

kL5g3
L1

2

3
g2

L2
1

3
g1

L2
2

3
. ~21!

The exchange interaction between the Mn11 d electrons
and the conductions and valencep electrons is treated in th
virtual crystal and molecular field approximation. The resu
ing Mn exchange Hamiltonian is12

HMn5xN0^Sz&FDa 0

0 2Da
G , ~22!

wherex is the Mn concentration,N0 is the number of cation
sites in the sample, and^Sz& is the average spin on a Mn site
The 434 submatrixDa is

Da53
1

2
a 0 0 0

0
1

2
b 0 0

0 0 2
1

6
b 2 i

A2

3
b

0 0 i
A2

3
b

1

2
b

4 , ~23!

wherea andb are the exchange integrals.
In the paramagnetic phase, the average spin on a Mn

is given in the limit of noninteracting spins by

^Sz&52SBSS gS
mBB

kT D , ~24!

whereg52 andS5 5
2 for for the 3d5 electrons of the Mn11

ion.7 The Brillouin functionBS(x) is defined as

BS~x!5
2S11

2S
cothS 2S11

2S
xD2

1

2S
cothS x

2SD . ~25!
16520
-
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The antiparallel orientation ofB and ^Sz& is due to the dif-
ference in sign of the magnetic moment and the elect
spin. SinceB is directed along thez axis, the average Mn
spin saturates at̂Sz&52 5

2 .
The total effective mass Hamiltonian for In12xMnxAs in a

magnetic field directed along thez axis is just the sum of the
Landau, Zeeman, andsp-d exchange contributions, i.e.,

H5HL1HZ1HMn . ~26!

We note that atkz50, the effective mass Hamiltonian i
block diagonal with respect to the upper and lower Blo
basis sets.

It is assumed in our calculations that the compensa
arises from As antisites and hence the effective Mn fractiox
in Eq. ~22! is taken to be equal to the actual Mn fraction
the sample. We note that this is supported by experima
evidence showing that InAs grown at low temperatu
(200 °C! is a homogeneous alloy and that the magnetizat
varies linearly with Mn contentx.1,18–20

B. Energies and wave functions

With the choice of gauge given in Eq.~4!, translational
symmetry in thex direction is broken while translationa
symmetry along they and z directions is maintained. Thus
ky andkz are good quantum numbers and the envelope fu
tions for the effective mass Hamiltonian~26! can be written
as

Fn,n5
ei (kyy1kzz)

AA 3
an,1,n~kz!fn21

an,2,n~kz!fn22

an,3,n~kz!fn

an,4,n~kz!fn

an,5,n~kz!fn

an,6,n~kz!fn11

an,7,n~kz!fn21

an,8,n~kz!fn21

4 . ~27!

In Eq. ~27!, n is the Landau quantum number associa
with the Hamiltonian matrix,n labels the eigenvectors,A
5LxLy is the cross-sectional area of the sample in thexy
plane,fn(j) are harmonic oscillator eigenfunctions eval
ated atj5x2l2ky , andan,m,n(kz) are complex expansion
coefficients for thenth eigenstate which depends explicit
on n andkz . Note that the wave functions themselves will b
given by the envelope functions in Eq.~27! with each com-
ponent multiplied by the correspondingkz50 Bloch basis
states given in Eqs.~1! and ~2!.

SubstitutingFn,n from Eq. ~27! into the effective mass
Schrödinger equation withH given by Eq.~26!, we obtain a
matrix eigenvalue equation. By neglecting the second term
M as described in Eq.~12e!, H is block diagonal in the Lan-
dau quantum numbern. We obtain a set of matrix eigenvalu
equations

HnFn,n5En,n~kz!Fn,n , ~28!
5-5
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which can be solved separately for each allowed value of
Landau quantum numbern to obtain the Landau level
En,n(kz). The components of the normalized eigenvect
Fn,n are the expansion coefficientsai .

Since the harmonic oscillator functionsfn8(j) are only
defined forn8>0, it follows from Eq.~27! that Fn,n is de-
fined for n>21. The energy levels are denotedEn,n(kz)
wheren labels the Landau level andn labels the eigenener
gies belonging to the same Landau level in ascending or

For n521, we set all coefficientsai to zero except for
a6 in order to prevent harmonic oscillator eigenfunctio
fn8(j) with n8,0 from appearing in the wave function. Th
eigenfunction in this case is a pure heavy-hole spin-do
state and the Hamiltonian is now a 131 matrix whose ei-
genvalue corresponds to a heavy-hole spin-down Lan
level.

For n50, we must seta15a25a75a850 and the Lan-
dau levels and envelope functions are then obtained by
agonalizing a 434 Hamiltonian matrix obtained by striking
out the appropriate rows and columns. Forn51, the Hamil-
tonian matrix is 737 and forn>2 the Hamiltonian matrix is
838.

The matrixHn in Eq. ~28! is the sum of Landau, Zeeman
and exchange contributions. The explicit forms for the Z
man and exchange Hamiltonian matrices are given in E
~18! and~22! and are independent ofn. The explicit form of
the Landau Hamiltonian for an arbitrary value ofn is given
in Appendix A.

C. Analytical solutions using the Kane model

In this section we derive analytical expressions that
scribe the conduction-band cyclotron resonance energies
g factors in In12xMnxAs.

1. General formalism

The full Hamiltonian of the problem is given by Eq.~26!.
The natural way to diagonalize this 838 matrix analytically
is to treat the off-diagonal elements within perturbati
theory. This approach, however, remains valid only if t
off-diagonal elements are much smaller than the band
~we are interested in the conduction-band states only!. Due
to strongs-p coupling and the relatively small band gap
InAs, this condition breaks down quickly with increasin
magnetic field. In fact,Vl21 exceeds the value of one-ha
of band gap atB' 25 T.

Since we are interested in ultrahigh-field cyclotron re
nance, we choose another approach similar to that use
Kane.21 Namely, we neglect the small terms in the Ham
tonian matrix~26! arising from the free-electron kinetic en
ergy and the interaction with remote bands. In other wor
we neglect all terms proportional tol22. Note that these
terms are small compared to the band gap. They are pro
tional to the magnetic field and are on the order of;10 meV
at a field ofB5100 T.

Of course, one of the main drawbacks of the Kane Ham
tonian is that the heavy-hole band is flat~neglecting the free
-electron terms! and the Luttinger model, as well as th
modified Pidgeon-Brown model discussed above, was de
16520
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oped to take into account coupling to remote bands, ther
giving the heavy-hole band the correct mass. Since in
work we are only interested in the conduction bands, t
approximation is not crucial and it will allow us to obtai
analytical expressions for the conduction-band energies.

Our Hamiltonian then is the sum of two parts. The fir
term is ak"p Hamiltonian that takes into account only th
interactions between conduction and valence bands and
second term is the carrier-magnetic ion exchange interact
Neglecting the second term, solutions of the Hamiltonian c
be found analytically. For the second term, even in the lim
of saturated̂ Sz&, the exchange interaction is much small
than the band gap and, thus, it can be treated as a pertu
tion even in high magnetic fields. Therefore, as unpertur
states we take the solutions of the Kane-like Hamiltonian a
consider the Mns(p)-d exchange interaction to first order i
perturbation theory.

Solutions of the Kane Hamiltonian can be written in t
general form

E5
1

m* ~E!
S mBB~2n11!1

\2kz
2

2m0
D 6

1

2
g* ~E!mBB,

~29!

where we have introduced an energy-dependent dimens
les effective mass

1

m* ~E!
5

Ep

3 F 2

E1Eg
1

1

E1Eg1DG ~30!

and effectiveg factor

g* ~E!5
2Ep

3 F 1

E1Eg1D
2

1

E1Eg
G . ~31!

Note that we have neglected the free-electron contributi
to these terms. The upper and lower signs in Eq.~29! corre-
spond to spin-up and spin-down conduction-band states
spectively, and the zero of energy is chosen to lie at
bottom of the conduction band whenB50.

Note also, for this section only, that we have redefined
index n compared to the full model which was discussed
the previous section. In Eq.~29! for electron spin up we
follow Pidgeon and Brown11 and redefine the Landau quan
tum numbern by making the transformationn→n11 so that
n50 corresponds to the ground-state Landau level for b
spin-up and spin-down solutions. While this convention
the numbering ofn is convenient for discussing the Landa
levels in the conduction band, it can be applied only
states in the simplified Kane Hamiltonian. For the the mo
general model where the indexn ranges from21 to `, the
lowest spin-up conduction Landau level is in then51 mani-
fold and the lowest-lying spin-down level is in then50
manifold. Thus, our use of the Pidgeon and Brown label
convention forn is confined to this section only.

Once solutions of Eq.~29! are known, the first-order per
turbative correction due to the carrier-magnetic ions(p)-d
exchange interaction is given by
5-6
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E(1)56 x̄NS a1bmBB
Ep

9 F8n1475

~E1Eg!2
1

2n1161

~E1Eg1D!2
1

8n1464

~E1Eg!~E1Eg1D!G
1b

\2kz
2

2m0

Ep

9 F 2

~E1Eg!2
2

1

~E1Eg1D!2
1

8

~E1Eg!~E1Eg1D!G D , ~32!

with

N5S 11mBB
Ep

3 F4n1271

~E1Eg!2
1

2n1161

~E1Eg1D!2G1
\2kz

2

2m0

Ep

9 F 2

~E1Eg!2
1

1

~E1Eg1D!2G D 21

, ~33!
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where we introduce the notationx̄5xN0^Sz&/2. Upper and
lower signs again correspond to spin-up and spin-do
conduction-band states, respectively.

Note that from Eq.~32! we can immediately gain som
insight into the effects of thes(p)-d exchange interaction on
the narrow-gap material.~i! Since we do not take into ac
count variation of the material parameters~such as the en
ergy gap! with manganese concentrationx, it follows imme-
diately from Eq.~32! that we obtain a linear dependence
the conduction-band energies onx. ~ii ! Without conduction–
valence-band mixing, the first-order correction would
E(1)56 x̄Na as one might expect.~In this case, there would
be no shift in the cyclotron resonance energy with Mn do
ing x since all levels for a given spin would be shifted by t
same amount.! The term proportional tob is a direct conse-
quence of conduction-valence band mixing.~iii ! It is also
seen from Eq.~32! that both band mixing contributions in
duced by the magnetic fieldB and motion in thez direction
(kz) have the same sign and, sincea andb are of opposite
signs, both reduceE(1).

To calculate the conduction band energy spectrum us
Eqs. ~32! and ~33! we need to know the energies of th
unperturbed problem. In spite of its clear form, Eq.~29! is
indeed a third-order equation and its general solutions
quite complicated. Standard approximations usually ass
either strong spin-orbit interaction (D@Eg1E) ~Ref. 22! or
small kinetic energy (E!Eg1D) ~Ref. 23!. In the present
paper we are interested in strong magnetic fields wherE
;Eg'D and have to use the general solution. However
our situation we can make one more simplification, suita
for the particular case of InAs-based semiconductors. Us
the fact that in InAs the energy gap is approximately equa
the spin-orbit splitting, we setEg5D. Although this approxi-
mation is not necessary to obtain analytical solutions
makes the final expressions more readable.

With these simplifications solutions of Eq.~29! —i.e., en-
ergies of unperturbed states in our model—can be prese
as

E(0)'E01Tz , ~34!

with
16520
n
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Tz5
1

m* ~E0!

\2kz
2

2m0
. ~35!

The position of the bottom of the Landau subbands has
form

E052AD21~2n11!V82

3

3cosF1

3
arccosS A3~4n1271!DV82

2A@D21~2n11!V82 #3D G2D,

~36!

where the upper~lower! sign corresponds to electron spin-u
~-down! states. In Eq.~36! we have introducedV8[Vl21

5AmBBEp.
The second term in Eq.~34! is the kinetic energy for the

motion along the magnetic field. It assumes parabolic disp
sion with the effective masses being different for each L
dau subband. This approximation is valid near the bottom
the Landau subbands and is justified whenTz!Eg1E0.

Equations ~32!–~36! fully describe, within the Kane
model, the conduction-band energy spectra of In12xMnxAs
in a magnetic field. From the energy spectra one can ea
calculate different physical quantities observed in cyclotr
resonance experiments, such as cyclotron masses org fac-
tors. However, the general expressions are rather com
cated for direct analysis, but can be significantly simplifi
in the limits of low (V8!D) and high (V8@D) magnetic
fields. First we consider the situation at the bottom of t
Landau subbands. Then we take into account finitekz .

2. Low-field and high-field limits

The cyclotron energies are defined as the splitting
tween the two lowest Landau levels (n50 andn51) and
are given byDE[E(n51)2E(n50).

The low-magnetic-field limit of the cyclotron energies ca
be obtained by expanding to second order in powers
V8/D!1. The result for spin-up states is

DE↑'D
5

3

V82

D2
2 x̄~a2b!

3

2

V82

D2
2 x̄b

1

9

V82

D2
, ~37!
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and for spin-down states we obtain

DE↓'D
5

3

V82

D2
1 x̄~a2b!

3

2

V82

D2
1 x̄b

1

9

V82

D2
. ~38!

It is seen that in small magnetic fields the cyclotron ene
splitting increases linearly with the field that corresponds
simple parabolic dispersions at smallk.

Likewise, the cyclotron energy in the high-magnetic-fie
limit is obtained by expanding the energy splitting to seco
order inD/V8!1. The results are

DE↑'V8S A3211
1

9

D

V8
20.24

D2

V82D 2 x̄~a2b!0.21
D

V8
~39!

for spin up and

DE↓'V8S A3212
1

9

D

V8
10.03

D2

V82D 1 x̄~a2b!0.07
D

V8
~40!

for spin down. At high magnetic fields, nonparabolicity d
to conduction and valence-band mixing results in a squ
root dependence of the cyclotron energy on magn
field.22,24–26

It is also seen from Eqs.~37!–~40! that the electron en
ergy mainly depends not on two independent exchange
stantsa andb, but on their difference (a2b). This feature
will be discussed in more detail in Sec. IV D.

It is also easy to obtain limiting expressions for the sp
splitting of the conduction-band states. For the lowest L
dau sublevels this spin splittingDE0[E↑(n50)2E↓(n
50) is

DE0'2
D

3

V82

D2
12x̄a2 x̄~a2b!

3

2

V82

D2
2 x̄b

1

9

V82

D2

~41!

in the low-magnetic-field limit and

DE0'2
D

3 S 12
D

V8
D 1 x̄~a1b!1 x̄

2

3

D

V8
~a2b! ~42!

in the high-field limit. The first term in Eq.~41! corresponds
to a well-known low-field negative contribution to the ele
tron g factor due to the influence of the spin-orbit split v
lence bandsG8 and G7 ~Ref. 27! and can be obtained b
putting Eg5D in the conventional expression of Eq.~31!.
The second term in Eq.~41! is opposite in sign and describe
a contribution due to thes-d exchange interaction. This term
dominates in low magnetic fields and is responsible for
giant spin splitting of the conduction bands observed in
luted magnetic semiconductors. With increasing magn
field ^Sz& quickly saturates and the first term in Eq.~41!
becomes dominant. Under certain conditions this may re
in a change of the sign of the spin splitting. If we go beyo
the low-field limit, the first term in Eq.~41! ceases to be
linear in the magnetic field and, finally, saturates to2D/3 in
the high-field limit, as seen in Eq.~42!. At the same time,
16520
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since exchange constantsa and b have the opposite signs
strong valence–conduction-band mixing results in a red
tion of the exchange -induced spin splitting of th
conduction-band and a termx̄(a1b) appears in Eq.~42!

instead of 2x̄a in Eq. ~41!.
Finally, let us note that the spin splitting is different fo

different Landau sublevels. For example, for the first exci
Landau sublevels~with n51) the expressions analogous
Eqs.~41! and ~42! have the form

DE1'2
D

3

V82

D2
12x̄a2 x̄~a2b!

9

2

V82

D2
2 x̄b

1

3

V82

D2

~43!

in the low-field limit and

DE1'2
D

9 S 12
1

A3

D

V8
D 1 x̄~a1b!1 x̄

2

3A3

D

V8
~a2b!

~44!

in the high-field limit. There are two reasons for this beha
ior. First, with increasingn the energy separation betwee
conduction- and valence-band states increases and this
presses the influence of the valence band on the electrg
factor. As a result, in the high-field limit, the correspondin
term saturates to2D/9, which is 3 times smaller than fo
Landau sublevels withn50. Second, the Landau quantu
number n affects the degree of conduction–valence-ba
mixing, resulting in a dependence of the exchange inter
tion contribution to theg factor onn.

3. Finite kz

The main physics associated with finitekz is the presence
of additional conduction–valence-band mixing induced
free motion along the magnetic field. This effect is mo
pronounced if we consider low-field spin splitting of th
conduction-band states. Expanding the corresponding
pressions to first order in powers ofT0 /D!1 @T0 is the
kinetic energy ~35! with conduction-band edge effectiv
mass# we find that the term

DE0
kz'2 x̄

9

5
~a2b!

T0

D
2 x̄

4

15
b

T0

D
~45!

should be added to Eq.~41! in the general case of states wi
kzÞ0. The last two terms in Eq.~41! together with Eq.~45!
describe the influence of thes-p coupling on the spin split-
ting of the conduction band Landau subbands. It is wo
noting that both these contributions lead to a reduction of
s-d exchange splitting 2x̄a. Let us also note the differenc
in their manifestation. Magnetic-field-induceds-p mixing
becomes pronounced at relatively strong magnetic fields
such fields, however, the role of exchange interaction is
creased by the conventional spin splitting@first term in Eq.
~41!#. At the same time, thekz-induced contribution could be
important even in small magnetic fields, when the excha
interaction plays the dominant role in spin splitting
conduction-band states.
5-8



hi
an
n
,
lit
,
-
-

et
or

n
e
e

e

tio
ng
e

d
or
n

ar
to

,
he

m

ds

ng
ch
the

en

n
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In our model, exchange interaction is considered wit
first -order perturbation theory. As a result, all physical qu
tities like g factors or cyclotron masses are linear functio
of the manganese concentrationx. This means, in particular
that if the exchange interaction contribution to the spin sp
ting vanishes for a certain concentration of magnetic ions
should vanish at the samekz , magnetic field, and tempera
ture for any value ofx. The results of numerical diagonaliza
tion of the full Hamiltonian matrix~26! ~presented in Fig. 5!
support this conclusion and justify our model.

D. Magneto-optical absorption

In this section, we discuss how we calculate the magn
optical properties. We calculate the magneto-optical abs
tion coefficient at the photon energy\v from28

a~\v!5
\v

~\c!nr
e2~\v!, ~46!

wheree2(\v) is the imaginary part of the dielectric functio
andnr is the index of refraction. The imaginary part of th
dielectric function is found using Fermi’s golden rule. Th
result is

e2~\v!5
e2

l2~\v!2 (
n,n;n8,n8

E
2`

`

dkzuê•PW n,n
n8,n8~kz!u2

3@ f n,n~kz!2 f n8,n8~kz!#d„DEn8,n8
n,n

~kz!2\v…,

~47!

where DEn8,n8
n,n (kz)5En8,n8(kz)2En,n(kz) is the transition

energy. The functionf n,n(kz) in Eq. ~47! is the probability
that the state (n,n,kz), with energyEn,n(kz), is occupied. It
is given by the Fermi distribution function

f n,n~kz!5
1

11 exp@~En,n~kz!2Ef !/kT#
. ~48!

The Fermi energyEf in Eq. ~48! depends on temperatur
and doping. IfND is the donor concentration andNA the
acceptor concentration, then the net donor concentra
NC5ND2NA can be either positive or negative dependi
on whether the sample isn or p type. For a fixed temperatur
and Fermi level, the net donor concentration is

NC5
1

~2p!2l2 (n,n
E

2`

`

dkz@ f n,n~kz!2dn,n
v #, ~49!

wheredn,n
v 51 if the subband (n,n) is a valence band an

vanishes if (n,n) is a conduction band. Given the net don
concentration and the temperature, the Fermi energy ca
found from Eq.~49! using a root finding routine.

Since the envelope functions and vector potential
slowly varying over a unit cell, the dominant contributions
the optical matrix elements are given by
16520
n
-

s

-
it

o-
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n

be

e

ê•PW n,n
n8,n8~kz!5 (

m,m8
an,m,m* ~kz!an8,m8,m8~kz!

3^fN(n,m)ufN(n8,m8)&^mu~ ê•PW !um8&,

~50!

where ê is the unit polarization vector of the radiation
an,m,m(kz) are the complex expansion coefficients for t
envelope functions in Eq.~27!, andfN(n,m) are orthonormal-
ized harmonic oscillator wave functions. Their quantu
numbersN(n,m) depend explicitly onn andm as defined in
Eq. ~27!. In Eq. ~50!, we have neglected a term that depen
on the momentum matrix element ^fN(n,m)u(ê
•PW )ufN(n8,m8)& between the oscillator states. Owing to stro
band mixing in the narrow-gap materials, this term is mu
smaller than the momentum matrix elements between
Bloch basis functions,even for intraband optical absorption
such as for cyclotron resonance; hence we neglect it.

The momentum matrix elements^muPxum8&, ^muPyum8&,
and^muPzum8& are the momentum matrix elements betwe
the Bloch basis functionsum& defined in Eqs.~1! and ~2!.
Explicit expressions for the momentum matricesPx , Py ,
andPz are found in Appendix B.

In our simulations, we considere-active circularly polar-
ized light incident along thez axis. Fore-active circular po-
larization, the unit polarization vector isê5( x̂2 i ŷ)/A2. In
performing the integral in Eq.~47! the Dirac delta function
d(x) in Fermi’s golden rule is replaced by the Lorentzia
line shape functionDg(x) with full width at half maximum
~FWHM! of g.

TABLE II. Material parameters for In12xMnxAs.

Energy gap~eV! a

Eg(T530 K) 0.415
Eg(T5290 K) 0.356
Electron effective mass (m0)
me* 0.022
Luttinger parametersb

g1
L 20.0

g2
L 8.5

g3
L 9.2

kL 7.53
Spin-orbit splitting~eV! b

D 0.39
Mn s-d andp-d exchange energies~eV!

N0 a -0.5
N0 b 1.0
Optical matrix parameter~eV! b

Ep 21.5
Refractive indexc

nr 3.42

aEquation~51! with parameters from Ref. 14.
bReference 14.
cReference 31.
5-9
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E. Material parameters

The material parameters we use are shown in Table II.
the temperature-dependent energy gapEg of InAs we use the
empirical Varshni formula14,29

Eg5E02
aT2

T1b
, ~51!

with E050.417 eV,a52.7631024 eV/K, andb593 K. As
seen in Table I, the experimental cyclotron mass does
vary significantly with temperature. Other low-field CR stu
ies of InAs ~Ref. 30! also show a very weak temperatu
dependence of the cyclotron mass. To account for a mass
only slightly varies with temperature, we keep the mass c
stant with temperature and adjust theg4 parameter@Eq. ~16!#
to account for the temperature-dependent band gap. Alte
tively, one might wish to keepg4 constant and vary thek
•p optical matrix elementEp .

IV. RESULTS

A. Landau levels andg factors

In Fig. 3~a!, the six lowest-lying zone-center (kz50) Lan-
dau conduction-subband energies in InAs are shown as f
tions of applied magnetic field. Atkz50, the submatrixLc in

FIG. 3. Zone-center Landau conduction-subband energiesT
530 K as functions of magnetic field inn-doped In12xMnxAs for
~a! x50% and ~b! x512%. Solid lines are spin-up and dash
lines are spin-down levels. The Fermi energies are shown as d
lines for n51016cm23 andn51018cm23.
16520
or

ot

hat
-

a-

c-

the Landau HamiltonianHL vanishes identically and the
HamiltonianH in Eq. ~26! is block diagonal with respect to
the upper and lower Bloch basis states in Eqs.~1! and~2!. In
Fig. 3 the spin-up Landau levels are shown as solid lin
while spin-down Landau levels are shown as dashed lin
The Fermi energies for two different electron concentratio
n51016 cm23 andn51018 cm23 are shown as dotted lines
At a concentration ofn51016 cm23, only the lowest Landau
subband is occupied atB560 T, while atn51018 cm23, the
first two Landau subbands are occupied.

In the absence of Mn impurities, it is well known that
low magnetic fields, the spin splittings between the elect
spin-up and spin-down Landau levels, at the band edge,
be described in terms of an effective gyromagnetic factor27,32

g* 52S 12
Ep

3Eg

D

Eg1D D . ~52!

This is just Eq.~31! with E50 and thebare g factor 2
included. Theg factor in Eq.~52! depends on temperatur
through the temperature-dependent band gap. For bulk I
at T530 K we findg* 5214.7 and forT5290 K we have
g* 5219.0. At nonzero magnetic fields, the expression
the gyromagnetic factor in Eq.~52! is not correct. As a func-
tion of the magnetic field, the spin splittings become nonl
ear as seen in Fig. 3~a! and depend explicitly on the Landa

ed

FIG. 4. Gyromagnetic factors atk50 for the lowest Landau
subband inn-type In12xMnxAs as a function of applied magneti
field for several values of the Mn concentrationx. The upper panel
is for T530 K and the lower panel is forT5290 K.
5-10
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ELECTRONIC STATES AND CYCLOTRON RESONANCE . . . PHYSICAL REVIEW B 68, 165205 ~2003!
subband level indicesn. This results from the nonparabolic
ity in the narrow-gap material.

The effect of doping InAs with Mn is shown in Fig. 3~b!
where the Landau subband levels for In0.88Mn0.12As are plot-
ted. At low fields, the effect of doping with Mn is to alter th
gyromagnetic factor. The gyromagnetic factor in the pr
ence of Mn impurities is32

gMn* 5g* 1
xN0a^Sz&

mBB
. ~53!

Since the sign ofa is negative, the gyromagnetic factor in
creases with the applied magnetic field. At sufficiently hi
Mn concentrations and magnetic fields, the low-tempera
gyromagnetic factor can become positive and the spin s
tings reverse as seen in Fig. 3~b!.

We have examined the electrong factors for the lowest
spin-down and spin-up Landau levels with energiesE0,4(kz)
and E1,6(kz), respectively. The gyromagnetic factor is o
tained by diagonalizing the HamiltoniansH0 andH1 in the
matrix eigenvalue problem~28! and computing the gyromag
netic factor as

g5
E0,4~kz!2E1,6~kz!

mBB
. ~54!

The gyromagnetic factor can depend on the temperature
magnetic field, and the wave vector.

FIG. 5. Gyromagnetic factors atB510 Tesla for the lowest
Landau subband inn5type In12xMnxAs as a function ofk. g fac-
tors for several values of Mn concentration are shown. The up
panel is forT530 K and the lower panel is forT5290 K.
16520
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re
it-
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In Fig. 4 the gyromagnetic factor for the zone center
plotted as a function of the magnetic field for two differe
temperatures and four different values of the Mn concen
tion. In all cases, doping with Mn impurities is seen to i
crease theg factor and the effect is seen to be sensitive
both the temperature and the Mn concentration. The se
tivity to temperature and Mn concentration arises from
factor x ^Sz& in the Mn exchange Hamiltonian~22!. In the
paramagnetic phase,^Sz& is related to the temperature an
magnetic field in accordance with the simple Brillouin fun
tion expression of Eq.~24!.

In Fig. 5, the gyromagnetic factor is plotted as a functi
of the wavevectorkz for a magnetic field ofB510 T. As in
Fig. 4, two temperatures and four Mn concentrations are c
sidered. We note that in Fig. 5~b! all the curves cross aroun
kz'0.5 nm21, indicating that the exchange interaction co
tribution to theg factor vanishes for this state regardless
the Mn concentration. The reason for this curious situat
was explained earlier in our discussion of the Kane mod

B. Magnetoabsorption

The magnetoabsorption spectrum and band structure
n-doped In12xMnxAs are shown in the upper and lower pa

er

FIG. 6. The upper panel shows the absorption spectrum
n-doped In0.88Mn0.12As in a magnetic field. The radiation i
e-circularly polarized and the FWHM is taken to be 4 meV. T
bandstructure and Fermi energy are shown in the lower panel. T
vertical transitions labeled 1, 2, and 3 correspond to absorp
features in the upper panel. Transitions between spin-up levels
shown as solid lines and transitions between spin-down levels
shown as dashed lines.
5-11
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G. D. SANDERSet al. PHYSICAL REVIEW B 68, 165205 ~2003!
els of Fig. 6 fore-active circular polarization. In our simula
tion, the Mn concentration isx512%, the external magneti
field B534 T, the carrier concentrationn5531017 cm23,
and the temperatureT530 K. The FWHM is taken to be 4
meV in our calculation. In the bottom panel of Fig. 6 th
Landau subbands are plotted as a function of wave vectokz
parallel to the applied magnetic field. The Landau subb
energies depend only onkz and the band structure is on
dimensional. The Fermi energy is indicated by the dot
line, and at this carrier concentration and temperature, o
the lowest-lying spin-down conduction subband is popula
near the zone center. Electrons in this partially filled subb
can be excited to higher-lying conduction subbands. A str
Dn51 transition~labeled 1! is observed between the fille
ground-state conduction subband and the first-excited s
down conduction subband. Since these two Landau le
have the same curvature, a sharply peaked joint densit
states results in the sharp peak in magnetoabsorption
served at a photon energy\v50.117 eV. Two valence-to
conduction absorption features~labeled 2 and 3! are seen for
\v,0.5 eV. Transitions between the ground-state sp
down valence and conduction subbands give rise to the
ture labeled 2 in the figure. The band edge for this absorp
feature depends on the position of the Fermi energy du
Fermi blocking effects. Another valence-to-conduction su

FIG. 7. The upper panel shows the cyclotron absorption a
function of magnetic field inn-type InAs. The radiation ise-active
circularly polarized with\v50.117 eV. The FWHM linewidth is
taken to be 4 meV. The lower panel shows the four lowest cond
tion Landau levels and the Fermi energy as a function of app
magnetic field. Solid lines are spin-up levels and dashed lines
spin-down levels.
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band transition~labeled 3! is due to transitions between th
ground-state spin-up valence and conduction subbands.
valence subband has a characteristic camel back struc
and near the zone center has the same curvature as the
duction subband. This results in an enhancement in the j
density of states near the zone center and gives rise to
peak in the absorption spectrum near\v50.47 eV.

C. Cyclotron resonance

In Fig. 7, we simulate cyclotron resonance experiments
n-type InAs fore-active circularly polarized light with pho-
ton energy \v50.117 eV. We assume a temperatureT
530 K and a carrier concentrationn51016 cm23. The lower
panel of Fig. 7 shows the four lowest zone-center Land
conduction-subband energies and the Fermi energy as f
tions of the applied magnetic field. The transition at the re
nance energy\v50.117 eV is a spin-upDn51 transition
and is indicated by the vertical line. From the Landau le
diagram the resonance magnetic field is found to beB534 T.
The upper panel of Fig. 7 shows the resulting cyclotron re
nance absorption assuming a FWHM linewidth of 4 me
There is only one resonance line in the cyclotron absorp
because only the ground-state Landau level is occupie
low electron densities.

a

c-
d
re

FIG. 8. Same simulation as in Fig. 7 but with the doping dens
raised ton51018 cm23. Since the two lowest Landau levels a
occupied, there are now two cyclotron absorption peaks. Peak
the spin-up transition and peak 2 is an additional spin-down tra
tion. The dash-dotted and dashed lines show the individual co
butions to the cyclotron resonance absorption from transitions 1
2, respectively. The asymmetry of the line shape results from
kzÞ0 contributions as well as the nonparabolicity.
5-12
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At higher electron densities multiple lines can appear
the cyclotron absorption as higher-lying Landau subba
are populated. This is the spin splitting of the cyclotron re
nance peaks. This is illustrated in Fig. 8 where the elect
densityn has been increased to 1018 cm23. We can see in
Fig. 8 that both the lowest-lying spin-up and spin-down La
dau levels are occupied and that two resonance transit
~labeled 1 and 2 in Fig. 8! result. In addition, we also see th
the spin-down peak which comes in at higher electron d
sities appears to dominate the spin-up peak. This is so
what misleading. The dash-dotted and dashed lines show
contributions to the cylotron resonance absorption from tr
sitions 1 and 2, respectively. Both transitions have roug
the same strength, but the line shape for transition 1 is hig
asymmetric. This results from taking into account the con
butions to the absorption forkzÞ0 and also the nonparabo
licity of the bands. The line shape for transition 2 is not
asymmetric since the Fermi energy lies closer to the Lan
level edge for this transition. Note that if there is substan
scattering so that the transition lines are broadended, the
two transition will be merged into one and can lead to
apparent shift of cyclotron resonance features to hig
fields.

The effect on the cyclotron resonance absorption of d
ing InAs with 12% Mn is shown in Fig. 9. Comparing Fig
7 and 9, we see that the effect of heavily doping with M
while keeping the electron concentrationn fixed is to reverse
the spin splitting and hence the character and position of
cyclotron absorption peak. The cyclotron absorption pe

FIG. 9. Same simulation as in Fig. 7 but with the mangan
concentration increased tox512%. The cyclotron absorption pea
near 32 T is now a spin downDn51 transition.
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seen in Fig. 9 is a spin-down transition as opposed t
spin-up transition and the cyclotron resonance peak is see
shift from B534 T to B532 T.

In Fig. 10, we examine more closely the effects of the M
doping concentrationx on the cyclotron absorption spectra
n-doped In12xMnxAs for e-active circularly polarized radia
tion with photon energy\v50.117 eV. We plot the cyclo-
tron absorption as a function of applied magnetic field
x50%, 2.5%, 5%, and 12%. In all cases we assum
fairly narrow FWHM linewidth of 4 meV. In Fig. 10~a! we
plot the cyclotron absorption atT530 K. All the solid
curves are computed for an electron concentrationn
51016 cm23 and are vertically offset for clarity. Forx
50%, we plot the cyclotron absorption forn51018 cm23

as a dashed line scaled by a factor of 0.01. In Fig. 10~a!, the
cyclotron absorption curves forx50% andx512% have
already been discussed in Figs. 7, 8, and 9. Asx increases
from 0% to 12%, the cyclotron absorption peak initial
shifts to higher fields and is due to aDn51 spin-up transi-
tion from the occupied lowest Landau level. At a critic
value of the Mn concentration, the spin splittings reverse a
the observed transition is now due to aDn51 spin-down
transition. Consequently, the cyclotron absorption begins
decrease with increasing Mn concentration.

To examine the temperature dependence, we also c
puted the cyclotron absorption at room temperature for s
eral values ofx. The curves in Fig. 10~b! are the same as
those in Fig. 10~a! except that the temperature has been
creased fromT530 K to T5290 K. We see that the singl

e
FIG. 10. Cyclotron absorption as a function of magnetic field

n-doped In12xMnxAs with x50%, 2.5%, 5%, and 12% for~a! T
530 K and~b! T5290 K. The radiation is e-active circularly po
larized with\v50.117 eV.
5-13
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FIG. 11. Calculated electron cyclotron masses for the lowest-lying spin-up and spin-down Landau transitions inn-type In12xMnxAs at
\v50.117 eV as a function of Manganese concentration for~a! T530 K and~b! T5290 K. Electron cyclotron masses are shown for thr
sets ofa andb values.
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cyclotron absorption peaks observed at low electron den
in Fig. 10~a! split into doublets in Fig. 10~b!. At room tem-
perature, the two lowest Landau levels are thermally po
lated and both spin-up and spin-down transitions appea
the cyclotron absorption spectra. The shift in the cyclotr
absorption features with increasing Mn concentration is a
different at room temperature. Asx increases, we find tha
the cyclotron absorption features in Fig. 10~b! shift to higher
fields. As we increase the temperature the magnitude of
average Mn spin̂Sz& described by the Brillouin function in
Eq. ~24! decreases. Since the exchange HamiltonianHMn in
Eq. ~22! is proportional tox ^Sz&, the spin splittings reverse
sign at higher Mn concentrations.

D. Electron cyclotron mass

The electron cyclotron massMCR for a given cyclotron
absorption transition is related to the resonance fieldB* ~cy-
clotron energymBB* ) and photon energy\v by the defini-
tion

MCR

m0
[

2mBB*

\v
. ~55!

In Fig. 11, the calculated cyclotron masses for the low
spin-down@~b! set# transitions and spin-up@~a! set# transi-
tions are plotted as a function of Mn concentrationx at a
photon energy of\v50.117 eV. Cyclotron masses are com
puted for several sets ofa and b values. The cyclotron
masses in Fig. 11~a! and 11~b! correspond to the compute
cyclotron absorption spectra shown in Figs. 10~a! and 10~b!,
respectively. In our model, the electron cyclotron mas
shown depend on the Landau subband energies and ph
energies and are independent of electron concentra
~though, clearly, the population of a given state will depe
upon the concentration!.

In the Kane model discussed earlier, the cyclotron ene
in In12xMnxAs depends linearly on the Mn concentrationx.
In addition, the cyclotron mass, which is inversely prop
tional to the cyclotron resonance energy, increases for c
duction electrons from the~a! subsystem and decreases f
16520
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conduction electrons in the~b! subsystem. These prediction
of the simple Kane model are both confirmed as can be s
in Fig. 11.

The sensitivity of the cyclotron masses toa andb seen in
Fig. 11 can be understood if we study the dependence of
cyclotron energy on the exchange constantsa andb in the
simple Kane model previously discussed. Because InMn
is a narrow -gap semiconductor, it is not surprising that
conduction-band cyclotron energy should depend not only
the conduction-band exchange constanta but also on the
valence-band exchange constantb. This just reflects
conduction–valence-band mixing in the magnetic field. O
Kane model calculations show, however, that only their d
ference is important and that only one independent cons
(a2b) is needed to describe conduction-band cyclotr
resonance with high accuracy. It is seen from Eqs.~37!–~40!
that in the high-field limit the exchange interaction corre
tion to the cyclotron energy is proportional to (a2b) while
in the low-field limit the term proportional to (a2b) is one
order of magnitude larger than the term proportional tob.
Most of the important corrections to the cyclotron ener
come from the heavy-hole admixture to conduction-ba
states. The difference (a2b) reflects the change in the ban
gap due to the exchange interaction and affects the degre
this mixing. This suggests that the dependence on (a2b)
can be interpretted as just a renormalization of the band
in a magnetic field.

Note that while Fig. 11 shows that the cyclotron pe
positions are very sensitive to (a2b) @the figure shows how
a 20% change in (a2b) can affect these positions#, one can
only measure the differencea2b from these measuremen
and nota and b independently. In addition, to determin
(a2b) the other parameters~such asg1 , g2 , g3, etc.! must
be accurately known.

E. Comparison with experiment

In this section, we compare the results of our theoreti
calculations with our experimental results.

We first compute the near-band-gap absorption spectra
x50 and 0.12. This is important since in our theoretical c
5-14



di
g

f

f

ng
u

he
h
ro
. T
th
e
u
th
is

-
.6
g
c
e
T

%,

of

he
the
as

lts
pin.
g

ns

to-

tic

ng
his
r-
lue
n–

m
ap
n
out
h
y-
ob-
the
in
of

sed

a

ie
er

tic
on

he
le I.

ELECTRONIC STATES AND CYCLOTRON RESONANCE . . . PHYSICAL REVIEW B 68, 165205 ~2003!
culations, we have only included the effect ofsp-d interac-
tion of the Mn ions with the electrons and holes. An ad
tional, nonmagnetic effect of the Mn ions could be to chan
the band gap with dopingx similar to the band gap shift o
Al xGa12xAs with increasingAl content. Figures 12~a! and
12~b! show calculated near-band-gap absorption spectra
thex50 and 0.12 samples at~a! 30 K and~b! 290 K without
taking into account a change in band gap with Mn dopi
The theory successfully reproduces the experimental res
shown in Fig. 2. The blueshift of the band gap in thex50
sample is entirely due to band filling effects, i.e., t
Burstein-Moss shift. Thex50 sample has a relatively hig
electron density. As Mn doping is increased, the elect
density decreases since the Mn ion acts as an acceptor
theory curves in the figure also show the sharpening of
band edge at low temperatures, consistent with the exp
ment. The fact that our theory curves are able to reprod
the x dependent absorption spectra without changing
band gap indicates that anyx dependence to the band gap
small and we therefore neglect it.

Figures 13~a! and 13~b! show the calculated CR absorp
tion coefficient for electron-active circularly polarized 10
mm light in the Faraday configuration as a function of ma
netic field at 30 K and 290 K, respectively. Densities for ea
sample are given in Table I. In the calculation, the curv
were broadened based on the mobilities of the samples.
broadening used forT530 K was 4 meV for 0%, 40 meV for

FIG. 12. Theoretical absorption coefficient for linear polariz
tion as a function of photon energy at 30 K~a! and 290 K~b! at
B50 for Mn concentrationsx50% ~solid lines! and x512%
~dashed lines!. Shifts in the band gaps are entirely due to carr
filling effects. These figures should be compared with the exp
mental data shown in Fig. 2.
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2.5%, 40 meV for 5%, and 80 meV for 12%. ForT5290 K,
the broadening used was 4 meV for 0%, 80 meV for 2.5
80 meV for 5%, and 80 meV for 12%.

At T530 K, we see a shift in the CR peak as a function
doping in agreement with Fig. 1~a!. For T5290 K, we see
the presence of two peaks in the pure InAs sample. T
second peak originates from the thermal population of
lowest spin-down Landau level. The peak does not shift
much with doping as it did at low temperature. This resu
from the temperature dependence of the average Mn s
We believe that the Brillouin function used for calculatin
the average Mn spin becomes inadequate at largex and/or
high temperature due to its neglect of Mn-Mn interactio
such as pairing and clustering.

V. SUMMARY AND CONCLUSIONS

We presented a theory for the electronic and magne
optical properties inn-type narrow-gap In12xMnxAs mag-
netic semiconductor alloys in an ultrahigh external magne
field, B, oriented along@001#. We find several key results:~i!
There is a shift in the cyclotron resonance with Mn dopi
which is not predicted in simple models. To lowest order, t
shift depends upon (a2b) and can be thought of as a reno
malization of the energy gap in a magnetic field. The va
of the energy gap influences the amount of conductio
valence- band mixing.~ii ! Even with no Mn doping, there is
spin splitting in the cyclotron resonance which results fro
the nonparabolicity of the conduction band in the narrow-g
material.~iii ! The relative heights of the spin-split cyclotro
absorption peaks can allow one to extract information ab
carrier density. ~iv! At high temperartures and hig
(.10%) Mn concentrations, the calculated shift of the c
clotron resonance is not as large as the experimentally
served shift. This probably results from the inadequacy of
Brillouin function used for calculating the average Mn sp
at large x and/or high temperature due to its neglect
Mn-Mn interactions such as pairing and clustering.

In modeling the cyclotron resonance experiments we u

-

r
i-

FIG. 13. Calculated CR absorption as a function of magne
field at 30~a! and 290 K~b!. The curves were calculated based
the Pidgeon-Brown model and the golden rule for absorption. T
curves were broadened based on the mobilities reported in Tab
5-15
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G. D. SANDERSet al. PHYSICAL REVIEW B 68, 165205 ~2003!
an eight-band Pidgeon-Brown model generalized to incl
the wave vector dependence of the electronic states alonkz
as well as thes-d and p-d exchange interactions with th
localized Mnd electrons. Calculated conduction-band La
dau levels exhibit effective masses andg factors that are
strongly dependent on temperature, magnetic field, Mn c
centrationx, and kz . At low temperatures and highx, the
sign of theg factor is positive and its magnitude excee
100. CR spectra are computed using Fermi’s golden rule
compared with ultrahigh-magnetic-field (.50 T! CR experi-
ments, which show that the electron CR peak shifts se
tively with x. Detailed comparison between theory and e
periment allowed us to extract thes-d and p-d exchange
parametersa andb. We showed that not onlya but alsob
affects the electron mass because of the strong interb
coupling in this narrow-gap semiconductor. In addition,
derived analytical expressions for effective masses andg fac-
tors using the Kane model, which indicates that (a2b) is
the crucial parameter that determines the exchange inte
tion correction to the cyclotron masses. These findin
should be useful for designing novel devices based on fe
magnetic semiconductors.
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APPENDIX A: LANDAU HAMILTONIAN

In this appendix, we write down the Landau contributio
to the Hamiltonian in the matrix eigenvalue problem~28! for
an arbitrary Landau quantum numbern. The Landau Hamil-
tonian matrix can be obtained by taking the operator form
the Landau Hamiltonian in Eq.~7! and operating on the en
velope function wave function~27!, making use of the prop-
erties of the creation and destruction operatorsa† anda. The
resulting matrix is

HL85
\2

m0
F La8 Lc8

Lc
†8 Lb8

G , ~A1!

where the submatrices are given by
La853
E81

k2

2
1g49S n2

1

2D iV8An21 iV8A1

3
n V8A2

3
n

2 iV8An21 S g22
g1

2 D k22g12~2n23! 2g23A3n~n21! ig23A6n~n21!

2 iV8A1

3
n 2g23A3n~n21! 2S g21

g1

2 D k22ḡ12~2n11! iA2F2g2k21g29S n1
1

2D G
V8A2

3
n 2 ig23A6n~n21! 2 iA2F2g2k21g29S n1

1

2D G 2D82g1

k2

2
2g19S n1

1

2D 4 ,

~A2!

Lb853
E81

k2

2
1g49S n1

1

2D 2V8An11 2V8A1

3
n iV8A2

3
n

2V8An11 S g22
g1

2 D k22g12~2n13! 2g23A3n~n11! ig23A6n~n11!

2V8A1

3
n 2g23A3n~n11! 2S g21

g1

2 D k22ḡ12~2n21! iA2F2g2k21g29S n2
1

2D G
2 iV8A2

3
n 2 ig23A6n~n11! 2 iA2F2g2k21g29S n2

1

2D G 2D82g1

k2

2
2g19S n2

1

2D 4 ,

~A3!

Lc85k 3
0 0 VA2

3
iVA1

3

0 0 ig38A6~n21! 2g38An21

2 iVA2

3
2 ig38A6~n11! 0 23g38An

2VA1

3
g38A3~n11! 23g38An 0

4 , ~A4!
5-16



ld
ni-

g

-
n
ns

sets

ix
nts

rs

ELECTRONIC STATES AND CYCLOTRON RESONANCE . . . PHYSICAL REVIEW B 68, 165205 ~2003!
where k5kz is the wave vector along the magnetic fie
direction, andn is the Landau quantum number for the ma

fold of states. The submatrixLc
†8 is obtained by taking the

Hermitian adjoint ofLc8 . In Eqs. ~A2!, ~A3!, and ~A4! we
make the following definitions:

E85
m0

\2
Eg , ~A5!

D85
m0

\2
D, ~A6!

V85
m0

\2

V

l
, ~A7!

g i85
g i

l
~ i 51, . . . ,4!, ~A8!

g i95
g i

l2
~ i 51, . . . ,4!, ~A9!
16520
g i j 5
1

l2

g i1g j

2
~ i , j 51, . . . ,4!, ~A10!

ḡ i j 5
1

l2

g i2g j

2
~ i , j 51, . . . ,4!. ~A11!

Here Eg and D are the band gap and spin-orbit splittin
energies,l is the magnetic length defined in Eq.~6!, V is the
Kane momentum matrix element defined in Eq.~11!, and the
g i8s are the effective mass parameters defined in Eq.~12!.
The total HamiltonianHn to be diagonalized in the eigen
value equation~28! is the sum of the Landau Hamiltonia
matrix ~A1! and the Zeeman and exchange Hamiltonia
~18! and ~22!.

We note from Eq.~A4! that the submatrixLc8 is propor-
tional tok and so vanishes atk50. In this limit, Hn , is block
diagonal with respect to the upper and lower Bloch basis
defined in Eqs.~1! and ~2!.

APPENDIX B: OPTICAL MATRIX ELEMENTS

In this appendix we write down the momentum matr
elements used in the computation of optical matrix eleme
in Eq. ~50!. For the Bloch basis states defined in Eqs~1! and
~2!, the matrix elements for the momentum operato
px , py , andpz are given by
Px5

l

0 iVA1

2
iVA1

6
VA1

3
0 0 0 0

2 iVA1

2
0 0 0 0 0 0 0

2 iVA1

6
0 0 0 0 0 0 0

VA1

3
0 0 0 0 0 0 0

0 0 0 0 0 2VA1

2
2VA1

6
iVA1

3

0 0 0 0 2VA1

2
0 0 0

0 0 0 0 2VA1

6
0 0 0

0 0 0 0 2 iVA1

3
0 0 0

m
, ~B1!
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l

0 2VA1

2
VA1

6
2 iVA1

3
0 0 0 0

2VA1

2
0 0 0 0 0 0 0

VA1

6
0 0 0 0 0 0 0

iVA1

3
0 0 0 0 0 0 0

0 0 0 0 0 iVA1

2
2 iVA1

6
2VA1

3

0 0 0 0 2 iVA1

2
0 0 0

0 0 0 0 iVA1

6
0 0 0

m
, ~B2!
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0 0 0 0 2VA1

3
0 0 0

Pz5

l

0 0 0 0 0 0 VA2

3
iVA1

3

0 0 0 0 0 0 0 0

0 0 0 0 2 iVA2

3
0 0 0

0 0 0 0 2VA1

3
0 0 0

0 0 iVA2

3
2VA1

3
0 0 0 0

0 0 0 0 0 0 0 0

VA2

3
0 0 0 0 0 0 0

2 iVA1

3
0 0 0 0 0 0 0

m
~B3!

whereV is the Kane matrix element defined in Eq.~11!.
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